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PRESENTACIÓN 
  
Como lo marca la Legislación Universitaria presento ante las autoridades, a las y los 
miembros de nuestro Instituto y a la Comunidad Universitaria el Informe de Labores del 
Instituto de Fisiología Celular correspondiente al año 2019. 
 
En este año el Instituto mantuvo su compromiso con la labor docente de alta calidad 
impulsando un enfoque moderno de la ciencia y de los temas de investigación que se cultivan 
en nuestra entidad. Particular atención fue puesta en la transmisión del conocimiento por 
parte de jóvenes investigadores, apoyándonos en la experiencia de las y los investigadores 
consagrados, todos ellos líderes en su campo de investigación, en la impartición de cursos de 
licenciatura y posgrado. 
 
Un total de 508 estudiantes asistieron a nuestras aulas y laboratorios. De los cuales 75 
obtuvieron el grado: 14 de Licenciatura, 36 de Maestría y 25 de Doctorado. Afianzamos 
nuestra relación y participación en los posgrados de Ciencias Bioquímicas, Ciencias 
Biomédicas y Ciencias Biológicas. Como entidad responsable, junto con la Facultad de 
Medicina, tuvimos una activa participación en la Licenciatura de Neurociencias organizando e 
impartiendo un gran número de cursos. Además, renovamos nuestra participación en la 
Licenciatura en Investigación Biomédica Básica.  
 
En el ámbito de la investigación científica publicamos 117 artículos en revistas indizadas lo 
que representa 2.05 artículos por grupo de investigación, con un índice de impacto promedio 
de 5.02. En el 2019 el 71% de nuestras publicaciones se encuentran el Cuartil 1 (Q1), 21% en 
el Cuartil 2 (Q2) lo cual implica que el 92% de nuestras publicaciones se encuentran en los 
cuartiles Q1+Q2. Por otra parte, en el mismo periodo se publicaron  6 capítulos (8 en prensa), 
9 artículos de divulgación, 2 libros y  6 artículos en revistas nacionales. El análisis de nuestra 
productividad muestra que en este año publicamos 25 artículos menos en comparación con el 
2018, sin embargo, el factor de impacto promedio pasó de 4.263 a 5.02 en el 2019. Considero 
que la disminución en el número de artículos refleja el momento de cambio generacional que 
vive nuestro Instituto, sin que esta disminución sea en detrimento de la calidad de nuestras 
investigaciones al incrementar en casi un punto el factor de impacto promedio de nuestras 
publicaciones. 
 
Como una consecuencia de nuestro compromiso por realizar investigaciones del más alto 
nivel, los miembros de nuestra comunidad recibieron diversos premios y reconocimientos. Se 
destacan la medalla Sor Juana Inés de la Cruz otorgada a la Dra. Teresa Montiel Montes, el 
Dr. Ranulfo Romo fue reconocido con el Premio Crónica de Ciencia y Tecnología, el Dr. Jaime 
Mas Oliva fue galardonado con el Premio Universidad Nacional 2019 en el área de 
Investigación en Ciencias Naturales, el Dr. Fatuel Tecuapetla Aguilar obtuvo la Cátedra 
Marcos Moshinsky 2019, y la Dra. Claudia Álvarez Carreño y el Dr. Luis Vaca Domínguez 
fueron acreedores a la beca Fullbright-García Robles para realizar estancias de Investigación 
en Estados Unidos. 
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En este año se mantuvo la distribución por género del personal del Instituto. De este análisis 
se desprenden datos interesantes que muestran que en la población académica del Instituto 
40% de los investigadores son mujeres y 60% hombres. En cuanto a los Técnicos 
Académicos la relación es de 2 a 1 en favor de las mujeres. Cabe resaltar que la relación en 
Investigadores Titular A y B entre mujeres y hombres es prácticamente de 1:1, mientras que el 
70% de los Investigadores Titulares C son hombres, mostrando una tendencia histórica. Sin 
embargo, en las nuevas generaciones la equidad de género se va asentando en nuestro 
Instituto. En cuanto al personal de base y de confianza, el Instituto está compuesto 
mayoritariamente por mujeres y la relación es 1:1 en cuanto al personal administrativo. A todo 
lo anterior se suma un esfuerzo por realizar actividades coordinadas a través del trabajo 
comprometido de la Comisión Interna de Igualdad de Género.  
 
Un hecho que deseo destacar es la creación y puesta en funcionamiento de dos nuevas 
Unidades de Servicio en nuestro Instituto. Se construyó y equipó la Unidad de Edición 
Genética (CRISPR-Cas) y Criopreservación. Se equipó el edificio anexo para albergar a la 
Unidad de Bioinformática y Manejo de la Información. Además, un hecho fundamental para el 
funcionamiento de nuestro Instituto fue la puesta en marcha de la nueva Red de Cómputo. En 
el 2019 el edificio anexo entró en funcionamiento albergando al Laboratorio Nacional de 
Canalopatías, y además se construyeron dos aulas y la Unidad para albergar a los ratopines, 
un modelo único en México para estudios de envejecimiento. Finalmente, el Instituto y sus 
investigadores obtuvieron un apoyo para Infraestructura por parte del CONACyT de más de 
25 millones de pesos para el Fortalecimiento de las Unidades de Bioterio, y de Edición 
Genética y Criopreservación, así como equipo para estudios de célula única. Además de una 
serie de adecuaciones y mantenimiento de la infraestructura del Instituto. 
 
Finalmente, agradezco el apoyo brindado por parte del Sr. Rector, el Dr. Enrique Graue 
Wiechers, el Coordinador de la Investigación Científica, el Dr. William Lee Alardín y el 
Secretario Administrativo de la UNAM, el Ing. Leopoldo Silva Gutiérrez. 
 
Solo me queda reiterar mi agradecimiento a las autoridades por su apoyo constante, consejos 
y atenciones hacia nuestro Instituto, a la comunidad estudiantil y a las y los miembros del 
Instituto de Fisiología Celular de la UNAM.  
 
 
 
Dr. Félix Recillas Targa 
Director 
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PERSONAL  ACADÉMICO 

 

En el 2019 la plantilla académica del Instituto de Fisiología Celular cuenta con 160 miembros, 
66 son Investigadores, 94 son Técnicos Académicos y uno es Catedrático CONACyT. Del total 
de Investigadores, 59 son Jefes de Grupo y 10 son Investigadores Asociados. Los Técnicos 
Académicos adscritos a algún laboratorio son 65 y 29 se encuentran en las Unidades de 
Servicio del Instituto, cuatro de ellos están contratados por honorarios. 
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La distribución de equidad de género entre el Personal Académico se muestra en la siguiente 
gráfica. 
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En 2019, el IFC cuenta con 7 Investigadores Eméritos, el nombramiento con mayor número de 
integrantes fue Titular C con 30 miembros que representan el 46% del total, 8 investigadores 
son Titular B, 10 tienen el nombramiento Titular A y 10 Asociado C. 
 

 

 

 

 

 

En el mismo periodo, 27 Técnicos Académicos tuvieron nombramiento de Titular C,  Titular B 
y Titular A. 12 son Asociado C, 1 tiene el nombramiento de Asociado A y 4 tienen un contrato 
por honorarios. 
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En lo que respecta al programa de Primas al Desempeño del Personal Académico (PRIDE) en 
el caso de los investigadores predomina el Nivel D, ya que 29 de ellos tienen el nivel, le siguen 
24 investigadores en el Nivel C, 12 tienen el nivel B del PRIDE o equivalente y solo un 
investigador perdió dicho estímulo.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

En el caso de los Técnicos Académicos, 41 tiene Nivel C del PRIDE, 30 tiene Nivel B o 
equivalente,  22 Técnicos Académicos han logrado el Nivel D y 1 no tiene el estimulo. 
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En el Sistema Nacional de Investigadores (SNI), 7 Investigadores han sido reconocidos con el 
máximo nivel, es decir, como Eméritos, 21 Investigadores poseen el nivel III, 14 tienen el nivel 
II,  el nivel I lo obtuvieron 21 Investigadores y 1 es Candidato. 
 
 

 

 

 

 

 

Son 22 Técnicos Académicos que se encuentran en el nivel I del SNI y 3 son candidatos. 
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Personal Académico 

 Investigadores Técnicos Académicos 

Total 66 94 

Jefes de grupo 59  

Asociados a un laboratorio 7  

Nombramiento   

 Eméritos  7  

 Titular C 30 27 

 Titular B 8 27 

 Titular A 10 27 

 Asociado C 11 12 

 Asociado A  1 

 Contrato por honorarios  4 

 Catedrático CONACyT 1 

Nivel de PRIDE   

 Nivel D 29 22 

 Nivel C 24 41 

 Nivel B 12 30 

 Sin PRIDE 1 1 

Nivel de SNI   

 Emérito 7  

 Nivel III 21  

 Nivel II 14  

 Nivel I 21 22 

 Candidato 1 3 

Grado académico   

 Doctorado  66 37 

 Maestría   17 

 Licenciatura  40 
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Organización Académica del Instituto 

 

El Instituto de Fisiología Celular esta organizado en dos divisiones: Investigación Básica y 

Neurociencias, cada una de las divisiones tiene tres departamentos: 

 

 

 

 

 

 

 

 

Departamento de Biología Celular y del Desarrollo 
 

Aguirre Linares Jesús, Dr.  Investigador Titular C. PRIDE C. SNI nivel II.  

Sánchez González Alma Olivia, Biól.  Técnico Académico Titular B. PRIDE C.  

 

Chagoya de Sánchez Victoria, Dra.  Investigador Emérito.PRIDE D. Emérito del SNI.  

Chávez Jiménez Enrique, Dr.  Técnico Académico Titular A. PRIDE B 

Velasco Loyden Gabriela, Dra.  Técnico Académico Titular B. PRIDE B. 

 

García Sáinz Jesús Adolfo Dr.  Investigador Emérito. PRIDE D. Emérito del SNI.  

Alcántara Hernández Rocío, Dra.  Técnico Académico Titular C. PRIDE C. SNI nivel I. 

Romero Ávila María Teresa, Dra.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

 

Hansberg Torres Wilhelm, Dr.  Investigador Titular C. PRIDE D. SNI nivel II.  

 Peña Segura Claudia, Biól.  Técnico Académico Titular A. PRIDE C. 

 

  

DIVISIÓN DE  

INVESTIGACIÓN BÁSICA 

DIVISIÓN DE 

NEUROCIENCIA 

Biología Celular y del Desarrollo 

Bioquímica y Biología Estructural 

Genética Molecular 

Neurociencia Cognitiva 

Neurodesarrollo y Fisiología 

Neuropatología Molecular 



 
 
 

18  INFORME DE LABORES 2019 

Hernández Muñoz Rolando, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Contreras Zentella Martha Lucinda, Dra.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

Sánchez Sevilla María de Lourdes, M. en C.   Técnico Académico Titular B. PRIDE C. 

 

Licona Limón Paula, Dra.  Investigador Titular A. PRIDE B. SNI nivel I.  

Ramos Balderas José Luis, Biól.  Técnico Académico Titular A. PRIDE C.  

 

López Casillas Fernando, Dr.  Investigador Titular C. PRIDE C. SNI nivel II.  

Mendoza Rodríguez Valentín, Med. Cir.  Técnico Académico Titular A. PRIDE C.  

 

Macías Silva Marina, Dra.  Investigador Titular C. PRIDE D. SNI nivel III.  

Sosa Garrocho Marcela, Biól.  Técnico Académico Titular C. PRIDE C.  

 

Navarro González Rosa Estela, Dra.  Investigador Titular B. PRIDE D. SNI nivel I.  

Salinas Velázquez Laura Silvia, M. en C.  Técnico Académico Titular A. PRIDE C.  

 

Vaca Domínguez Luis Alfonso, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Sampieri García Alicia, Dra.  Técnico Académico Titular C. PRIDE D.  

 

Valdés Rodríguez Víctor Julián, Dr.  Investigador Titular A. PRIDE B. SNI nivel I.  

Cano Domínguez Nallely, Dra.   Técnico Académico Titular A. PRIDE B.   
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Departamento de Bioquímica y Biología Estructural 
 

Arciniega Castro Marcelino, Dr.  Investigador Asociado C. PRIDE B. SNI nivel I.  

 

Del Río Guerra Gabriel, Dr.  Investigador Titular B. PRIDE C. SNI nivel II.  

Lara Ortiz María Teresa, Dra.  Técnico Académico Titular A. PRIDE C.  

 

González Manjarrez María Alicia, Dra.  Investigador Titular C. PRIDE C. SNI nivel III.  

Aguirre López Beatriz, Q.F.B.  Técnico Académico Titular B. PRIDE C.  

 

Mas Oliva Jaime, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Delgado Coello Blanca Alicia, M. en C.  Técnico Académico Titular C. PRIDE C. 

 

Molinari Soriano José Luis, Dr.  Investigador Titular C. PRIDE C. SNI nivel II.  

Copitin Niconova Natalia Ivanovna, M. en C.  Técnico Académico Titular B. PRIDE C.  

 

Peraza Reyes Leonardo, Dr.  Investigador Asociado C. PRIDE B. SNI nivel I.  

Suaste Olmos Fernando, Dr.  Técnico Académico Titular B. PRIDE B.  

 

Pérez Montfort Ruy Enrique, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Cabrera González E. Nallely, Biól.  Técnico Académico Titular C. PRIDE D.  

 

Torres Larios Alfredo, Dr. Investigador Titular B. PRIDE C. SNI nivel II.  

Torres Martínez Marilú, Dra.  Técnico Académico Asociado C. PRIDE B. Candidato SNI. 

 

Torres Quiroz Francisco, Dr.  Investigador Asociado C. PRIDE C. SNI nivel I.  

Moreno Alvares Paola, Dra.  Técnico Académico Titular A. PRIDE B.  

 

Tuena de Gómez Marietta, Dra.  Investigador Emérito. PRIDE D. Emérito del SNI.  

José Núñez Concepción, QFB.  Técnico Académico Titular A. PRIDE B.  
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Departamento de Genética Molecular 

 

Celis Sandoval Heliodoro, Dr.  Investigador Titular C. SNI nivel I.  

 

Coria Ortega Roberto, Dr.  Investigador Titular C. PRIDE C. SNI nivel II.  

Kawasaki Watanabe Laura, Dra.  Técnico Académico Titular C. PRIDE C. SNI nivel I. 

 

Dreyfus Cortés Georges, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Ballado Nava Socorro Ma. Teresa, QFB.  Técnico Académico Titular C. PRIDE C.  

De la Mora Bravo Francisco Javier, Dr.  Técnico Académico Titular B. PRIDE D. SNI nivel I. 

 

Funes Argüello María Soledad, Dra.  Investigador Titular A. PRIDE C. SNI nivel I.  

Mendoza Martínez Ariann, Dra. .   Técnico Académico Asociado C. PRIDE B.  

 

Furlan Magaril Mayra, Dra.  Investigador Titular A. PRIDE B. SNI nivel I.  

Pérez Molina Rosario, Lic. Técnico Académico Titular A. PRIDE B.  

  

Georgellis Dimitrios, Dr.  Investigador Titular C. PRIDE C. SNI nivel III.  

Álvarez Adrián Fernando, Dr.  Investigador Asociado C. PRIDE B. SNI nivel I. 

Rodríguez Rangel Claudia, M. en C.  Técnico Académico Titular B. PRIDE B.  

 

González Halphen Diego, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Vázquez Acevedo Miriam, QBP.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

Santillán Torres José Luís, Dr. Técnico Académico Titular B. PRIDE C.  

 

González Pedrajo Bertha, Dra.  Investigador Titular B. PRIDE D. SNI nivel II.  

Espinosa Sánchez Norma, Dra.  Técnico Académico Titular C. PRIDE C.  

 

Peña Díaz Antonio, Dr.  Investigador Emérito. PRIDE D. Emérito del SNI.  

Calahorra Fuertes Martha, Dra.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

Sánchez Sánchez Norma Silvia, M. en C.  Técnico Académico Titular C. PRIDE D.  

 

Pérez Martínez Xóchitl, Dra.  Investigador Titular B. PRIDE C. SNI nivel I.  

Camacho Villasana Yolanda, Dra.  Técnico Académico Titular B. PRIDE D. SNI I. 
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Recillas Targa Félix, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Guerrero Avendaño Georgina, Biól.  Técnico Académico Titular C. PRIDE D.  

 

Uribe Carvajal Salvador, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Chiquete Félix Natalia, Dra.  Técnico Académico Titular B. PRIDE C. SNI I. 
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Departamento de Neurociencia Cognitiva 
 

Aguilar Roblero Raúl Antonio, Dr.  Investigador Titular C. PRIDE C. SNI nivel III.  

Chávez Juárez José Luis, M. en C.  Técnico Académico Titular A. PRIDE B.  

 

Bargas Díaz José, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Laville Conde Juan Antonio, Fis.  Técnico Académico Titular A. PRIDE C.  

 

Bermúdez Rattoni Federico, Dr.  Investigador Emérito. PRIDE D. Emérito del SNI.  

Osorio Gómez Daniel, Dr.  Investigador Asociado C. PRIDE B. SNI nivel I. 

Rodríguez Durán Luis Francisco, Dr.  Técnico Académico Titular B. PRIDE B.  

 

Fernández De Miguel Francisco, Dr.  Investigador Titular C. PRIDE C. SNI nivel II.  

Méndez Ambrosio Bruno, M. en I.  Técnico Académico Titular A. PRIDE B.  

 

Galarraga Palacio María Elvira, Dra.  Investigador Titular C. PRIDE D. SNI nivel III.  

Tapia Ramírez Dagoberto, Biól.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

 

Hernández Cruz Arturo, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Luis Baltazar Enoch, Dr.  Catedratico CONACyT. Candidato al SNI. 

Millan Aldaco Diana Alicia, Lic.  Técnico Académico Titular C. PRIDE D.  

 

Hiriart Urdanivia Marcia, Dra.  Investigador Titular C. PRIDE D. SNI nivel III.  

Velasco Torres Myrian, Dra.  Investigador Asociado C. PRIDE C. SNI nivel I. 

Sánchez Soto Carmen, Biól.  Técnico Académico Titular C. PRIDE C.  

 

Lemus Sandoval Luis Alonso, Dr.  Investigador Titular A. PRIDE B.  

Figueroa Vanegas Tonatiuh, M. en I. Técnico Académico Asociado C. PRIDE B. 

 

Pérez de la Mora Miguel, Dr.  Investigador Titular C. PRIDE C. SNI nivel III.  

Crespo Ramírez Minerva, QFB.  Técnico Académico Titular A. PRIDE C.  
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Romo Trujillo Ranulfo, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Rossi Pool Román, Dr.  Investigador Asociado C. PRIDE B. SNI nivel I. 

Álvarez López Manuel, Dr.  Técnico Académico Titular B. PRIDE C. SNI nivel I. 

Díaz Osornio Jaime Héctor, Ing.  Técnico Académico Asociado C. PRIDE B.  

Zainos Rosales Antonio, Dr.  Técnico Académico Titular B. PRIDE D. SNI nivel I. 

 

Rosenbaum Emir Tamara, Dra.  Investigador Titular B. PRIDE D. SNI nivel II.  

Morales Lázaro Sara Luz, Dra.  Investigador Asociado C. PRIDE C. SNI nivel I. 

Llorente Gil Itzel Alejandra, Biól.  Técnico Académico Titular A. PRIDE C.  
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Departamento de Neurodesarrollo y Fisiología 
 

Castro Obregón Susana, Dra.  Investigador Titular A. PRIDE C. SNI nivel II.  

Aguilar Maldonado Beatriz, Dra.  Técnico Académico Titular A. PRIDE B.  

 

Escalante Alcalde Diana, Dra.  Investigador Titular B. PRIDE C. SNI nivel II.  

Martínez Silva Ana Valeria, Dra.  Técnico Académico Titular A. PRIDE C.  

 

Pasantes Ordóñez Herminia, Dra.  Investigador Emérito. PRIDE D. Emérito del SNI.  

 

Salceda Sacanelles Rocío, Dra.  Investigador Titular C. PRIDE C. SNI nivel II.  

Sánchez Chávez Gustavo, Biól. Técnico Académico Titular B. PRIDE C.  

 

Velasco Velázquez Iván, Dr.  Investigador Titular C. PRIDE D. SNI nivel II.  

Escobedo Ávila Itzel, Dra.  Técnico Académico Titular A. PRIDE B. Candidato a SNI 

 

López Huerta Violeta Gisselle, Dra.   Investigador Asociado C. PRIDE B. SNI nivel I. 

Palomero Rivero Marcela, Biól.    Técnico Académico Titular C. PRIDE D. 

 

Ramiro Cortés Yazmín, Dra.    Investigador Asociado C. PRIDE B. Candidato al SNI. 
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Departamento de Neuropatología Molecular  

 
Gómora Martínez Juan Carlos, Dr.  Investigador Titular B. PRIDE C. SNI nivel I.  

Ramírez Aragón Miguel, M. en C.  Técnico Asociado C.  PRIDE B.  

 

López Colomé Ana María, Dra.  Investigador Titular C. PRIDE D. SNI nivel III.  

Lee Rivera Irene, Dra.  Técnico Académico Titular B. PRIDE C. SNI nivel I. 

López Hernández Edith Catalina, QFB.  Técnico Académico Titular C. PRIDE C. SNI nivel I. 

 

Massieu Trigo Lourdes, Dra.  Investigador Titular C. PRIDE D. SNI nivel III.  

Montiel Montes Teresa, Biól.  Técnico Académico Titular C. PRIDE D. SNI nivel I. 

 

Morán Andrade Julio, Dr.  Investigador Titular C. PRIDE D. SNI nivel III.  

Olguín Albuerne Mauricio, Dr.  Investigador Asociado C. PRIDE B.  

Domínguez Macouzet Guadalupe, M. en C.  Técnico Académico Titular C. PRIDE D.  

 

Sotres Bayón Francisco, Dr.  Investigador Titular A. PRIDE C. SNI nivel I.  

Ramírez Lugo Leticia, Dra.  Técnico Académico Titular A. PRIDE C. SNI nivel I 

 

Tapia Ibargüengoytia Ricardo, Dr.  Investigador Emérito. PRIDE D. Emérito del SNI.  

 Prior González Mara Guadalupe, M. en C. Técnico Académico Asociado C. PRIDE B.  

 

Tecuapetla Aguilar Fatuel, Dr.  Investigador Titular A. PRIDE C. SNI nivel I.  

Ramírez Jarquin Josué O., Dr.  Técnico Académico Titular A. PRIDE B. SNI nivel I 

 

Tovar y Romo Luis Bernardo, Dr.  Investigador Titular A. PRIDE C. SNI nivel I.  

Aranda Fraustro Cristina, QFB.  Técnico Académico Titular B. PRIDE C.  

 
*Guerra Crespo Magdalena, Dra.  Investigador Titular A. PRIDE C. SNI nivel I. 

 

*Académica que depende del Jefe de Departamento. 
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LÍNEAS DE INVESTIGACIÓN 

 

BIOLOGÍA CELULAR Y DEL DESARROLLO 

 
Aguirre Linares Jesús 
 

 Diferenciación celular y regulación genética en microorganismos eucariotas: 
transducción de señales, respuestas al estrés oxidativo y regulación del metabolismo 
secundario en los hongos. 

 
Chagoya de Sánchez Victoria 
 

 Caracterización y función del ciclo circádico de la adenosina. 

 Hepatoxicidad aguda y crónica con etanol, tetracloruro de carbono y dietilnitrosamina, 
cirrosis, cáncer hepatocelular y síndrome metabólico. 

 Cardiotoxicidad durante el infarto de miocardio experimental y la insuficiencia cardiaca. 

García Sáinz Jesús Adolfo 
 

 Receptores acoplados a proteínas G. 
 
Hansberg Torres Wilhelm 

 Diferenciación celular en microorganismos. 

 Especies reactivas del oxígeno. 

 Relación estructura función de las catalasas. 

Hernández Muñoz Rolando 

 Regulación del metabolismo intermedio durante la proliferación celular in vivo. 

 Identificación de moléculas involucradas en la comunicación inter-órganos y su 
repercusión en el metabolismo general. 

 Mecanismos de producción y potencial reversión de la cirrosis experimental. 

 Caracterización del metabolismo nitrogenado en eritrocitos humanos y de las enzimas 
involucradas en dichas vías. 

Licona Limón Paula 
 

 Papel del factor de crecimiento transformante beta (TGF-β) y de la vía de PKA en la 
diferenciación de subtipos celulares de linfocitos T. 

 Caracterización de los mecanismos efectores de defensa y las vías de señalización que 
controlan la respuesta inmune contra parásitos. 

 Estudio de los mecanismos de co-evolución parasito-hospedero. 
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 Estudio de la respuesta inmune a cepas bacterianas multidrogoresistentes para el 
diseño de inmunoterapias. 

 Estudio del papel de IL-9 en contextos de infección parasitaria, alergias y 
autoinmunidad. 

 Identificación de marcadores moleculares asociados a poblaciones linfoides 
productoras de IL-9. 

López Casillas Fernando 
 

 Mecanismos moleculares de acción y señalamiento de factores autócrinos y parácrinos 
de crecimiento celular, en particular del TGF-β (Transforming Growth Factor type beta). 

 Caracterización estructura-función del betaglicano, también llamado el receptor tipo III 
del TGF-β. 

 Participación del betaglicano en el desarrollo embrionario del pez cebra. 

Macías Silva Marina 
 

 Vías de transducción de señales de la citocina TGF-β. 

 Regulación de la expresión de genes. 

 Modificaciones Postraduccionales. 

 Plasticidad celular. 

Navarro González Rosa 

 Regulación de la formación de gránulos de RNA en la gónada del nematodo 
Caenorhabditis elegans. 

 Mecanismos de inducción de apoptosis de las células germinales del Caenorhabditis 
elegans. 

Vaca Domínguez Luis 

 Canales TRP. 

 Entrada de calcio capacitiva. 

 Desarrollo de sensores nanomoleculares para investigación y diagnostico. 

Valdés Víctor Julián 

 Neuroepigenética de la conducta en modelos de aprendizaje y memoria. 

 Estudio de cambios epigenéticos y transcripcionales inducidos por alta glucosa. 
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BIOQUÍMICA Y BIOLOGÍA ESTRUCTURAL 

 

Arciniega Castro Marcelino 

 Desarrollo de algoritmos bayesianos para búsqueda de inhibidores a gran escala. 

 Estimaciones de cambios en energía libre asociados con cambios conformacionales en 
proteínas. 

 Estudios de alostería emplando simulaciones de dinámica molecular y teoría de redes. 

Del Río Guerra Gabriel 

 Estudio de la relación estructura-función en sistemas biológicos mediante el análisis de 
redes. 

 Diseño asistido por computadora de péptidos capaces de inducir muerte celular 
selectiva. 

González Manjarrez Alicia 

 Duplicación génica y evolución en la levadura Saccharomyces cerevisiae. 

 Diversificación funcional de genes parálogos: Papel de la localización subcelular, 
regulación transcripcional y propiedades bioquímicas de los productos codificados. 

 Caracterización de genes tipo ancestral en Kluyveromyces lactis y Lacchancea kluyveri. 

 Organización de proteínas paralogas hetero-oligomericas: Una instancia de 
diversificación funcional. 

 Papel de Leu3 en la determinación del "lifespan" de la levadura Saccharomyces 
cerevisiae. 

 Estudio de la organización y papel regulatorio de los complejos transcripcionales 
híbridos. 

Mas Oliva Jaime 

 Membranas biológicas y su función. 

 Correlación estructura/función en proteínas. 

Molinari Soriano José Luis 
 

 Cisticercosis experimental. 
 
Peraza Reyes Leonardo 

 La regulación de la biogénesis peroxisomal durante el desarrollo sexual de Podospora 
anserina. 

 La función de los peroxisomas durante el desarrollo meiótico de Podospora anserina. 
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 La dinámica y las interacciones de las mitocondrias, los peroxisomas y el retículo 
endoplásmico durante el desarrollo de los hongos. 

 La dinámica y función del retículo endoplásmico durante el desarrollo sexual de 
Podospora anserina. 

 La dinámica y las interacciones de los endosomas y los peroxisomas durante el 
desarrollo de los hongos. 

Pérez Montfort Ruy 

 Identificación de amino ácidos importantes para diferentes propiedades bioquímicas en 
triosafosfato isomerasas de tripanosomas. 

 Inactivación selectiva de triosafosfato isomerasas de tripanosomátidos. 

Torres Larios Alfredo 

 Cristalografía de macromoléculas. 

 Interacciones macromolécula-ligando. 

Torres Quiroz Francisco 

 Producción de ácido sulfhídrico en levadura y la regulación de procesos celulares. 

 Regulación del proteosoma por modificaciones postraduccionales. 

 Efecto del ácido sulfhídrico en un modelo de isquemia cerebral transitoria. 

 Papel de la persulfuración de proteínas en la producción de leche en rumiantes. 

Tuena de Gómez Marietta 

 Regulación de la actividad de la ATPasa mitocondrial y de su estado oligomérico. 

 Estudio sobre Triosafosfato isomerasa, regulación de la síntesis. 

 Evolución de triosafosfato isomerasa. 

 Estudio de la remodelación cardiaca subsecuente al infarto del miocardio inducido por 
isoproterenol y el efecto de un derivado de adenosina. 
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GENÉTICA MOLECULAR 

 

Álvarez Adrián Fernando 

 Estudio intergral de microdominios membranales bacterianos. 

 Estudio del sistema de dos componentes ArcB/ArcA de Escherichia coli. 

 Estudio del sistema de dos componentes BarA/UvrY y su relación con el sistema de 
regulación global Csr. 

Celis Sandoval Heliodoro 

 Estructura, función y regulación de las pirofosfatasas de bacterias fotosintéticas. 

 Caracterización de los centros de reacción de bacterias fotosintéticas. 

Coria Ortega Roberto 

 Sistemas de transducción en levaduras y Dictyostelium. Mecanismos moleculares de la 
respuesta a estrés de retículo endoplásmico en levaduras y en Dictyostelium. 

Dreyfus Cortés Georges 

 Motilidad en bacterias. 

Funes Argüello Soledad 

 Respuestas mitocondriales ante condiciones de estrés y durante la regulación de la 
longevidad celular en Saccharomyces cerevisiae. 

 Mecanismos de importación co-traduccional de proteínas a la mitocondria. 

Furlan Magaril Mayra 
 

 Relación entre la estructura 3D del genoma y la regulación de la actividad 
transcripcional. 

 Topología genómica, accesibilidad cromatínica y modulación transcripcional durante la 
maduración y diferenciación eritroide. 

 Topología genómica y regulación transcripcional de genes circadianos. 

 Caracterización molecular y funcional de fronteras entre dominios topológicamente 
asociados. 

Georgellis Dimitris 

 Control of microbial gene expression by extra-cellular stimuli. 

 Structure and function of proteins involved in bacterial signal transduction. 
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 Bacterial plasma membrane microdomains: Control of two-component system signaling 
and beyond. 

 Characterization of the BarA/UvrY and ArcB/ArcA two component signal transduction 
systems of Escherichia coli. 

González Halphen Diego 

 Caracterización bioquímica y de genética molecular de los componentes de la 
fosforilación oxidativa del alga clorofícea incolora Polytomella sp. 

 Relaciones estructura-función de los complejos mitocondriales. 

 Expresión alotópica de genes mitocondriales. 

 Caracterización de la maquinaria importadora de proteínas de los amiloplastos del alga 
incolora Polytomella sp. 

González Pedrajo Bertha 

 Sistema de secreción tipo III en bacterias Gram negativas. 

 Mecanismos moleculares de la secreción de efectores de virulencia en Escherichia coli 
enteropatógena. 

 Patogénesis bacteriana. 

 Desarrollo de terapias para tratar infecciones bacterianas. 

Peña Díaz Antonio 

 Transporte y homeostasis de iones en distintas levaduras, así como su relación con el 
metabolismo energético, en particular ante condiciones extremas de salinidad y pH. 

 Efectos de diferentes antimicóticos en levaduras patógenas. 

 Mecanismos de adaptación de la levadura Debaryomyces hansenii a las condiciones 
del agua marina o de mayor salinidad y valores elevados del pH; cambios del 
metabolismo y de la expresión genética. 

 Transporte y metabolismo de la xilosa en levaduras no convencionales. 

 Mecanismos del transporte de calcio en Candida albicans. 

 Caracterización estructural, cinética y fisiológica de las NADH deshidrogenasas 
externas de Saccharomyces cerevisiae. 

Pérez Martínez Xóchitl 

 Mecanismos de biogénesis del citocromo b mitocondrial. 

 Mecanismos de control traduccional y de ensamblaje de Cox1 en mitocondrias de 
Saccharomyces cerevisiae. 

 Estudio del papel de la compleja regulación de la síntesis de Cox1 en la fisiología de 
células de Saccharomyces cerevisiae. 

 Estudio de los mecanismos de acoplamiento entre la traducción citosólica y la 
mitocondrial. 
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Recillas Targa Félix 

 Estructura de la cromatina y actividad reguladora de la región 3’ no-codificante del 

dominio -globina de pollo. 

 Caracterización y estudio de los mecanismos de la formación de un dominio 
transcripcionalmente activo. 

 Regulación epigenética de la expresión de genes supresores de tumores y secuencias 
repetidas. 

 Regulación epigenética mediada por RNAs largos no-codificantes. 

 Estudio de la organización tri-dimensional del genoma en la regulación de la expresión 
génica. 

Uribe Carvajal Salvador 

 Bioenergética de levaduras. 

 Coordinación del catabolismo en Saccharomyces cerevisiae. 

 Bioquímica de Wolbachia sp. 
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NEUROCIENCIA COGNITIVA 
 
 

Aguilar Roblero Raúl 

 Regulación neuroendócrina de los ritmos circadianos en mamíferos. 

Bargas Díaz José 

 Modulación presináptica de la transmisión entre neuronas. 

 Estudio del funcionamiento de los microcircuitos cerebrales. 

 Arquitectura funcional de la corteza motora del ratón. 

Bermúdez Rattoni Federico 

 Mecanismos moleculares y estructurales en la formación y evocación de la memoria de 
reconocimiento. 

 Detección de señales moleculares tempranas que subyacen a los trastornos cognitivos 
en ratones transgénicos con enfermedad de Alzheimer. 

Fernández De Miguel Francisco 

 Secreción de serotonina somática y sináptica. 

 Enseñanza experimental de las ciencias. 

 Arte y cerebro. 

 Determinantes moleculares de las sensaciones de tacto y dolor. 

Galarraga Palacio Elvira 

 Comparación de las oscilaciones en el potencial de membrana en neuronas corticales y 
en neuronas intralaminares del tálamo. 

 Control del mecanismo de disparo neuronal y su neuromodulación: acciones directas e 
indirectas. 

 Integración Sináptica de diferentes tipos neuronales en respuesta a aferentes de 
distinto origen: talámicas y corticales. 

Hernández Cruz Arturo 

 Homeostasis del calcio intracelular en neuronas y células endocrinas. 

 Participación de las células cromafines de la glándula suprarrenal en la fisiopatología 
de la hipertensión. 

 Estudio de la señalización por calcio intracelular en células foliculares durante el ciclo 
estral en rebanadas de ovario de ratón. 

 Papel de canales iónicos selectivos al potasio implicados en la biología de distintos 
tipos de cáncer. 
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 Papel de los transportadores aniónicos en la regulación por GABA de la función de las 
células cromafines de la médula adrenal. 

 El papel del GABA endógeno actuando sobre receptores GABAA en las fluctuaciones 
espontáneas de [Ca2+]i, la transmisión colinérgica y la secreción de catecolaminas de 
las células cromafines adrenales in situ. 

 La encefalitis asociada a la presencia de anticuerpos contra el receptor de N-metil-D-
aspartato (NMDA-R): Una canalopatía inducida con pérdida de función. 

 Estudios de señalización por calcio intracelular en centenares de células únicas 
empleando agonistas específicos y dispositivos de microfluídica (Colaboración con el 
grupo del Dr. José Luis García Cordero. CINVESTAV-Monterrey). 

 Estudios funcionales de cardiomiocitos humanos diferenciados de células pluripotentes 
inducidas de sujetos normales y pacientes con síndrome de Andersen-Tawil, una 
cardio-canalopatía del canal de potasio Kir2.1 que cursa con arritmia y muerte súbita. 

Hiriart Urdanivia Marcia 
 

 Modulación del acoplamiento entre el estímulo y la secreción hormonal de células beta 
pancreáticas sanas y en condiciones diabéticas. 

 Regulación del desarrollo, la plasticidad y el funcionamiento de las células beta 
pancreáticas. 

 Mecanismos fisiopatológicos de desarrollo de la resistencia a la insulina, obesidad, 
síndrome metabólico y diabetes. 

 Efecto de tóxicos sobre la secreción de insulina y desarrollo de las células beta. 

Lemus Sandoval Luis 

 Representación cortical de objetos auditivos. 

 Representación de estímulos amodales. 

Morales Lázaro Sara Luz 

 Regulación de la expresión de canales TRPs asociados a la generación de dolor. 

 Regulación del canal TRPV1 por endocanabinoides. 

 Regulación del canal TRPV1 por efecto de moléculas esteroideas. 

Osorio Gómez Daniel 
 

 Efecto de la obesidad en los mecanismos celulares y moleculares del aprendizaje y la 
memoria. 

 Evaluación por optogenética de la participación de la proyección amígdala-corteza 
insular en el establecimiento de la valencia de los estímulos. 
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Pérez de la Mora Miguel 

 Interacciones de neurotransmisores dentro de la amígdala de la rata y su relevancia en 
la modulación de la ansiedad. 

 Diabetes y ansiedad. 

 Papel de los sistemas oxitocinérgicos y vasopresinérgicos en la modulación amigdalina 
de la ansiedad. 

 Papel de la neurotrasmisión dopaminérgica en la modulación amigdalina de la 
ansiedad. 

 Papel de los sistemas de neurotransmisión catecolaminérgicos en el mecanismo de la 
acción ansiolítica y prosocial de la 3’4’ Metilen-dioxi-metanfetamina (éxtasis). 

 Alteraciones neurocognitivas en la adolescencia temprana por el consumo de 
inhalantes. 

 Sobre-expresión específica del gene de la triptofano 5 hidroxilasa (TPH2) en neuronas 
serotoninérgicas y evaluación de la producción de serotonina. 

Romo Trujillo Ranulfo 

 Neurobiología de la percepción. 

Rosenbaum Emir Tamara 

 Relaciones entre la estructura y la función de los canales de tipo TRPV1. 

 Estudios sobre la regulación de la actividad de canales TRP por hormonas y lípidos. 

Rossi Pool Román 

 Neurociencia computacional. 

 Análisis estadístico de mediciones electrofisiológicas. 

 Modelado de sistemas dinámicos y redes neuronales. 

 Mediciones electrofisiológicas en primates entrenados. 

 Decodificación de actividad de neuronas individuales y poblaciones. 

Velasco Torres Myrian 

 Modulación de la secreción de insulina por canales de potasio. 

 Actividad de canales iónicos en el síndrome metabólico. 
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NEURODESARROLLO Y FISIOLOGÍA 

 

Castro Obregón Susana 

 Papel de la autofagia durante el desarrollo y envejecimiento del sistema nervioso, así 
como en la estabilidad del genoma. 

Escalante Alcalde Diana 

 Papel de la fosfatasa de fosfolípidos-3 (PLPP3, antes LPP3) en el desarrollo y en 
enfermedades. 

López Huerta Violeta Gisselle 

 Patrones de conectividad en circuitos talámicos control y en modelos de autismo. 

 Control inhibitorio de circuitos talámicos en el adulto y durante el desarrollo. 

Pasantes Ordóñez Herminia 

 Mecanismos moleculares del edema cerebral. 

 Taurina y células progenitoras neuronales y transdiferenciación neuronal. 

Ramiro Cortés Yazmín 
 

 Plasticidad sin ptica y sus correlatos estructurales en el autismo en hipocampo y 
corteza visual. 

 Actividad neuronal de corteza visual primaria in vivo en ratones despiertos en el 
autismo. 

Salceda Sacanelles Rocío 

 Neurotransmisión glicinérgica en la retina de los vertebrados. 

 Relación funcional entre el epitelio pigmentario de la retina y la retina neural. 

 Retinopatía diabética. 

 Neuropatía diabética. 

Velasco Velázquez Iván 

 Biología de células troncales neurales en el desarrollo del cerebro. 

 Uso de las células troncales embrionarias en el tratamiento de enfermedades del 
sistema nervioso. 

 Reprogramación de células somáticas a estado pluripotencial. 

 Regeneración del sisema nervioso del ajolote. 
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NEUROPATOLOGÍA MOLECULAR 

 

Gómora Martínez Juan Carlos 

 Relación estructura-función de canales de calcio activados por voltaje. 

 Participación de los canales de sodio en las propiedades metastásicas del cáncer 
cervicouterino. 

Guerra Crespo Magdalena 

 Estudio de la diferenciación de células pluripotentes inducidas humanas in vitro e in 
vivo en patologías cardiacas. 

 Estudio del potencial neuronal y dopaminérgico de células troncales embrionarias y 
células pluripotentes inducidas humanas in vitro e in vivo en el contexto de la 
enfermedad de Parkinson 

López Colomé Ana María 

 Neurotransmisión excitadora en la retina: mecanismos y regulación. 

 El glutamato y la trombina como agentes causales de patologías que producen 
ceguera. 

Massieu Trigo Lourdes 
 

 Mecanismos de muerte neuronal asociados a la isquemia/hipoglucemia. 

 Respuestas al estrés energético en neuronas. Estrés oxidante, estrés del retículo 
endoplásmico y autofagia. 
 

Morán Andrade Julio 

 Mecanismos moleculares de la muerte neuronal programada. 

 Papel de las especies reactivas del oxígeno en la muerte y diferenciación neuronal. 

 Papel de la NADPH-oxidasa en la muerte y diferenciación neuronal. 

Olguin Albuerne Mauricio 

 Crecimiento axonal y dendrítico. 

 Migración neuronal. 

Sotres Bayón Francisco 

 Neurobiología de la supresión activa del miedo en busca de una recompensa. 

 Neurobiología de conductas de elección guiadas por motivaciones gustativas. 

 Neurobiología de la expresión e inhibición pasiva del miedo condicionado. 
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Tapia Ibarguengoytia Ricardo 

 Modelos experimentales de epilepsia y enfermedades neurodegenerativas. 

 Mecanismos de muerte neuronal. 

 Bioética y neuroética. 

Tecuapetla Aguilar Fatuel 

 Subcircuitos de la corteza-ganglios basales-tálamo en condiciones normales y 
neuropatológicas. 

Tovar y Romo Luis Bernardo 

 Regulación trófica de la viabilidad neuronal; mecanismos endógenos de recuperación 
después del infarto cerebral isquémico. 

 Estudio de las respuestas moleculares de los astrocitos en la isquemia cerebral. 

 Regulación epigenómica y transcriptómica del infarto cerebral isquémico. 

 Mecanismos de recuperación neuronal mediados por interacciones con el endotelio 

vascular. 
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ACTIVIDADES ACADÉMICO ADMINISTRATIVAS 

 

Aguilar Roblero Raúl 

 Revisor Externo del PAPIIT. 

 Revisor Externo del CONACyT. 

 Revisor externo de Biomedical Physics & Engineering Express.  

 Revisor Externo Frontiers in Integrative Neuroscience. 

 

Aguirre Linares Jesús 

 Revisor de proyectos para CONACyT, PAPIIT,y de artículos para las revistas PLoS One, 
Frontiers in Microbiology, Scientific Reports, Fungal Biology and Applied and 
Environmental Microbiology.  

 Miembro de la comisión dictaminadora externa del CICESE desde el 2013 (duración 
indeterminada).  

 Miembro del Comité Evaluador del PAPIIT-UNAM.  

 

Arciniega Castro Marcelino  

 Participación en la comisión de cómputo del IFC-UNAM. 

 Participación como evaluador en el proceso de selección de candidatos a cursar estudios 
de posgrado en el extranjero en el marco de la convocatoria CONACyT-Regional Sur-
Oriente y Noroeste. 

 Participación como evaluador de proyectos PAPIIT.   

 

Bargas Díaz José 

 Comisión Evaluadora del PRIDE. Instituto de Fisiología Celular, UNAM.  

 Comisión Evaluadora PRIDE Instituto de Ecología, UNAM.  

 Revisor de Artículos de Investigación para su publicación en Revistas Internacionales y 
Nacionales:    Brain Research, Trends in Neuroscience, Journal of Neuroscience, Journal 
of Neurophysiology, Synapse, BMC-Neuroscience, Neuroscience, Journal of Pharmacy 
and Pharmacology, Proceedings of the Nacional Academy of Sciences, European Journal 
of Neuroscience, Journal of Neuroscience Research, Revista de Neurología, 
Neuropsychopharmacology, Experimental Neurology, Frontiers in Cellular Neuroscience, 
Frontiers in Systems Neuroscience, Journal of Physiology (London), PLoS Computational 
Biology, Neurocomputing, Biological Psychiatry, Movement Disorders, Neurochemical 
Research, Learning and Memory, Nature, Scientific Reports, Neurobiology of Disease, 
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Neuroscience Letters, Revista Biomédica, Frontiers in Neuroanatomy, Revista Mexicana 
de Ingeniería Biomédica, Basal Ganglia, Journal of Applied Research and Technology, e-
Life.  

 Revisión de Proyectos de Investigación para dictaminar su apoyo: Proyectos de PAPIIT-
UNAM. 

 Revisión de Proyectos de Investigación para dictaminar su apoyo: Proyectos de 
CONACyT.  

 Proyectos Internacionales: Netherlands, Colombia,  Argentina, New Zealand.   

 Miembro y actual presidente de la Internacional Basal Ganglia Society (IBAGS).  

 

Bermúdez Rattoni Federico  

 Comisión Evaluadora PRIDE del Instituto de Neurobiología, 2018-2020. 

 Comité de Evaluación del  PAPIIT.  

 Comisión Dictaminadora del Instituto de Neurobiología, 2017-2019.  

 Jefe de Departamento de Neurociencia Cognitiva, Instituto de Fisología Celular, 16 de 
noviembre, 2017-. 

 

Castro Obregón Susana 

 Presidenta la Comisión Permanente de Ingreso, Egreso y Permanencia (CPIEP) del 
Posgrado en Ciencias Bioquímicas. 

 Miembro del subcomité Académico de la Licenciatura en Neurociencias. 

 Secretaria Ejecutiva de la Comisión de la Unidad de Biología Molecular. 

 Miembro de la Comisión de Seminarios del IFC. 

 Jurado Evaluador del Concurso de Oposición Abierto para una plaza de Técnico 
Académico Titular A de tiempo completo. 

 Comité Organizador del III Congreso Nacional de Neurobiología de la Sociedad Mexicana 
de Bioquímica. 

 Coordinación de la Red CYTED-NeuroSur. 

 
Chagoya Hazas Victoria Eugenia 

 Miembro de la cartera de evaluadores del CONACyT.  

 Apoyo a diferentes programas de posgrado como profesor, tutor y asesor: Facultad de 
Ciencias: Posgrado en Ciencias Biológicas. Facultad de Química: Posgrado en Ciencias 
Bioquímicas y Químicas. Facultad de Medicina: Posgrado en Ciencias Biomédicas.  

 Revisor de Archivos de Cardiología de México.  
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 Comisión Multidisciplinaria de la Facultad de Química UNAM.  

 Revisor de proyectos de la Fundación Glaxo Smith Kline y Fundación Mexicana para la 
Salud.   

 Revisor de la revista Journal of Pharmacy and Pharmacology.  

 

Coria Ortega Roberto 

 Árbitro de proyectos PAPIIT.  

 Revisor Proyectos de Ciencia Básica de CONACyT.  

 Jefe del Departamento de Genética Molecular del IFC. 

 Revisor de manuscritos para publicación en revistas internacionales indizadas: Cells, 
Journal of Microbiology and Biotechnology, Molecular and Cellular Biology, FEBS Letters. 

 

Del Río Guerra Gabriel  

 Miembro de la comisión de cómputo del Instituto de Fisiología Celular.  

 Revisor para las revistas Bioinformatics, Microbial Cell Factories, ACS Synthetic Biology, 
Entropy, Molecules, Scientific Reports, Nucleic Acids Research, Polymers, PeerJ. 

 Revisor de proyectos CONACyT. 

 Revisor de proyectos PAPIIT. 

 Revisor de proyectos Facultad de Medicina-UNAM. 

 Organizador del simposium internacional realizado en Canadá, titulado "Mathematics and 
Computer Science in Modeling and Understanding of Structure and Dynamics of 
Biomolecules‖. 

 

Dreyfus Cortés Georges   

 Miembro del Subcomité Académico de la Licenciatura en Investigación Biomédica Básica 
2010- 2019.  

 Miembro Titular de la Academia Nacional de Medicina de México, A.C.  

 Evaluador del Área de las Ciencias Biológicas, Químicas y de la Salud del Programa de 
Apoyo a Proyectos de Investigación e Innovación Tecnológica.  

 Evaluador de proyectos CONACyT-Ciencia Básica.  

 Evaluador de la XXIX edición del Programa "El Verano de la Investigación Científica" 
2019. 

 Revisor de diversas revistas Internacionales sobre Microbiología. 

 Evaluador de proyectos PAPIIT.  
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 Colaborador Externo de la editorial Fondo de Cultura Económica.  

 

Escalante Alcalde Diana María  

 Jefa del departamento de Neurodesarrollo y Fisiología, Enero 2014 a la fecha.  

 Miembro del Subcomité Académico de la Licenciatura en Neurociencias. 

 Elaboración de una propuesta institucional de infraestrutura del CONACyT para la compra 
de equipo especializado para el nuevo vivario del IFC. Se otorgaron más de 18 millones 
de pesos. 

 Miembro de Comité de entrevistas para la admisión a la Licenciatura en Neurociencias. 

 Miembro del Comité de admisión al Doctorado en Ciencias Biomédicas. 

 Miembro del CICUAL.  

 Miembro de la Comisión de Bioseguridad.  

 Secretaria Ejecutiva de la Unidad de Imagenología del IFC. 

 Evaluador de proyectos CONACyT (Ciencia Básica y Fronteras) y PAPIIT.  

 Miembro del Comité Editorial del IFC. Creado en Octubre del 2016.  

 Miembro de la Comisión Local de Bioseguridad.  

 

Fernández De Miguel Francisco  

 Editor Revisor de la revista ―Frontiers in Physiology‖, sección Membrane Biophysics and 
Physiology. 

 Revisor ad hoc de artículos científicos para BMC Neuroscience, Frontiers in Physiology, 
Frontiers in Cellular Neurosciences, Frontiers in Developmental Neurosciences, Frontiers 
in Physics, Journal of Neurophysiology, Neuroscience. 

 Guest Associate Editor. Frontiers in Physiology. Membrane Physiology and Membrane 
Biophysics. 

 Evaluador de proyectos para el CONACyT.  

 Guest Associate Editor. Fundamentals in the 21st Century. Frontiers in Molecular 
Neuroscience. Suiza. 

 Coordinador del Programa de Neurociencias del Centro de Ciencias de la Complejidad.  

 Miembro del Comité Académico del Centro de Ciencias de la Complejidad (C3), UNAM.  

 Coordinador de la sexta edición del libro de texto "From Neuron to Brain" de Martin, AR., 
Brown, DA, Diamond, M, Cattaneo, A, y De Miguel FF. Oxford UNiversity Presss. Reino 
Unido.   

 Evaluador de Proyectos de investigación científica y tecnológica presentados al FONCYT, 
Ministerio de Ciencia, Tecnologia e Innovacion Productiva, Agencia Nacional de 
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Promoción Científica y Tecnológica, Fondo para la Investigación Científica y Tecnológica, 
Argentina. 

 Evaluador de proyectos PAPIIT. 

 Miembro del Consejo Directivo del Consejo Mexicano para la Cultura y las Artes AC 
(COMCA). 

 

Funes Argüello María Soledad  

 Representante del Director del Instituto de Fisiología Celular ante el Comité Académico 
del Programa de Maestría y Doctorado en Ciencias Bioquímicas (UNAM).    

 Coordinadora de enseñanza del Instituto de Fisiología Celular.   

 Representante del Director del Instituto de Fisiología Celular ante el Comité Académico 
del Programa de Maestría y Doctorado en Ciencias Biológicas (UNAM).   

 Participación en las entrevistas de admisión del Programa de Doctorado en Ciencias 
Biológicas. Admisión 2020-1 y 2020-2. 

 Tesorera de la Sociedad Mexicana de Bioquímica. Mesa Directiva 2019-2021.    

 Responsable de Entidad (Instituto de Fisiología Celular) ante el Programa de Doctorado 
en Ciencias Biomédicas (UNAM).    

 Subsecretaria Tesorera de la Sociedad Mexicana de Bioquímica. Mesa directiva 2017-
2019.  

 Miembro de la Comisión de Difusión y Divulgación del Instituto de Fisiología Celular.     

 

Furlan Magaril Mayra  

 Miembro de la comisión de seminarios. Invitación y coordinación de seminarios 
institucionales nacionales e internacionales en el Insituto de Fisiología Celular. 

 Representate del IFC en la generación de la Orientación Interdisciplinaria de Posgrado en 
Bioinformática y Biomatemáticas.  

 Comisión de la Unidad de Biología Molecular.  

 Miembro de la  Comisión con perspectiva de Género.  

  Evaluación de proyectos PAPIIT y CONACyT.  

 Referí de artículos internacionales: Journals: Scientific Reports, Cellular & Molecular 
Biology Letters y BMC journal. 

 

Galarraga Palacio María Elvira  

 Como Miembro y Vicepresidenta de la Sociedad Internacional de Ganglios Basales 
(IBAGS)  apoyar a esta sociedad con el cambio de Presidencia para 2019.  
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 Revisora de Proyectos de Investigación de PAPIIT-UNAM y CONACyT. 

 Revisora de articulos en revistas internacionales para su publicación.  

 

García Sáinz Jesús Adolfo  

 Revisor de Proyectos para DGAPA y CONACyT.  

 Miembro del Comité Editorial de: European Journal of Pharmacology, Molecular 
Pharmacology  y de Archivos del Instituto Nacional de Cardiología. 

 Revisor Ad Hoc: Psicopharmacology, Annals of the Brazilian Academy of 
Sciences, Biochemistry Research International.   

 

Georgellis Dimitris 

 Participación en el subcomité de admisión de alumnos del Programa de Maestría y 
Doctorado en Ciencias bioquímicas, semestre 2019-2.  

 Comisión Dictaminadora Instituto de Biotecnología, UNAM. (2018-). 

 Representante de Tutores del Instituto de Fisiología Celular ante el Comité Académico del 
Programa de Maestría y Doctorado en Ciencias Bioquímicas de la UNAM. (2019-) . 

 

Gómora Martínez Juan Carlos  

 Miembro de la Comisión de Seminarios institucionales del IFC, desde el 2010. 

 

González Halphen Diego  

 Miembro de la Comisión Dictaminadora del Centro de Ciencias Genómicas, Campus 
Cuernavaca, UNAM, del 27 de junio de 2016 a la fecha.  

 Consejero Universitario suplente, representante de los investigadores del Instituto de 
Fisiología Celular ante el H. Consejo Universitario, UNAM, del 18 de agosto de 2016 a la 
fecha.    

 Miembro de la Comisión de Legislación Universitaria, comisión permanente del H. Consejo 
Universitario, UNAM; designado por el propio Consejo, del 18 de agosto de 2016 a la 
fecha. 

 

González Manjarrez Alicia  

 Participacion en el programa jovenes hacia la investigacion. alumna: Sheyla Sabel Cruz 
Cruz y Karen Peralta  Estancia del 4 al 29 de Junio de 2019. 

  Integrante de la Comisión externa de evaluación del Centro de Investigación Científica de 
Yucatán (CICY) CONACyT.   
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 Coordinadora Regional de la Red Latinoamericana de Biología.  

 Miembro de la Comisión de Premios de Ciencias Naturales de la Academia Mexicana de 
Ciencias.  

 Miembro de la Comisión Dictaminadora del Instituto de Ecología desde Diciembre de 
2015.  

 Coordinador del ciclo científico de la Feria Internacional del Libro del Palacio de Minería. 
Febrero/Marzo 2019. 

 

González Pedrajo Bertha  

 Representante del personal académico del Instituto de Fisiología Celular ante el Consejo 
Técnico de la Investigación Científica.  

 Miembro de las comisiones de Reglamentos Internos y de Posgrado del CTIC. 

 Miembro del Consejo Interno del IFC.  

 Participación del grupo en el seminario departamental de la División de Ciencia Básica del 
IFC.  

 Evaluación de proyectos de investigación para DGAPA, Israel Science Foundation, el 
Medical Research Council, UK y la Fundación Marcos Moshinsky.  Revisora de artículo 
para las revistas Brazilian Journal of Microbiology y TIP (FES Zaragoza). 

 Miembro del Comité Organizador del XLI Congreso Nacional de Microbiología.  

 Miembro de la Mesa Directiva de la Sociedad Mexicana de Bioquímica (Subsecretaria 
Tesorera). 

 Miembro de la comisión de bioseguridad del Instituto de Fisiología Celular.  

 

Guerra Crespo Magdalena  

 Participación en la inauguración del Laboratorio de Medicina Regenerativa en el 
Departamento de Cirugía de la Facultad de Medicina de la UNAM, como investigador 
responsable del laboratorio. marzo de 2019.  

 Participación en la reinauguración del Departamento de Cirugía de la Facultad de 
Medicina de la UNAM.marzo de 2019. 

 Evaluador proyectos de investigación de la convocatoria DGAPA-PAPIIT 2019. 

 Miembro del comité editorial de la revista Tecnología Digital. Tuxtla Gutiérrez, Chiapas 
desde su creación (abril del 2011). ISSN: 2007-9400.  

 Nombramiento como Representante de los Tutores y Alumnos del IFC en el Comité 
Académico del Posgrado en Ciencias Biológicas. Periodo 2017-2019.  
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Hansberg Torres Wilhelm  

 Arbitraje de artículos de investigación para revistas Internacionales.  

 Arbitraje de proyecto para el PAPIIT.  

 Evaluador Fondo SEP-CINVESTAV, Proyecto de Investigación, Área de Ciencias 
Biológicas y de la Salud. 

 Comisión Evaluadora del PRIDE y PAIPA de la Facultad de Química, UNAM.  

 Revisión de proyecto de Investigación para la Cátedra Moshinsky. 

 

Hernández Cruz Arturo  

 Miembro del Comité Institucional para el Cuidado y Uso de Animales de Laboratorio del 
IFC  2013-.  

 Evaluador de Proyectos de CONACyT y DGAPA 2015-.  

 Responsable Técnico del Laboratorio Nacional de Canalopatías del IFC. 2019-.  

 Miembro del Subcomité de Admisión al Posgrado en Ciencias Biomédicas 2012-.  

 

Hernández Muñoz Rolando  

 Encargado de Seguridad Radiológica del Instituto de Fisiología Celular ante la Comisión 
Nacional de Seguridad Nuclear y Salvaguardas (CNSNS).  

 

Hiriart Urdanivia Marcia  

 Miembro de la Comisión Ad hoc para revisar candidatos a plazas en el Centro de Ciencias 
de la Atmósfera. 

 Miembro del Comité Evaluador de la Fundación Miguel Alemán Velasco (2012-2019).   

 Miembro del Comité del PECEM, Facultad de Medicina, UNAM.    

 Arbitro externo en la evaluación de proyectos PAPIIT, evaluación de proyectos de 
CONACyT.    

 Miembro de la Comisión Dictaminadora del Instituto de Ciencias Físicas, UNAM, 
Cuernavaca, Mor (2019-2021). 

 Miembro del Jurado de las Cátedras Moshinsky. 

 Editora Asociada del Frontiers in Pharmacology, revisión de varios artículos al mes y de 
muchos otros artículos de revistas internacionales como Diabetes Care, Diabetes, J Cell 
Physiol, J Mol Endocrinology, Am J Physiology, etc. 

 Presidente del Jurado del Premio UNAM PUNJA y RNDJA. Docencia 2019. 
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 Miembro de la Comisión Dictaminadora de Biología, Facultad de Ciencias, UNAM (2019-
2021).    
 

Lemus Luis  

 Comisión organizadora de seminarios del Instituto de Fisiología Celular. De enero del 
2013 a la fecha.  

 Miembro de la Comisión de Cómputo del IFC. 

 Reviewer editor Frontiers in Psychology. Revisor de cuatro artículos publicados. 

 Reviewer editor Frontiers in Integrative Neuroscience (doce artículos revisados).  

 Revisor invitado para la revista Neuroscience. 

 Revisor invitado para Cerebral Cortex. 

 Organizador de la Feria de Carteles del IFC del 2015 a la fecha. 

 

Licona Limon Paula  

 Comité Interno para el Cuidado y Uso de Animales de Laboratorio del Instituto de 
Fisiología Celular.   

 Comisión de seminarios institucionales.  

 

López Casillas Fernando  

 Integrante del subcomite de admision del Doctorado en Ciencias Biomédicas. Mayo de 
2019. 

 Miembro de la Comisión Revisora del Área II: Biología y Química (Inconformidades de 
Dictamines) del Sistema Nacional de Investogadores (Noviembre y Diciembre 2019). 

 Representante del Personal Académico del IFC ante el CAABQYS para el periodo agosto 
2016 a agosto 2019.   

 Miembro de la Comisión Evaluadora del Área de las Ciencias Biológicas, Químicas y de la 
Salud del Programa de Apoyos para la Superacion del Personal Académico de la UNAM 
(PASPA) para el periodo mayo 2018 a mayo 2021. 

 

López Colomé Ana María  

 Miembro del Patronato de la Fundación "Conde de Valenciana‖. 

 Jefe de la Unidad de Investigación del Instituto de Oftalmología Conde de Valenciana.  

 Miembro de la Comisión Dictaminadora de la Facultad de Medicina, UNAM.  

 Editor Regional de la revista "Molecules" (Basilea, Suiza).  
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 Evaluador de Proyectos PAPIIT/UNAM.  

 Consejera Universitaria, Instituto de Fisiología Celular.  

 Evaluador de Proyectos CONACyT: Fronteras de la Ciencia.  

 Miembro del Comité Directivo de la Maestría México / Francia en "Ciencias de la Visión". 
Facultad de Medicina, UNAM.  

 Jurado del "Premio Estatal de Ciencia y Tecnología 2016, 2017, 2018, 2019: Ciencias de 
la Salud.  

 Miembro de la Comisión Dictaminadora de la Facultad de Veterinaria: Ciencias Aplicadas.  

 Revisor de publicaciones para: Cellular Physiology and Biochemistry; Investigative 
Ophthalmology and Visual Science; Experimental Eye Research; Journal of Cellular 
Biochemistry.  

 

Macías Silva Marina  

 Jefe del Departamento de Biología Celular y Desarrollo del IFC, UNAM. 

 Miembro la Comisión Dictaminadora del CAABQYS, de la Facultad de Química, UNAM (a 
partir de octubre del 2018).  

 Miembro del Comité de Seguimiento a Nuevos Investigadores, en particular de la Dra. 
Daniela Araiza Olivera Toro, del Instituto de Química de la UNAM.  

 Evaluador Ad Hoc de proyectos de investigación PAPIIT-DGAPA, UNAM.  

 Evaluador Ad Hoc de proyectos de investigación CONACyT.  

 Miembro de la Comisión del Bioterio y del CICUAL del IFC.  

 Colaborador del Laboratorio Nacional LaNSBioDyt (Laboratorio Nacional de Soluciones 
Biomiméticas para Diagnóstico y Terapia) de la Facultad de Ciencias, UNAM. 

 Revisor Ad Hoc para las revistas internacionales: Neurochemical Research, Cell Biol Int, y 
Science Signalling.  

 

Mas Oliva Jaime  

 Miembro del Comité Editorial de Gaceta Médica de México. Academia Nacional de 
Medicina.  

 Revisor de proyectos presentados al CONACyT dentro de las convocatorias de Problemas 
Nacionales y Ciencias Básicas.  

 Presidente del Jurado Calificador del Premio Dr. Jorge Rosenkranz 2019 (Roche México).  

 Miembro del Consejo Consultor de Archives of Medical Research (Elsevier).  

 Revisor de proyectos de investigación presentados al programa PAPIIT de la Dirección 
General de Asuntos del Personal Académico (DGAPA) de la UNAM.  
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Massieu Trigo María de Lourdes  

 Secretaria Académica del Instituto de Fisiología Celular a partir de enero del 2018.  

 Miembro de la Comisión del PRIDE de la Facultad de Medicina.  

 Arbitro de artículos en revistas internacionales: CNS and Therapeutics, Neurochemistry 
International (2 revisiones), Journal of Biological Inorganic Chemistry, Frontiers in Cellular 
Neuroscience, Chemical Research in Toxicology. 

 Revisor de proyectos para la Agencia de Promoción Científica y Tecnológica. 

 Fondo para la investigación Científica y Tecnológica (FONCyT) Argentina.  

 Revisor de proyectos PAPIIT. 

 

Morán Andrade Julio  

 Jefe del Departamento de Neuropatología Molecular del Instituto de Fisiología Celular, 
UNAM. A partir de enero 2018- .  

 Miembro del Comité Editorial de la revista Escuela Nacional Preparatoria 2015- . 

 Miembro de la Comisión Dictaminadora Facultad de Psicología, UNAM, 2014- .  

 Miembro de la Comisión Evaluadora del PRIDE de la Facultad de Ciencias, UNAM, 2016-.  

 Miembro de la Comisión Dictaminadora Instituto de Investigaciones Biomédicas, 
UNAM,  2010- .  

 Miembro de la Comisión Evaluadora del PRIDE del Instituto de Química, UNAM,  2015- .  

 Miembro de la Comisión de Investigación y Ética de la Facultad de Medicina, UNAM, 
2016- .  

 Miembro de la Comisión Evaluadora del PRIDE del Instituto de Ecología, UNAM,  2016-.  

 Miembro de la Comisión Evaluadora del PRIDE del Centro de Ciencias Genómicas, 
UNAM,  2016-.  

 Miembro de la Comisión Dictaminadora Instituto de Neurobiología, UNAM,  2018-.  

 

Navarro González Rosa Estela  

 Miembro del Comité Organizador del Simposio Teórico-Práctico de Edición Genética por 
CRISPR-Cas9. Realizado en el Instituto de Fisiología Celular de la UNAM. Octubre de 
2019. 

 Revisora de artículos para la revista Peer J. 

 Representante de Tutores ante el Program de Maestría y Doctorado en Ciencias 
Bioquímicas (2019-). 

 Participante de la Red de evaluación del efecto tóxico de nanopartículas Sinanotox.  
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 Revisora de varios Proyectos de PAPIIT.  

 Miembro del Comité Editorial del Instituto de Fisiología Celular, UNAM. Desde 2016.  

 Revisora de artículos para la revista PLoS One.   

 Participación en la Mesa Redonda: De Estudiante de Doctorado a Investigador. Instituto 
de Química. Marzo de 2019.  

 Miembro de la Comisión de Biblioteca desde 2018. 

 

Pasantes Ordóñez Herminia  

 Participación  en el subcomité académico de la Licenciatura en Neurociencias. 

 

Peraza Reyes Leonardo  

 Miembro de la comisión de seminarios del Instituto de Fisiología Celular, UNAM. 2015-
2019.  

 Comisión Ad Hoc para la elección de representantes de los tutores y alumnos para el 
Comité Académico del Programa de Maestría y Doctorado en Ciencias Bioquímicas, 
UNAM. 2019. 

 Miembro del Comité central de la Rama de Biología Molecular y Celular de Hongos de la 
Sociedad Mexicana de Bioquímica, Noviembre 2017 a la fecha.  

 Comisión Ad Hoc para la elección para representantes de los tutores y alumnos para el 
Comité Académico del Programa de Posgrado en Ciencias Biológicas, UNAM. 2019. 

 

Pérez de la Mora Miguel   

 Árbitro de la revista Behavioural Brain Research.  

 Árbitro externo en la evaluación de proyectos inscritos en el programa de Apoyo a 
Proyectos de Investigación e Innovación Tecnológica (PAPIIT).  

 Árbitro de la revista: Molecular Neurobiology. 

 Árbitro de la revista: Neuropharmacoloy. 

 Arbitro de la revista: Pharmacological Reports. 

 Arbitro de la revista: Neuroscience Letters.  

 Evaluador de proyectos de investigación correspondientes a la Convocatoria de Ciencias 
Básicas del CONACyT.  

 Dirección de la Revista Ciencia de la Academía Mexicana de Ciencias A.C.  a partir del 
2000. 
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Pérez Martínez Xóchitl 

 Miembro de la Comisión de Cómputo del IFC, UNAM.  

 Participación en los exámenes de Admisión del Posgrado en Ciencias Biomédicas. Mayo 
de 2019.  

 Representante vocal de investigadores ante el Consejo Académico del Área de las 
Ciencias Biológicas, Químicas y de la Salud (CAABQYS).  

 

Pérez Montfort Ruy  

 Miembro del Comité de Reconsideración Académica del Programa de Apoyo a Proyectos 
de investigación e Innovación Tecnológica PAPIIT de la Convocatoria 2020.  

 Miembro del Editorial Board de la Revista Current Medicinal Chemistry de Bentham 
Science Publishers, Ltd. (período de nombramiento indefinido). 

 Miembro del Editorial Board de la Revista The Open Medicinal Chemistry Journal de 
Bentham Science Publishers, Ltd. (periodo de nombramiento indefinido).  

 Miembro del Editorial Board de la Revista Letters in Drug Design & Discovery (periodo de 
nombramiento indefinido). 

 Miembro del Consejo Editorial de la Revista Investigación en Salud (período de 
nombramiento indefinido).  

 Miembro del Comité Editorial Externo de la Revista Ciencia UANL (período de 
nombramiento indefinido).  

 Evaluador externo de proyectos de investigación del PAPIIT, UNAM, 2019.  

 

Recillas Targa Félix  

 Director del Instituto de Fisiología Celular de la UNAM a partir del 17 de Octubre de 2017.  

 Miembro del ―Editorial Board‖ de la revista Epigenetics, febrero 2014 a la fecha. 

 Miembro del "Editorial Board" de la Revista Epigenetics Insights a partir de 2018.   

 Miembro del Comité Editorial de la Revista Ciencia UANL, revista de divulgación científica 
y tecnológica de la Universidad de Nuevo León, marzo 2014 a la fecha.  

 Revisor Ad Hoc de las revistas: Epigenetics, Bioinformatics; Epigenetics & Chromatin; 
BMC Genomics y Frontiers in Genetics (RNA section).        

 Miembro de la Comisión Especial del Programa de Primas al Desempeño del Personal 
Académico de Tiempo Completo nivel D de la UNAM (PRIDE D) del Área de las Ciencias 
Biológicas, Química y de la Salud (CAABQyS), UNAM. 27 de Junio 2016-.  
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 Miembro del Consejo Académico del Área de las Ciencias Biológicas, Química y de la 
Salud (CAABQyS) y formo parte de la Comisión Permanente de Planeación y Evaluación, 
de la Comisión Permanente de Personal Académico y del Pleno de este Consejo, como 
Director del Instituto de Fisiología Celular de la UNAM, a partir del 17 de Octubre del 2017. 

 Consejero Universitario, Universidad Nacional Autónoma de México, a partir del 17 de 
Octubre de 2017.   

 Consejero Técnico de la Investigación Científica de la UNAM, con participación en las 
comisiones especiales: Comisión para el Estímulo Especial ―Efrén C. Del Pozo‖ para 
Técnicos Académicos del Instituto de Investigaciones Biomédicas (Presidente), Comisión 
para la Evaluación de Técnicos Académicos; Comisión de Evaluación Asuteso UPEID y 
C tedra para profesores ―Jesús Romo Armería‖ perteneciente al Instituto de Química, a 
partir de Octubre de 2017.  

 Miembro de la Comisión de Incorporación y Revalidación de Estudios y de Títulos y 
Grados del Consejo Universitario de la UNAM a partir del 7 de Junio de 2018.      

 Miembro de la Comisión de Asuntos Académico Administrativo (CAAA) de la Coordinación 
de la Investigación Científica, UNAM a partir del 1 de Junio de 2018 al 24 de octubre de 
2019.    

 Miembro de la Comisión Ampliada de Becas posdoctorales de la CAAA de la Coordinación 
de la Investigación Científica, UNAM a partir del 11 de Abril de 2018. 

 Evaluador de proyectos científicos: CONACyT y DGAPA-PAPIIT. 

 Presidente de la Comisión ad hoc para Premios y Distinciones del CTIC, relativo a la 
propuesta del Consejo Interno del Centro de Ciencias Genómicas, para que el Dr. Pedro 
Julio Collado Vides, adscrito a dicha entidad, sea nombrado Investigador Emérito. Octubre 
2019. 

 

Romo Trujillo Ranulfo  

 Editor de la sección Beharioral and Cognitive Neuroscicnce de la revista Neuroscience 
(IBRO).   

 Editor asociado: eLife y eNeuro.  

 Revisor ad hoc: Nature Reviews Neuroscience, Journal of Neuroscience, Current Biology, 
European Journal of Neuroscience, Journal of Neurophysiology, Journal of Computational 
Neuroscience, Cerebral Cortex, Experimental Brain Research, Neuroimage, Brain, PLoS 
Biology, PNAS (editor asociado), Science, Nature, Nature Neuroscience. 

 Editor Asociado: Proress in Neurobiology y Neuroscience Research.  

 Miembro del comité editorial de la revista Neuron.  

 Coordinador del comité de evaluación de Proyectos Milenio del Gobierno de Chile.   

 Editor Asociado de la revista Journal of Cognitive Neuroscience, MIT, E.U.A.   

 Editor Asociado de la revista Journal de Physiologie, Paris, Francia.  
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Rosenbaum Emir Tamara 

 Miembro de la Comisión de Bioética y Ética Científica del IFC.  

 Representante de investigadores electa ante el Consejo Interno del IFC.  

 

Rossi Pool Román 

 Revisor ad hoc: Neuroscience (IBRO).  

 Revisor ad hoc: Frontiers in Computational Neuroscience.  

 Revisor ad hoc: Plos Biology.  

 Revisor ad hoc: Frontiers in Systems Neuroscience. 

 

Salceda Sacanelles Rocío  

 Participación, como representante del Dr. Félix Recillas Targa, en el Seminario 
Universitario Interdisciplinario sobre Envejecimiento y Vejez (SUIEV).  

 Miembro de la Comisión del PASPA, UNAM.  

 Miembro de la Comisión Evaluadora del programa de Becas Posdoctorales DGAPA, 
UNAM.  

 Evaluadora en la Convocatoria ConTex CONACYT 2019 para Proyectos de Investigación 
Conjunta. 

 Evaluadora en la Convocatoria para Estancias Posdoctorales en Instituciones Académicas 
o de investigación con sede en Europa o América, 2019. Secretaría de Educación Ciencia, 
Tecnología e Innovación. 

 Miembro Comisión Dictaminadora para el concurso de oposición abierto para una 
plaza  de Técnico Académico Asociado C (Biología Celular, microscopía 
electrónica)  Facultad de Ciencias, UNAM.  2019. 

 Miembro del Comité Editorial de la Revista de Educación Bioquímica. 

 Revisor ad hoc de distintas revistas, como: IOVS, Cell Physiol Biochem, Peer J, Arch 
Biochem Biophys,  Frontiers Aging Neurosci, Frontiers Cellular Neurosci, Bioscience 
Report. 

 Revisor ad hoc del CONACyT y PAPIIT- UNAM.  

 Participación en el Subcomité de Admisión del Posgrado en Ciencias Biomédicas, 
semestre 2019-1. 

 Participación en el Subcomité de Admisión  Posgrado en Ciencias Biológicas, semestre 
2020-2.  
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Sotres Bayón Francisco  

 Revisor de Manuscritos en: Nature Neuroscience, Journal of Neuroscience, eNeuro, 
Biological Psychiatry, Neuropshychopharmacology, The International Journal of 
Neuropshychopharmacology, Frontiers in Behavioral Neuroscience, Frontiers in Neural 
Circuits, Frontiers in Molecular Neuroscience ,Neuroscience, Behavioral Neuroscience, 
Behavioral Brain Research, Psychopharmacology , Neurobiology of Learning and Memory, 
Physiology & Behavior, Neuroscience Letters, Progress in Neuro psychopharmacology 
and Biological Psychiatry, Molecular Psychiatry,  Salud Mental.   

 Tutor de los siguientes programas: doctorado en Ciencias Biomédicas (UNAM), maestría y 
doctorado en Ciencias Bioquímicas (UNAM), maestría en Ciencias Biológicas (UNAM), 
maestría del Instituto de Neurobiología (UNAM), doctorado en Psicología (UNAM) y 
maestría y doctorado de Farmacologia del CINVESTAV (IPN).  

 Subcomisión con perspectiva de género (noviembre 2018  a la fecha).  

 Comité Académico del Posgrado de Ciencias Bioquímicas (octubre 2016-2019). 

 Comisión Institucional para el Cuidado y Uso de Animales de Laboratorio (agosto 2015 a 
la fecha).  

 

Tapia Ibargüengoytia Ricardo  

 Jurado del Premio Dra. Aurora Arnaiz Amigo a la mejor tesis de doctorado en Bioética, 
UNAM.  

 

Tecuapetla Aguilar Fatuel 

 CONACyT  Revisor de proyectos en la convocatoria  de Ciencia Básica.    

 Revisor de artículo científico para la revista Neuroscience 
(https://www.journals.elsevier.com/neuroscience/).   

 Revisor de artículo científico para la revista Neuron (http://www.cell.com/neuron/home).   

 CONACyT Revisor de proyecto de la convocatoria "PDC Problemas Nacionales".      

 PAPIIT-DGAPA-UNAM Revisor de proyectos del  Área de las Ciencias Biológicas, 
Químicas y de la Salud del Programa de Apoyo a Proyectos de Investigación e Innovación 
Tecnológica (PAPIIT - UNAM).   

 Revisor de artículo científico para la revista eLife (http://elifesciences.org/).  

 

Torres Larios Alfredo  

 Jefe del Departamento de Bioquímica y Biología Estructural del Instituto de Fisiología 
Celular, UNAM. A partir de Noviembre 2017.  

 Revisor de proyectos para el Advanced Photon Source (APS) en Argonne, Illinois, USA. 
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 Miembro del subcomité de admisión al Doctorado en Ciencias Biomédicas. Semestre,  
2020-2. 

 

Torres Quiroz Francisco  

 Representante de tutores del IFC ante el Programa de Doctorado en Ciencias Biomédicas. 
Desde diciembre 2017.  

 Participación como evaluador de proyecto del Programa de Apoyo a Proyectos de 
Investigación e Innovación Tecnológica (PAPIIT)  convocatoria 2020. 

 

Tovar y Romo Luis Bernardo 

 Miembro de los subcomités de admisión al PDCB en el semestre 2020-2. 

 Miembro del subcomité de admisión a la Licenciatura en Neurociencias 2019. 

 Revisor de las revistas: Frontiers in Cellular Neuroscience, Neurodegenerative Diseases, 
Brain Research, Molecular Neurodegeneration, Neuroscience, Stems Cells International, 
Molecular Neurobiology, Mediators of Inflammation, Journal of Neuroinflammation, Cellular 
Physiology and Biochemistry, Neurochemical Research, Neurochemistry International, 
IUBMB Life, Biomedicine & Pharmacotherapy, Frontiers in Cell and Developmental 
Biology, Neurotoxicity Research.  

 Miembro del Subcomité Académico de la Licenciatura en Investigación Biomédica Básica 
como encargado de la Licenciatura en el Instituto de Fisiología Celular. 

 Miembro de la Comisión de la Unidad de Biología Molecular del Instituto de Fisiología 
Celular.  

 Miembro del Editorial Board de Neurochemical Research. 

 Editor Asociado Invitado de la sección Molecular Medicine de Frontiers in Cell and 
Developmental Biology. 

 Miembro del Committee for Aid and Education in Neurochemsitry de la International 
Society for Neurochemistry (2019-2022). 

 Editor del Reserach Topic "Mechanisms of neuronal recovery in the central nervous 
system" en las Revistas Frontiers in Cell and Developmental Biology and Frontiers in 
Cellular Neuroscience.  

 

Uribe Carvajal Salvador  

 Comisión Dictaminadora de la Facultad de Medicina, UNAM. Desde Noviembre de 2019.    

 Evaluador de Proyectos de la Fundación Fulbright-García Robles. Noviembre, 2019. 

 Comisión del PRIDE en el Instituto de Fisiología Celular. Desde Febrero de 2016.  
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Vaca Domínguez Luis 

 Miembro del Comité de contratación del Instituto de Neurobiología, UNAM.  

 Secretario de Vinculación del Instituto de Fisiología Celular.  

 

Velasco Veláquez Iván  

 Miembro de subcomité de admisión N° 3 que evaluó a los aspirantes de la Convocatoria 
2020-2 al Programa de Doctorado en Ciencias Biomédicas. Octubre 2019.  

 Invitaciones aceptadas para arbitrar manuscritos enviados a Bioscience Reports, Cell 
Biology International y PLoS Neglected Tropical Diseases.  

 Representante suplente del personal académico del Instituto de Fisiología Celular ante el 
Consejo Técnico de la Investigación Científica.  

 Designación por parte del Consejo Académico del Área de las Ciencias Biológicas, 
Químicas y de la Salud para participar en el Comité Evaluador del Área de las Ciencias 
Biológicas, Químicas y de la Salud del Programa de Apoyo a Proyectos de Investigación e 
Innovación Tecnológica (PAPIIT) de la Dirección General de Asuntos del Personal 
Académico, UNAM .  

 Co-orgnizador del Simposio Chemical transmission: ―The key to understand brain 
function‖, en homenaje al Dr. Ricardo Tapia, Investigador emérito del IFC. Evento 
organizado por la Facultad de Química y el IFC. UNAM 23 y 24 de abril de 2019. 

 Miembro del Comité básico de la XXXIII Reunión Anual de Investigación del Instituto 
Nacional de Neurología y Neurocirugía "Manuel Velasco Suárez". Abril 2019.  

 Miembro de la Comisión Dictaminadora del área Biomédica, Facultad de Medicina, UNAM. 

 

Valdés Rodríguez Julián 

 Coordinador de los Seminarios Semanales de la División de Investigación Básica del 
Instituto de Fisiología Celular.  

 Miembro del comité organizador del Simposio Teórico-Práctico de edición genética por 
CRISPR-Cas9. IFC, UNAM  2019. 

 Obtención de Concurso de Oposición Abierto (COA) para la plaza de Investigador Titula A 
de T.C en el departamento de Biología Celular y del Desarrollo. 

 Integrante de la comisión ad hoc para el proceso de elección de representantes de tutores 
y alumnos del comité académico del programa de Doctorado en Ciencias Biomédicas. 
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PROGRAMAS DE SUPERACIÓN ACADÉMICA 

 

Programas de Superación Académica en la UNAM 
 

1. Alcántara Hernández Rocío. Curso Introducción a la Bioética. Comisión de ética 
académica y responsabilidad científica (CEARC) a través de Secretaría de Educación 
Abierta y Continua de la Facultad de Ciencias, UNAM, 19 de noviembre 2019 al 5 de 
febrero de 2020. 

2. Aparicio Juárez Ariadna. Taller de Manejo de roedores de Laboratorio. Instituto de 
Fisiología Celular, UNAM. Unidad Académica Bioterio, 11 al 13 de febrero, 4 al 6 de 
marzo, 19 al 21 de agosto, 28 al 30 de octubre, 2 al 4 de diciembre de 2019. 

3. Ayala Méndez Xóchitl Gabriela. Taller de Manejo de roedores de Laboratorio. Instituto de 
Fisiología Celular, UNAM. Unidad Académica Bioterio, 11 al 13 de febrero, 4 al 6 de 
marzo, 19 al 21 de agosto, 28 al 30 de octubre, 2 al 4 de diciembre de 2019. 

4. Códiz Huerta María Guadalupe. Curso-taller de Introducción al Análisis de Fragmentos 
(Microsatélites). Instituto de Biología, UNAM, 20 y 21 de junio de 2019. 

5. Coello Coutiño Gerardo. Curso  Diseño y administración de redes segmentadas con 
VLANs, impartido por el contratista Beamliners, sobre el manejo y administración de la 
nueva infraestructura de red del IFC, noviembre y diciembre 2019. 

6. Delgado Coello Blanca Alicia. Curso  Elaboración de material didáctico digital. Facultad de 
Medicina, UNAM,  14 de mayo al 27 de Junio de 2019. 

7. Domínguez Macouzet María Guadalupe. Curso de reentrenamiento de personal 
ocupacionalmente expuesto a radiación (POE). Auditorio 2 de Neurociencias del Instituto 
de Fisiología Celular, UNAM, 2019. 

8. Escalante Gonzalbo Ana María. Curso  Diseño y administración de redes segmentadas 
con VLANs, impartido por el contratista Beamliners, sobre el manejo y administración de la 
nueva infraestructura de red del IFC, noviembre y diciembre 2019. 

9. Escobedo Avila Itzel. Curso Estrategias didácticas para reforzar conocimientos en el 
laboratorio de química y biología. DGAPA, UNAM, 22 al 26 julio de 2019. 

10. Escobedo Avila Itzel. Curso Introducción a la Bioseguridad. División de Investigación, 
Facultad de Medicina, UNAM, 19 de febrero de 2019. 

11. Guerrero Avendaño Georgina. Curso de reentrenamiento de personal ocupacionalmente 
expuesto a radiación (POE). Auditorio 2 de Neurociencias del Instituto de Fisiología 
Celular, UNAM, 2019. 
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12. Guerrero Avendaño Georgina. Instructor en el Simposio Teórico-Práctico de edición 
Genética por CRISPR-Cas9. Instituto de Fisiología Celular, UNAM, 28 al 31 de octubre de 
2019. 

13. Jiménez Pérez Nicolás. Asistencia al curso de capacitación Microscopía electrónica de 
transmisión y barrido aplicada a las ciencias biológicas. Impartido por la Secretaria de 
Educación Continua de la Facultad de Medicina Veterinaria y Zootecnia de la UNAM, 21 al 
23 de octubre de 2019.  

14. Malagón Rivero Héctor Alfonso. Taller de manejo de roedores de laboratorio. Instituto de 
Fisiología Celular, UNAM. Unidad Académica Bioterio, 11 al 13 de febrero, 4 al 6 de 
marzo, 19 al 21 de agosto, 28 al 30 de octubre, 2 al 4 de diciembre de 2019. 

15. Malagón Rivero Héctor Alfonso. Manejo y Cuidados de animales de Laboratorio. clase 
impartida en el Taller: Investigación en plantas medicinales de la etnobotánica a los 
fitomedicamentos, en la Facultad de Ciencias-UNAM, 6 de noviembre de 2019. 

16. Malagón Rivero Héctor Alfonso. 3 °Coloquio Estudiantil de Fisiología Animal Comparada, 
Ponente con el tema ―Técnicas en el estudio del corazón en modelos animales‖, en la 
Facultad de Ciencias-UNAM, 4 de diciembre de 2019. 

17. Mendoza Martínez Ariann. Obtención de grado de Doctorado mediante defensa de Tesis 
con el titulo ―El papel de los factores transcripcionales NapA y SrrA en la respuesta 
antioxidante y la diferenciación celular en el hongo Aspergillus nidulans‖. Programa de 
Doctorado en Ciencias Bioquímicas. Tutor: Dr. Jesús Aguirre Linares. Fecha de obtención 
de grado 13 de junio de 2019.   

18. Moncada Hernández Sandra Guillermina. Seminarios mensuales de actualización dirigidos 
a profesores de la asignatura Informática Biomédica. Facultad de Medicina, Departamento 
de Informática Biomédica, UNAM, 2019. 

19. Moncada Hernández Sandra Guillermina. Asistencia a la XVII Conferencia Internacional 
sobre Bibliotecas Universitarias. Coordinación de Humanidades, UNAM, 23 al 25 de 
octubre de 2019. 

20. Moncada Hernández Sandra Guillermina. Reuniones convocadas por la D.G.B. para la 
operación y uso de las adquisiciones de libros a través del Sistema Institucional de 
Compras. Dirección General de Proveduría, UNAM, febrero 2019. 

21. Moncada Hern ndez Sandra Guillermina. Curso ―Capacitación en serio. Haz de tus cursos 
un aprendizaje inolvidable y entretenido‖. Programa de Actualización Profesional 2019, 
Dirección General de Bibliotecas, UNAM, 12 al 31 de agosto de 2019.  

22. Moreno Alvarez Paola.  Asistencia al Taller de formación y actualización docente en 
ciencias de la salud. Modalidad virtual. Facultad de Medicina, UNAM, 25 de abril al 27 de 
mayo de 2019. 



 
 
 

59  INFORME DE LABORES 2019 

23. Ongay Larios Laura María. Curso taller Introducción al análisis de fragmentos 
(Microsatélites). Impartido por especialistas de los Institutos de Biología y de 
Investigaciones Biomédicas, así como de Thermofisher Scientific. Instituto de Biología, 
UNAM,  21 de junio de 2020. 

24. Paredes Díaz Rodolfo. Asistencia al curso de Microscopía electrónica de barrido y  
microanálisis por dispersión de energía. Impartido por Jeol de México, S.A. de C.V. en el 
Instituto de Fisiología Celular, UNAM, 29 al 30 de enero de 2019. 

25. Peña Segura Claudia. Curso de reentrenamiento de personal ocupacionalmente expuesto 
a radiación (POE). Auditorio 2 de Neurociencias del Instituto de Fisiología Celular, UNAM, 
2019. 

26. Pérez Molina Rosario. Simposio Teórico-Práctico de edición Genética por CRISPR-Cas9. 
Instituto de Fisiología Celular, UNAM, 28 al 31 de octubre de 2019. 

27. Prior González Mara Guadalupe. Curso de manejo de Crióstato. Impartido en la Unidad de 
Histología. Instituto de Fisiología Celular, UNAM, 12 al 14 de Febrero de 2019. 

28. Prior González Mara Guadalupe. Curso Teórico de Microscopia óptica y electrónica Curso 
Práctico de los microscopios Axio Zoom y Confocal LSM 800. Impartido en la Unidad de 
Imagenología, Instituto de Fisiología Celular, UNAM, 18 al 22 de febrero de 2019. 

29. Prior González Mara Guadalupe. Taller de manejo de roedores de laboratorio. Unidad 
Académica del Bioterio del Instituto de Fisiología Celular, UNAM, 27 al 29 de mayo de 
2019. 

30. Ramírez Graullera Yoás Saimon. Primer semestre del Programa de Maestría en Ciencia e 
Ingeniería de la Computación, UNAM, semestre 2020-1. 

31. Ramos Balderas José Luis. Curso Dominio del idioma inglés nivel 4.  Escuela Nacional de 
Lenguas, Lingüística y Traducción. UNAM, 15 de enero al 20 de junio de 2019. 

32. Rincón Heredia Ruth. Impartición un curso ad-hoc ―Curso Teórico-Práctico de 
Inmunohistoquímica‖. Unidad de Imagenología, IFC-UNAM, 2019. 

33. Rincón Heredia Ruth. Instructor en Latin American Training Program 2019. Enlightening 
the brain: light as a tool for understanding the function of the nervous system. Instituto de 
Fisiología Celular, UNAM, 26 de agosto al 13 de septiembre de 2019. 

34. Rincón Heredia Ruth. Ponente en el XIII Curso Institucional de Microscopía del Instituto de 
Investigaciones Biomédicas, Unidad de Microscopía del Instituto de Investigaciones 
Biomédicas, UNAM,  22 al 26 de abril de 2019.  

35. Rincón Heredia Ruth. Organización del Curso teórico práctico de microscopía fotónica y 
electrónica. Instituto de Fisiología Celular, UNAM, 18 al  22 de febrero de 2019. 



 
 
 

60  INFORME DE LABORES 2019 

36. Rincón Heredia Ruth. Ponente del Curso teórico práctico de microscopía fotónica y 
electrónica. Instituto de Fisiología Celular, UNAM, 19 de febrero de 2019. 

37. Rincón Heredia Ruth. Asistencia al curso de capacitación Microscopía electrónica de 
transmisión y barrido aplicada a las ciencias biológicas. Impartido por la Secretaria de 
Educación Continua de la Facultad de Medicina Veterinaria y Zootecnia de la UNAM, 21 al 
23 de octubre de 2019.  

38. Rincón Heredia Ruth. Asistencia al curso de Microscopía electrónica de barrido y  
microanálisis por dispersión de energía. Impartido por Jeol de México, S.A. de C.V. en el 
Instituto de Fisiología Celular, UNAM, 29 al 30 de enero de 2019. 

39. Rincón Heredia Ruth. Asistencia al XIII Curso Institucional de Microscopia IIBO-UNAM, 
Instituto de Investigaciones Biomédicas, UNAM,  22 al 26 de abril de 2019. 

40. Rivera Cerecedo Claudia Verónica. Médico Veterinario Certificado por CONCERVET A.C.  
en la Práctica de la  Medicina Veterinaria y Zootecnia en Animales de Laboratorio  (2016-
2021). 

41. Rivera Cerecedo Claudia Verónica. Taller de Manejo de roedores de Laboratorio. Instituto 
de Fisiología Celular, UNAM. Unidad Académica Bioterio, 11 al 13 de febrero, 4 al 6 de 
marzo, 19 al 21 de agosto, 28 al 30 de octubre, 2 al 4 de diciembre de 2019. 

42. Rivera Cerecedo Claudia Verónica. Curso Prácticas de Higiene y Seguridad, para el 
Trabajo en Laboratorios de Investigación Científica. Instituto de Fisiología Celular, UNAM, 
4 de marzo y 5 de septiembre de 2019. 

43. Rivera Cerecedo Claudia Verónica. Curso de Cirugía Básica en Roedores. Instituto de 
Fisiología Celular, UNAM. Unidad Académica Bioterio, 27 al 29 de mayo, 7 al 9 de octubre 
de 2019. 

44. Rivera Cerecedo Claudia Verónica. Estancia práctica en producción, cuidado y uso de 
animales de laboratorio. Instituto de Fisiología Celular, UNAM. Unidad Académica Bioterio, 
2019. 

45. Rodríguez Montaño Sandra Daniela. Asistencia a la transmisión del curso Cerebro, 
emociones y violencia. impartió la Dra. Feggy Ostrosky, en sede AAPAUNAM, 12 y 14 de 
noviembre del 2019. 

46. Rodríguez Rangel Claudia. Curso de reentrenamiento de personal ocupacionalmente 
expuesto a radiación (POE). Auditorio 2 de Neurociencias del Instituto de Fisiología 
Celular, UNAM, 2019. 

47. Rosas Arellano Abraham. Latin American training program, Society for Neurosciences. 
Instituto de Fisiología Celular, UNAM, 2019. 

48. Rosas Arellano Abraham. Workshop on muscle ear dissection and electron microscopy. 
Instituto de Neurobiología, UNAM, noviembre 2019.  
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49. Rosas Arellano Abraham. Asistencia al curso de capacitación Microscopía electrónica de 
transmisión y barrido aplicada a las ciencias biológicas. Impartido por la Secretaria de 
Educación Continua de la Facultad de Medicina Veterinaria y Zootecnia de la UNAM, 21 al 
23 de octubre de 2019.  

50. Rosas Arellano Abraham. Asistencia al curso de Microscopía electrónica de barrido y  
microanálisis por dispersión de energía. Impartido por Jeol de México, S.A. de C.V. en el 
Instituto de Fisiología Celular, UNAM, 29 al 30 de enero de 2019. 

51. Salinas Velázquez Laura Silvia. Instructor en el Simposio Teórico-Práctico de edición 
Genética por CRISPR-Cas9. Instituto de Fisiología Celular, UNAM, 28 al 31 de octubre de 
2019. 
 

52. Sánchez Chávez Gustavo. Curso de reentrenamiento de personal ocupacionalmente 
expuesto a radiación (POE). Auditorio 2 de Neurociencias del Instituto de Fisiología 
Celular, UNAM, 2019. 
 

53. Sánchez González Olivia. Curso práctico del microscopio confocal LSM800. Instituto de 
Fisiología Celular, UNAM, 21 y 22 de febrero de 2019.  

 

54. Sánchez Sánchez Norma. Asistencia al Simposio Teórico-Práctico de edición Genética 
por CRISPR-Cas9. Instituto de Fisiología Celular, UNAM, 28 al 31 de octubre de 2019. 

 
55. Sánchez Soto María del Carmen. Curso de reentrenamiento de personal 

ocupacionalmente expuesto a radiación (POE). Auditorio 2 de Neurociencias del Instituto 
de Fisiología Celular, UNAM, 2019. 
 

56. Sosa Garrocho Marcela. Asistencia al Simposio Teórico-Práctico de edición Genética por 
CRISPR-Cas9. Instituto de Fisiología Celular, UNAM, 28 al 31 de octubre de 2019. 
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Programas de Superación Académica Fuera de la UNAM 
 

1. Alcántara Hernández Rocío. Curso PreCongreso VII de la Rama de Transducción de 
Señales de la   SMB. CINVESTAV Sur, 29 al 31 de julio de 2019. 

2. Aparicio Juárez Ariadna. Curso introductorio de edición genética por CRISPR/Cas 9. 
Instalaciones de Thermo Fisher Scientific en la Ciudad de México. 24 al 27 de septiembre 
de 2019. 

3. Aparicio Juárez Ariadna. Primer seminario de CRISPR. Instalaciones de Thermo Fisher 
Scientific en la Ciudad de México. 30 de agosto de 2019. 

4. Aparicio Juárez Ariadna. Participación en las jornadas científicas de actualización en 
Biología Molecular y Biología Celular. Organizado por Uniparts en la Ciudad de México. 26 
y 27 de agosto de 2019. 

5. Aparicio Juárez Ariadna. Estancia en el laboratorio del Dr. Lluís Montoliu. Investigador 
Científico del CNB-CSIC de Madrid, España. 18 de mayo al 8 de junio de 2019. 

6. Aparicio Juárez Ariadna. Curso de técnicas de Ingeniería Reproductiva en el ratón método 
CARD. Lluís Montoliu. Universidad de Salamanca, España. 29 al 31  de mayo de 2019. 

7. Ayala Méndez Xóchitl Gabriela. Minicourse On Line. Basics of Mouse Genetics.  The 
Jackson Laboratory. 26 de Agosto de 2019. 

8. Barbosa Castillo Juan Manuel. Certificación en el programa Microsoft Word 2016. Word 
2016 Academic.  Folio: CAL4T-VHPGX. Serie: CLSS1801CT. Diplomado registro: STPS 
CTE-050608QL5-001. 2 de marzo de 2019. 

9. Chiquete Félix Natalia. 4° Simposio Científica Senna-ATCC; "Cultivo Celular, Inmunidad y 
Medicina Traslaciona". INMEGEN. 8 de mayo de 2019. 

10. Crespo Ramírez Minerva. Curso de Biología Molecular. Unidad de investigación CMN La 
Raza. 7 de enero al 4 de marzo de 2019.  

11. Crespo Ramírez Minerva. Curso de Inmunilogía. Unidad de investigación CMN La Raza. 
25 de marzo al 17 de junio de 2019.  

12. Galván Lobato Aurey. Curso de AutoCAD. eduMAC. Digital Arts Center. 2019. 

13. Jiménez Pérez Nicolas. Curso de capacitación para el manejo del Microscopio Electrónico 
de Barrido JSM-5410LV. Impartido por Ingenieros de la compañía JEOL de México. 
Febrero de 2019. 
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14. Jiménez Pérez Nicolas. Curso de capacitación para el manejo del Microscopio 
estereoscópico con fluorescencia Axio ZoomV16 con sistema Apotome. Impartido por 
Ingenieros de la compañía Carl Zeiss de México. Febrero 2019. 

15. Lee Rivera Irene. Curso PreCongreso VII de la Rama de Transducción de Señales de la   
SMB. CINVESTAV Sur, 29 al 31 de julio de 2019. 

16. Llorente Gil Itzel Alejandra. Platica Cell Culture Fundamentals: Your Questions Answered. 
Impartido por Científica Senna S.A de C.V. y ATCC. 2019. 

17. López Hernández Edith. Curso PreCongreso VII de la Rama de Transducción de Señales 
de la SMB. CINVESTAV Sur, 29 al 31 de julio de 2019. 

18. Mendoza Rodríguez Valentin. Curso de Excel. Impartido por eduMac, Digital Arts Center. 
Ciudad de México, 11 de noviembre de 2019. 

19. Moncada Hern ndez Sandra Guillermina. Certificación de ―Google for Education‖, a través 
de una beca otorgada en el Departamento de Informática Biomédica como Educador 
Google Nivel 1, 29 de noviembre de 2018 a enero de 2019. 

20. Moncada Hernández Sandra Guillermina. Gamification. University of Pennsylvania. USA. 
En línea, 2 de septiembre al 5 de diciembre de 2019. 

21. Ortínez Benavides Manuel. Curso de AutoCAD. eduMAC. Digital Arts Center. 2019. 

22. Poot Hernández Augusto César. Curso precongreso: 1er Simposio de Mapeo y 
Navegación Cerebral. XXY Congreso Mexicano e Internacional de Cirugía Neurológica 
2019. Sociedad Mexicana de Cirugía Neurológica, A.C. Centro Médico Siglo XXI. Julio 
2019. 

23. Rodríguez Montaño Sandra Daniela. Asistencia al Curso-Taller Histotecnología, 
Generalidades y Aplicaciones en Tópicos Selectos de: Dermatopatología, Enfermedades 
del Hígado, Cáncer de Mama y Cérvico- Uterino, Celaya, Guanajuato, del 1 al 3 de febrero 
de 2019. 

24. Rodríguez Montaño Sandra Daniela. Asistencia al Curso-Taller Tópicos Selectos de 
Histotecnología, Oaxaca de Juárez, del 20 al 22 de septiembre de 2019. 

25. Romero Ávila María Teresa. Curso PreCongreso VII de la Rama de Transducción de 
Señales de la SMB. CINVESTAV Sur, 29 al 31 de julio de 2019. 

26. Rosas Arellano Abraham. Course 219R - ES&H Refresher  Orientation. National 
Accelerator Laboratory, SLAC - Stanford University, USA. Cyber course. Julio 2019. 

27. Rosas Arellano Abraham. Course 115  GERT. National Accelerator Laboratory, SLAC - 
Stanford University, USA. Cyber course. Julio 2019. 
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28. Rosas Arellano Abraham. Course CS100 - Cyber Security for Lab Users. National 
Accelerator Laboratory, SLAC - Stanford University, USA. Cyber course. 
 

29. Sánchez Sevilla Maria de Luordes. Curso teórico-práctico Cromatografía de líquidos-
espectometría de masas y sus aplicaciones en productos naturales. Centro de 
Investigación Científica de Yucatán, A.C. 4 al 8 de febrero del 2019. 

  



 
 
 

65  INFORME DE LABORES 2019 

INVESTIGADORES VISITANTES 

 

1) Fernández De Miguel Francisco: Sanz Martín Araceli, Dra. Sanz Martín. Procedencia: 
Universidad de Guadalajara. Motivo de la visita: Impartió conferencia: La neurobiología 
de la violencia infant. Fecha inicio: 30-mayo-2019. Fecha término: 30-mayo-2019.  

2) Fernández De Miguel Francisco: del Bel Elaine, Dra. Procedencia: Universidad de Sao 
Paulo. Ribeirao Preto. Brasil. Motivo de la visita: Impartir conferencia: Doxycycline 
restrains neuroinflammation and confers neuroprotection in Parkinson disease model. 
Fecha inicio: 27-octubre-2019. Fecha término: 28-octubre-2019.  

3) Furlan Magaril Mayra: Martínez Pachec Mónica, Dra. Procedencia: Centro de Ciencias 
Genómicas. Motivo de la visita: Colaboración. Fecha inicio: 01-marzo-2019.  

4) García Sáinz Jesús Adolfo: Medina Bañuelos Luz del Carmen. Procedencia: Universidad 
Autónoma Metropolitana - Iztapalapa. Motivo de la visita: Estancia-Proyecto en 
colaboración. Fecha inicio: 01-enero-2019. Fecha término: 31-diciembre-2019.  

5) González Halphen Diego: Giraud Marie-France. Procedencia: Institut de Biochimie et 
Génétique Cellulaires, CN. Motivo de la visita: en el marco de la Cooperación 
Internacional México-Francia apoyado por el Fondo FONCICYT 2 del CONACyT. Fecha 
inicio: 21-mayo-2019. Fecha término: 03-junio-2019.  

6) Hernández Cruz Arturo: Hernández Guijo Jesús Miguel. Procedencia: Facultad de 
Medicina, Universidad Autónoma de Madrid. Motivo de la visita: Impartir curso para el 
posgrado "Modulación de la transmisión sináptica en sistema nervioso central y 
periférico". Fecha inicio: 06-mayo-2019. Fecha término: 17-mayo-2019.  

7) Hernández Cruz Arturo: Montes de Oca Pavel. Procedencia: Unidad de Neurobiología 
Dinámica,  Instituto Nacional de Neurología y Neurocirugía.  Motivo de la visita: Estancia 
de Investigacion. Fecha inicio: 07-enero-2019. Fecha término: 15-diciembre-2020.  

8) Peña Díaz Antonio: Calderón Marissa, Dra. Procedencia: FES Iztacala, UNAM. Motivo de 
la visita: Proyecto en colaboración. Fecha inicio: 01-enero-2019. Fecha término: 31-
diciembre-2020.   

9) Pérez de la Mora Miguel: Borroto Escuela Dasiel, Dr. Procedencia: Karolinska Institutet. 
Motivo de la visita: Seminario Extraordinario y taller sobre la técnica del PLA. Fecha 
inicio: 26-noviembre-2019. Fecha término: 29-noviembre-2019.  

10) Tecuapetla Aguilar Fatuel: Rozas Salas Carlos, Dr. Procedencia: Universidad Santiago 
de Chile. Motivo de la visita: Aprender técnicas de optogenética. Fecha inicio: 01-febrero-
2019. Fecha término: 23-febrero-2019. 
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11) Tecuapetla Aguilar Fatuel: Reyes Mendez Miriam Edith. Procedencia: Universidad de 
Colima. Motivo de la visita: Aprender técnicas de optogenética. Fecha inicio: 15-agosto-
2019. Fecha término: 30-septiembre-2019. 

12)  Tecuapetla Aguilar Fatuel: Jiménez Mejía Juan Carlos, Dr. Procedencia: FES Iztacala, 
UNAM. Motivo de la visita: Aprender técnicas de optogenética. Fecha inicio: 01-junio-
2019. Fecha término: 30-junio-2019. 

13) Velasco Iván: Benvenisty Nissim. Procedencia: Hebrew University, Jerusalem, Israel. 
Motivo de la visita: Seminario para la Sociedad Mexicana para la Investigación en 
Células Troncales. Fecha inicio: 30-junio-2019. Fecha término: 03-julio-2019.  

14) Velasco Iván: González Pérez Óscar. Procedencia: Universidad de Colima. Motivo de la 
visita: Impartición del seminario institucional del 31 de mayo de 2019. Fecha inicio: 30-
mayo-2019. Fecha término: 31-mayo-2019.  
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COMISIÓN DICTAMINADORA Y ASUNTOS 

ACADÉMICO-ADMINISTRATIVOS 

 

La Comisión Dictaminadora del Instituto de Fisiología Celular, está conformada de la siguiente 

manera: 

 

Por el Rector: 

(Consejo Académico del Área de las Ciencias Biológicas y de la Salud). 

 Dra. María Elena Teresa Medina-Mora Icaza 
 Dr. Enrique Merino Pérez 

 

Por el Consejo Interno: 

 Dra. Adela Rodríguez Romero 
 Dr. José Víctor Segovia Vila 

 

Por el Colegio del Personal Académico: 

 Dr. Lorenzo Patrick Segovia Forcella 
 Dr. Hugo Merchant Nancy 

 

Durante el año 2019 la Comisión dictaminó y en su caso opinó sobre los siguientes casos: 

 

PROMOCIONES 

Guadalupe Domínguez Macouzet  a Técnico Académico Titular   ―C‖ 

Norma Espinosa Sánchez    a Técnico Académico Titular  ―C‖ 

José Luis Ramos Balderas   a Técnico Académico Titular   ―A‖ 

 

 

OBRAS DETERMINADAS 

Daniel Osorio Gómez    Investigador Asociado   ―C‖ 

C. Leonardo Peraza Reyes   Investigador Asociado   ―C‖ 

Román Rossi Pool     Investigador Asociado   ―C‖ 

Violeta Gisselle López Huerta   Investigador Asociado   ―C‖ 
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Jesús Manuel Álvarez López   Técnico Académico Titular   ―B‖ 

Luz Lazos Ramírez     Técnico Académico Titular   ―B‖ 

Ana Cecilia Rosen Ferlini    Técnico Académico Titular   ―B‖  

Luis Francisco Rodríguez Durán  Técnico Académico Titular   ―B‖ 

Beatriz Aguilar Maldonado    Técnico Académico Titular   ―A‖ 

Rosario Pérez Molina    Técnico Académico Titular   ―A‖ 

Enrique Chávez Jiménez    Técnico Académico Titular   ―A‖ 

Arturo Picones Medina    Técnico Académico Titular   ―A‖ 

Itzel Escobedo Ávila      Técnico Académico Titular   ―A‖ 

Nallely Cano Domínguez     Técnico Académico Titular   ―A‖ 

J. Héctor Díaz Osornio    Técnico Académico Asociado  ―C‖ 

M. Tonotiuh Figueroa Vanegas   Técnico Académico Asociado  ―C‖ 

Augusto César Poot Hernández   Técnico Académico Asociado  ―C‖ 

Arriann E. Mendoza Martínez   Técnico Académico Asociado  ―C‖ 

Ruth Rincón Heredia     Técnico Académico Asociado  ―C‖ 

Mara G. Prior González    Técnico Académico Asociado  ―C‖ 

Yoás Saimon Ramírez Graullera  Técnico Académico Asociado  ―C‖ 

Ariadna Aparicio Juárez     Técnico Académico Asociado  ―C‖ 

Miguel Ramírez Aragón     Técnico Académico Asociado  ―C‖ 

Sandra Daniela Rodríguez Montaño  Técnico Académico Asociado  ―A‖ 

 

CONTRATO 

Juan Carlos Gómora Martínez   Investigador Titular    ―B‖ 

Fatuel Tecuapetla Aguilar    Investigador Titular     ―B‖ 

Magdalena Guerra Crespo   Investigador Titular    ―A‖  

Fracisco Sotres Bayón    Investigador Titular    ―A‖ 

Luis Bernardo Tovar y Romo   Investigador Titular     ―A‖ 

Mayra Furlan Magaril    Investigador Titular     ―A‖ 

Paula Licona Limón     Investigador Titular     ―A‖ 

Luis Alonso Lemus Sandoval   Investigador Titular     ―A‖ 
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Adrián Fernando Alvarez    Investigador Asociado         ―C‖ 

Sara Luz Morales Lázaro    Investigador Asociado   ―C‖ 

Yazmín Ramiro Cortes     Investigador Asociado   ―C‖ 

J. Francisco Torres Quiroz    Investigador Asociado   ―C‖ 

Myrian Velasco Torres    Investigador Asociado   ―C‖ 

Marcelino Arciniega Castro    Investigador Asociado   ―C‖ 

Abraham Rosas Arellano    Técnico Académico Titular   ―B‖ 

Ana Valeria Martínez Silva    Técnico Académico Titular   ―A‖ 

José Luis Ramos Balderas   Técnico Académico Titular   ―A‖ 

Josué Orlando Ramírez Jarquín   Técnico Académico Titular   ―A‖ 

Ivett Rosas Arciniega    Técnico Académico Asociado  ―C‖ 

    

CONCURSO 

Víctor Julián Valdés Rodríguez   Investigador Titular    ―A‖ 

Irene Lee Rivera     Técnico Académico Titular   ―B‖ 

Beatriz Aguilar Maldonado    Técnico Académico Titular   ―A‖ 

Enrique Chávez Jiménez     Técnico Académico Titular   ―A‖ 

 

POSDOCTORALES 

Ulises Carrasco Navarro 

Mario Alberto Sánchez García  

 

CÁTEDRA CONACyT 

Enoch Luis Baltazar 
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BECARIOS POSDOCTORALES 

 

Tipo de Beca Número de Becarios Posdoctorales 

Beca DGAPA 5 

Beca CONACyT 2 

Otras Becas 5 

 

1) Aguirre Linares Jesús: Carrasco Navarro Ulises. Procedencia: UAM-Iztapalapa. Beca 
DGAPA. Fecha inicio: 01-septiembre-2019. Fecha término: 31-agosto-2020.  

2) Bermúdez Rattoni Federico: Salcedo Tello Ana Pamela. Procedencia: Universidad 
Nacional Autónoma de México. Proyecto: OBETEEN. Fecha inicio: 04-enero-2016. 
Fecha término: 07-enero-2019.  

3) Castro Obregón Susana: Hüttenrauch Melanie. Procedencia: Universidad de Göttingen, 
Alemania. Proyecto: Alexander von Humboldt. Fecha inicio: 01-octubre-2018. Fecha 
término: 30-septiembre-2020. 

4) Del Río Guerra Gabriel: Juárez Arellano Vladimir. Procedencia: Instituto de Fisiología 
Celular, UNAM. Proyecto: Alexander von Humboldt. Fecha inicio: 01-junio-2019. 
Fecha término: 15-diciembre-2019.  

5) Fernández De Miguel Francisco: Moore Corona Sharlen. Procedencia: Universidad 
Nacional Autónoma de México. Proyecto: Human Frontiers Science Program. Fecha 
inicio: 01-enero-2019. Fecha término: 31-octubre-2019.  

6) González Halphen Diego: García Rincón Juan. Procedencia: Instituto de Biotecnología, 
UNAM. Beca DGAPA. Fecha inicio: 01-septimbre-2017. Fecha término: 31-agosto-2019. 

7) Hiriart Urdanivia Marcia: Sánchez Zamora Yuriko Itzel. Procedencia: Doctorado Ciencias 
Biomédicas, Iztacala. Beca DGAPA. Fecha inicio: 01-febrero-2018. Fecha término: 31-
enero-2020.  

8) Licona Limón Paula: Flores Alvarez Luis José. Procedencia: Universidad 
Michoacana. Beca CONACyT. Fecha inicio: 05-agosto-2019. Fecha término: 05-agosto-
2021. 

9) Macías Silva Marina: Ortega Domínguez Bibiana. Procedencia: Facultad de Quimica, 
UNAM. Proyecto: CONACyT-ANR. Fecha inicio: 01-agosto-2018. Fecha término: 31-
enero-2019.  
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10) Massieu Trigo Lourdes: Rivero Segura Nadia Alejandra. Procedencia: Facultad de 
Química, UNAM. Beca DGAPA. Fecha de inicio: 01-septiembre-2018. Fecha de término: 
31-agosto-2019. 

11) Tapia Ibarguengoytia Ricardo: Ramirez Jarquin Uri Nimrod. Procedencia: Scripps 
Institute, Florida. Proyecto: Posdoctoral asociado al proyecto. Fecha inicio: 01-enero-
2019. Fecha término: 31-diciembre-2019. 

12) Tovar y Romo Luis Bernardo: Santana Martínez Ricardo Alberto. Procedencia: Instituto 
Nacional de Neurología y Neurocirugía ―Manuel Velasco Su rez‖. Beca DGAPA. Fecha 
inicio: 01-marzo-2019. Fecha término: 28-febrero-2021. 
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PERSONAL ADMINISTRATIVO 

 
Dirección 
Dominga Vera García, Asistente Ejecutivo 
Gabriela Valdés Silva, Asistente Ejecutivo  
Ubaldo Rodríguez Lagunes, Oficial de Transporte Especializado 
 
Secretaría Académica 
Diana Osorio Icaza, Asistente Ejecutivo 
 
Secretaría Administrativa 
L.A.E. María del Pilar Martínez Martínez, Secretaria Administrativa 
Laura Itzel Méndez Guerrero, Asistente Ejecutivo 
 
Departamento de Personal 
L.A.I. María del Carmen Ruiz Valderrábano, Jefe de Departamento 
Nancy Lizette Islas Vargas, Asistente Ejecutivo 
Lizette Monserrat Saavedra Martínez, Asistente Ejecutivo 
 
Departamentos de Biología Celular y Desarrollo, Genética Molecular y Bioquímica y 
Biología Estructural 
María del Rosario Villaseñor Ávila, Asistente Ejecutivo 
Gabriela Valdés Silva, Asistente Ejecutivo 
María del Rocío Romualdo Martínez, Asistente Ejecutivo 
 
Departamentos de Neurodesarrollo y Fisiología, Neurociencia Cognitiva y 
Neuropatología Molecular 
Olivia Angélica Farfán Osornio, Secretario Bilingüe 
Arleth Gómez Vásquez, Asistente Ejecutivo 
Miriam Morales Gómez, Secretario 
 
Coordinación de Enseñanza 
Sara Elena Méndez Ibañez, Asistente de Procesos 
 
Departamento de Control  Presupuestal 
Ángel Cedillo Hernández, Jefe de Departamento 
Sabina Rojas Escandón, Secretario 
Erika Gisela Vázquez Castro, Auxiliar de Contabilidad 
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Departamento de Ingresos Extraordinarios 
Lic. Claudia Ivette Islas Vargas, Jefe de Departamento 
Lina Arreguín Guerrero, Jefe de Sección 
Miguel Angel Reyes Montoro, Auxiliar de Contabilidad 
Francisco Tomás Márquez Escalona, Secretario 
 
Departamento de Bienes y Suministros 
Ing. Mario Arredondo Rivera, Encargado del Despacho del Depto. De Bienes y Suministros 
Héctor Antonio Pineda Balcazar, Jefe de Área 
Marisela Almanza Villagomez, Secretario Bilingüe 
Alfredo Octaviano Martínez, Secretario 
María Lidia Sánchez Alpizar, Secretario 
Beatriz Fragoso Álvarez, Secretario 
Carlos Alberto Hernández Valadez, Oficial de Servicios  Administrativo 
Virginia Rivera Alvarado, Oficial de Servicios Administrativos 
 
Departamento de Servicios Generales 
Ing. Armando Rosalio Canto Canto, Jefe de Departamento 
Maria del Carmen Pérez Hernández, Asistente Ejecutivo 
Fanny García Guerrero, Secretario 
Adriana Camacho Bandera, Secretario 
Luis Fernando Molina Martínez, Jefe de Taller 
Rocío Arreguín Guerrero, Jefe de Sección 
Horacio Cortés Sánchez, Oficial de Servicios Administrativos 
José Luis Garduño Garduño, Oficial de Transporte Especializado 
Bernardo Castillo López, Oficial de Transporte Especializado 
Fabián Domínguez García, Oficial de Transporte 
 
Oficina de DGAPA 
Pablo Montiel González, Jefe de Área 
Irma Aracelí Santos Cueto, Jefe de Oficina 
Jasmín Guerrero Arelio, Oficial de Servicios Administrativos 
Domitila Ramírez Rojas, Auxiliar de Contabilidad 
 
Biblioteca 
Nadia Brisa Robles Vidal, Bibliotecario 
Javier Antonio Robles Durán, Bibliotecario 
Marisela Buitrón Cruz, Secretario 
 
Almacén 
Irene Rios Castro, Jefe de Oficina 
María del Rosario Aguilar Oliver, Secretario 
Sergio Méndez Serna, Auxiliar de Intendencia 
Abril Jasso Ruiz, Almacenista 
Jorge Guerrero Morales, Oficial de Servicios Administrativos 
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Bioterio 
Miriam Pedraza Alanís, Secretario 
Alma Rosa Solis Ibarra, Laboratorista 
Liliana Bolaños Granda, Laboratorista 
Lino Méndez Laso, Laboratorista 
Miguel Hernández Cedillo, Laboratorista 
Alejandro Monroy Badillo, Laboratorista 
Miguel Ángel Monroy Badillo, Auxiliar de Laboratorio 
Jesús Moya Jaime, Auxiliar de Laboratorio 
José Carlos Lugo Márquez, Auxiliar de Laboratorio 
Humberto Quintero Cortés, Laboratorista 
Hugo Zenteno Alba, Auxiliar de Laboratorio 
José René Flores Rodríguez, Auxiliar de Laboratorio 
Erika Cazandra Ávila García, Auxiliar de Intendencia 
 
Laboratoristas 
Héctor Zenteno Alba 
María Gianelli Cortés González 
Marina Cristóbal Ortiz 
José Fabián Márquez Escalona 
Víctor Manuel Méndez Ramos 
Concepción Núñez Vázquez 
Patricia Hernández García 
Mario Zamora Jiménez 
María José Zamora Jiménez 
Alejandro Flores Rodríguez 
Sergio Méndez Franco 
Juan Carlos Molina Martínez 
Félix Sierra Ramírez 
 
Auxiliares de Laboratorio 
Adrián Alvarado Martínez 
Cristina Jardínez Godínez 
Rosa María Arelio Nápoles  
César Alejandro Bolaños Vidal 
Xóchitl Castrejón Galindo 
Miguel Angel Enríquez Correa 
Fermín Domínguez Díaz  
Sara Flores González 
José Agustín Flores González 
Alicia Cubos Ordaz 
Marcelino Hernández González 
Alejandra Hernández Trujillo 
Esmeralda Isaura Hernández Morales 
Verónica Montes Trujillo 
Marisela Hernández Aguilar 
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María Guadalupe Jiménez 
Guadalupe Márquez Real 
Ramón Méndez Franco 
Angélica Montes Trujillo 
Alfredo Octaviano García 
Rosa Rivera Alvarado 
Inés Sánchez Ortega 
María Epifanía Martínez Hernández 
Laura Vargas Carrillo 
Lucía Vázquez Gutiérrez 
Salustia Salgado Guzmán 
Tonatiuh Mondragón Cerón 
María Teresa Constantino Velázquez 
Antonio Rivera Alvarado 
 
Vigilantes 
María Luisa Constantino Velázquez 
Luis Martínez Hernández 
Jorge Carmona Aranda 
David Carreño Arrazola 
Emma Cortés Vargas 
María Gladiola Magaña Naranjo 
Alfredo Olivar Cecaldi 
Daniel Quintero Enríquez 
César Rodríguez Miguel 
Abdiel  Gregorio Sanjuan Raymundo 
Concepción Núñez Constantino  
Benito Villegas Guemes 
Gerardo Montes Trujillo 
Verónica López Aguilar 
Guillermina Matilde Ruiz Praxediz 
 
Auxiliar de Intendencia 
Miguel Ángel Zamora Jiménez, Jefe de Servicio 
Jesús Joaquín Salgado Cortés, Jefe de Servicio 
Marlen Espitia Salgado  
Carlota Guerrero y Fuentes    
Iris Adriana Ibarra Sánchez  
Andrés Pablo Lugo Hernández  
Blanca Leticia Octaviano Martínez  
Raúl González López 
Araceli Vázquez Gutiérrez  
Moni Ybeth Zenteno Alba  
Sergio Méndez Serna 
Juan Abraham Cruz Hernández 
Héctor Uriel Ibarra Sánchez 
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Abigail Flores González 
Julio César Luna Quintero 
Pablo César Lugo Márquez 
Alicia Aguilar Oliver 
Zury Saraí Carmona Camacho 
Diego Cedeño Valdez 
Saúl González Mendoza 
Eduardo Jardinez Godínez 
Berenice Olivares Vázquez 
Ariadna García Vázquez  
Rodrigo Rodriguez Buitrón 
Rafael Oliver Romero 
Angel Montes Medel  
 

 

La distribución de equidad de género entre el personal administrativo y de confianza se 
representa en la siguiente gráfica. 
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FORMACIÓN DE RECURSOS HUMANOS 

Estudiantes 

Los estudiantes son una parte fundamental en las actividades académicas y de investigación 
en el Instituto. Son colaboradores de los diversos proyectos de investigación que se 
desarrollan. Durante 2019, el IFC recibió un total de 508 estudiantes de los cuales 15 
estudiantes son de Taller, 10 estudiantes de LIBB estuvieron de rotación en laboratorios, 31 
alumnos relizaron su estancia de investigación en alguno de nuestros laboratorios, 65 tesistas 
de Licenciatura, 81 alumnos inscritos a la Licenciatura en Neurociencias, 120 estudiantes de 
Maestría en Ciencias Bioquímicas, 9 estudiantes de Maestría en Ciencias Biológicas, 86 
alumnos son de Doctorado en Ciencias Biomédicas, 76 estudiantes de Doctorado en Ciencias 
Bioquímicas, 9 estudiantes de Doctorado en Ciencias Biológicas y 3 estudiantes de otro 
programa de Doctorado y Maestría, respectivamente. 
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• Alumnos de taller 15 

• Alumnos de rotación LIBB 10 

• Alumnos de estancia de investigación 31 

• Alumnos tesistas de Licenciatura 65 

• Licenciatura en Neurociencia 81 

• Alumnos de Maestría en Ciencias Bioquímicas 120 

• Alumnos de Maestría en Ciencias Biológicas 9 

• Alumnos de Doctorado en Ciencias Biomédicas 86 

• Alumnos de Doctorado en Ciencias Bioquímicas 76 

• Alumnos de Doctorado en Ciencias Biológicas 9 

• Alumnos de Doctorado (otros) 3 

• Alumnos de Maestría (otros) 3 
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LIBB en el IFC 

Alumnos Graduados 3 

Alumnos en Rotación 11 

Alumnos en Estancia 2 
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Graduados 

Durante 2019 se graduaron en total 75 estudiantes, 14 estudiantes de Licenciatura, 29 
estudiantes de Maestría en Ciencias Bioquímicas, 5 de ellos por defensa de proyecto, 7 
estudiantes de Maestría en Ciencias Biológicas, 12 estudiantes de Doctorado en Ciencias 
Biomédicas, 11 estudiantes de Doctorado en Ciencias Bioquímicas y 2 estudiantes de 
Doctorado en Ciencias Biológicas.  

 

 

 

 

 

*para la lista de estudiantes y graduados ver el Archivo Anexo-1 
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DOCENCIA 

 

Cursos Impartidos 

La docencia es una de las actividades sustanciales del IFC porque contribuye al desarrollo de  
recursos humanos. El personal académico del Instituto ha tenido un gran desempeño en la 
impartición de diversos cursos de Posgrado y Licenciatura, dentro y fuera de la UNAM.  

Debido a la participación del IFC en los diversos programas de Maestría y Doctorado y a la 
colaboración de los académicos con otras dependencias de la UNAM, se impartieron cursos 
en la Facultad de Ciencias, Facultad de Medicina y la Facultad de Ingeniería principalmente,  
también se dieron cursos en la Facultad de Psicología, en el Centro de Ciencias Genómicas, 
en el Instituto de Neurobiología y en el Instituto de Investigaciones Biomédicas. 

De igual manera se impartieron cursos fuera de la UNAM, en otras instituciones educativas y 
universidades como la Universitat Autónoma de Barcelona, el CINVESTAV del IPN, por 
mencionar algunas. 
 
El total de cursos impartidos durante el 2019 suman 136, 117 fueron impartidos en diversas 
dependencias de la UNAM, 48 cursos de nivel posgrado y 69 de licenciatura. Dentro del 
Instituto de Fisiología Celular se impartieron 39 cursos de los 117 dictados dentro de la 
UNAM. Los que fueron impartidos fuera de la UNAM sumaron un total de 19, de los cuales 15 
fueron de posgrado y 4 de licenciatura.  

*para la lista de Cursos ver el Archivo Anexo-2 

 

TOTAL DE CURSOS IMPARTIDOS 

 
CURSOS DICTADOS EN 

LA UNAM 

 
Total 

Académicos 
del IFC como 
responsables 

Participación 
de algún 

miembro del 
IFC 

Impartidos en 
el IFC 

Cursos impartidos a nivel 
posgrado  

48 26 22 25 

Cursos impartidos a nivel 
licenciatura 

69 53 16 14 

     

CURSOS DICTADOS 
FUERA DE LA UNAM 

    

Cursos impartidos a nivel 
posgrado 

15 3 12 * 

Cursos impartidos a nivel 
licenciatura 

4 * 4 * 

Total general 136    



 
 
 

82  INFORME DE LABORES 2019 

REVISIÓN DE ACTIVIDADES ACADÉMICAS DE 

DOCTORADO 

 

 Aguilar Roblero Raúl 
Estudiante: Armida Miranda Riestra.  
Programa: Posgrado en Ciencias Biomédicas.  
Trabajo revisado: Artículo de revisión: La melatonina como factor de diferenciación 
neuronal. 
 

 Castro Obregón Susana 
Estudiante: José Rolando Lara Rodarte.  
Programa: Posgrado en Ciencias Biomédicas.  
Trabajo revisado: Use of inducible expression systems in embryonic stem cells for the 
expresión of neurorophic factors. 
 

 Funes Argüello Soledad 
Estudiante: Carlos Alberto Ayhllon Osorio.  
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: Artículo de revisión: AZT, a double-edged sword: A summary of its 
intracellular repercussions. 
 

 González Pedrajo Bertha 
Estudiante: Greta Isabel Reynoso Cereceda.  
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: A look inside the bioreactor: Molecular response of E. coli productive 
cells. 
 

 González Pedrajo Bertha 
Estudiante: Nelly Araceli Aburto Rodríguez.  
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: Quorum sensing and type III secretion system inhibitors as an 
alternative therapy to treat drug resistant bacterial infections. 
 

 Massieu Trigo Lourdes 
Estudiante: Karina Sánchez Alegría.  
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: Effects of saturated fatty acids on brain function. 
 

 Peraza Reyes Leonardo 
Estudiante: Carlos Alberto Ayhllon Osorio.  
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: AZT, a double-edged sword: A summary of its intracellular 
repercussions. 
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 Ramiro Cortés Yazmín 
Estudiante: Ana Silvia Báez Cordero.  
Trabajo revisado: Tesis de maestria: Integración de la vía directa e indirecta en la 
actividad de la sustancia nigra reticulata de los ganglios basales y su modulación por 
canabinoides. 
 

 Ramiro Cortés Yazmín 
Estudiante: Daniel Pérez Torres.  
Trabajo revisado: Tesis de maestria: Evaluación de la actividad intrínseca de las células 
del núcleo ventro-basal talámico en ratas cegadas al nacimiento. 
 

 Ramiro Cortés Yazmín 
Estudiante: Mildred Salgado Ménez.  
Trabajo revisado: Tesis de maestria: Modulación catecolaminérgica en evocación y 
actualización de la memoria espacial. 
 

 Ramiro Cortés Yazmín 
Estudiante: Esteban Urrieta Chávez.  
Trabajo revisado: Tesis de maestria: Regulación metaplástica de la depresión de largo 
plazo in vivo en la corteza insular debida al condicionamiento. 
 

 Tovar y Romo Luis Bernardo  
Estudiante: Jorge Luis Ochoa. 
Programa: Posgrado en Ciencias Biomédicas. 
Trabajo revisado: Receptores de citocinas inflamatorias sobre sinápsis hipocampales. 
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PRODUCCIÓN ACADÉMICA 

 

El crecimiento de la planta académica y el desempeño del personal académico han tenido 
como resultado una constante productividad científica, obteniendo en el 2019 un total de 117 
artículos indizados con índice de impacto promedio de 5.02, lo que representa 2.05 artículos 
por grupo de investigación.  

Además, 14 artículos se encuentran en prensa, se publicaron 9 artículos de divulgación, 6 
capítulos en libros,  8 capítulos en prensa, 1 libro publicado y reimpreso, 6 revistas nacionales 
y 1 Patente Nacional concluida son parte del resultado de la investigación en el IFC en 2019. 

 

 

 

 

 

 

 

 

 

•Artículos en Revistas Internacionales 117 

•Artículos en Prensa 14 

•Artículos de Divulgación 9 

•Capítulos de libros 6 

•Capítulos en Prensa 8 

•Libros publicados y reimpresiones 1 

•Revistas Nacionales 6 

•Patente Nacional concluida  1 
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Producción Académica Histórica 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Producción Académica Histórica 

 2019 2018 2017 2016 2015 2014 2013 2012 2011 2010 2009 

1. Artículos publicados en 
Revistas Internacionales 

117 142 150 121 108 110 98 118 110 94 85 

2. Artículos en prensa 14 23 19 29 19 17 31 10 44 39 37 

3. Artículos en memorias * 2 5 2 7 3 * * * * * 

4. Artículos de divulgación 9 4 9 21 24 14 21 12 15 20 2 

5. Capítulos en libros 6 9 32 14 12 15 14 14 26 22 24 

6. Capítulos en prensa 8 5 2 9 3 6 * * 2 5 16 

7. Libros publicados y 
reimpresiones 

1 1 3 2 6 4 4 8 3 5 10 

8. Patentes nacionales 
concluidas  

1 1 2 2 * 2 2 1 * * * 

9. Patentes nacionales en 
trámite 

* * * 1 3 1 3 4 * * * 

10. Patentes 
internacionales 
concluidas  

* * 1 * 1 1 1 * * * * 

11. Patentes 
Internacionales en 
Trámite 

* 1 * * 3 4 * 1 * * * 

12. Revistas Nacionales 6 4 1 4 * * * * * 2 5 
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Publicaciones IFC 2017-2019 por cuartiles 

 

 

 

  

0

20

40

60

80

100

120

Q1 Q2 Q3 Q4

109 

19 
3 1 

Publicaciones IFC-2017 

83% 14% 2% 0.7% 

0

20

40

60

80

100

120

Q1 Q2 Q3 Q4

106 

22 
11 1 

Publicaciones IFC-2018 

76% 16% 8% 0.7% 

92% 

Total 132 

Total 140 



 
 
 

87  INFORME DE LABORES 2019 

 

 

 

 

 

 

  

Fuente 
https://www.scimagojr. 
com/journalrank.php 
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Artículos Publicados en Revistas Internacionales 
 

1) Acosta Montaño, P; Ibarra López, E; Mas Oliva, J; Delgado Coello, B; Rivero, I; Alatorre 
Meda, M; Aguilera, J; Rodríguez Velázquez, E; Guevara Olaya, E;  García González, V. 
(2019). Fatty acid and lipopolysaccharie effect on beta cells proteostasis and its impacto 
n insulin secretion. Cell. 8: 884. FI: 36.216; Q1. 
 

2) Akinaga, J; García Sáinz, J; Pupo, S. A. (2019). Updates in the function and regulation of 
α1 –adrenoceptors. Brit. J. Pharmacol. 176: 2343-2357. FI: 6.583; Q1. 
 

3) Almanza, A; Segura Chama, P; León Olea, M; Luis, E; Garduño Gutiérrez, R; Mercado 
Reyes, J; Simón Arceo, K; Coffeen, U; Hernández Cruz, A; Pellicer, F; Mercado, F. 
(2019). Cellular mechanism for specific mechanical antinociception by D2-like receptor at 
the spinal cord level. Neuroscience. 417: 81-94. FI: 3.244; Q2. 
 

4) Amezcua Vesely, M; Pallis, P; Bielecki, P; Low, J; Zhao, J; Harman, C; Kroehling, L; 
Jackson, R; Bailis, W; Licona Limón, P; Xu, H; Iijima, N; Pillai, P; Kaplan, D; Weaver, C; 
Kluger, Y; Kowalczyk, M; Iwasaki, A; Pereira, J; Esplugues, E; Gagliani, N; Flavell, R. 
(2019). Effector TH17 cells give rise to long-lived TRM cells that are essential for an 
immediate response against bacterial infection. Cell. 178: 1176-1188.el5. FI: 36.216; Q1. 
 

5) Aparicio Juárez, A; Duhne, M; Lara González, E; Ávila Cascajares, F; Calderón, V; 
Galarraga, E; Bargas, J. (2019). Cortical stimulation relieves parkinsonian pathological 
activity in vitro. European Journal and Neuroscience. 49: 834-848. FI: 2.832; Q2.   
 

6) Arroyo Pérez, E. E; González Cerón, G; Soberón Chávez, G; Georgellis, D; Servin 
Gonzalez, L. (2019). A novel two-component system, encoded by the sco5282/sco5283 
genes, affects streptomyces coelicolor morphology in liquid culture. Frontiers in 
Micobiology. 10: 1568. FI: 4.259; Q1. 
 

7) Arzate, D; Guerra Crespo, M; Covarrubias, L. (2019). Induction of typical and atypical 
neurogenesis in the adult substantia nigra after mouse embryonic stem cells 
transplantation. Neuroscience. 408: 308-326. FI: 3.244; Q2. 
 

8) Azuara Medina, P. M; Sandoval Duarte, A. M; Morales Lázaro, S. L; Modragón 
González, R; Vélez Aguilera, G; Gómez López, J. D; Jiménez Gutiérrez, G. E; Tiburcio 
Félix, R; Martínez Vieyra, I; Suárez Sánchez, R; Längst, G;  Javier Magaña, J; Winder, 
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bacterianos semejantes a balsas lipídicas. TIP Revista Especializada en Ciencias 
Químico-Biológicas. 22: 1-10. doi: 10.22201/fesz. 23958723.2019.0.163. 
 

2) Hiriart Urdanivia, M; Sánchez Soto, C; Velasco, M; Sabido Barrera, J; Ortiz Huidobro, R. 
(2019). El receptor soluble de insulina y el síndrome metabólico. Gac. Med. Mex. 155(5): 
541-545. doi: 10.24875/GMM.19005185. 
 

3) Morán, J; Olguín Albuerne, M. (2019). Role of reactive oxygen species in the 
development of central nervous system. Mens. Bioquim. 43: 50-60. 

 
4) Rivera, A; Villalva, S; Vázquez, I; Bárcenas, O; Pinzón, C; Moran, J; Arriaga Pizano, L; 

Guzmán, A; Silva, E; Gutiérrez Pabello, J. (2019). Mycobacterium tuberculosis and 
mycobacterium bovis derived proteins induce caspase-independent apoptosis in bovine 
macrophages. Vet México. 6(1): 1-12. doi: 10.22201/fmvz.24486760e.2019.1.560. 

 
5) Tapia Vieyra, J; Mas Oliva, J. (2019). Descubrimiento de la proteína reguladora de 

apoptosis 2 como determinante en la muerte de células tumorales. Gac. Med. Mex. 
155(5): 546-553. doi:10.24875/GMM.19005186. 

 
6) Teran Melo, J. L; Rodríguez, C; Álvarez, A. F; Georgellis, D. (2019). Mecanismos de 

autofosforilación y transfosforilación en sistemas de dos componentes bacterianos. TIP 
Revista Especializada en Ciencias Químico-Biológicas. 22: 1-11. doi:10.22201/fesz. 
23958723e.2019.0.162.  

 

 

Patente Nacional concluída 
 

1) Hernández Muñoz, R. Composición farmacéutica de adenosina y antiretrovirales para el 
tratamiento de daño hepático. 363153. Oxford, UK. Reino Unido.  
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Convenios con otras Instituciones  
 

 

Convenios Externos 
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Convenios CONACyT 
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Bases de Colaboración 

 

 

 

 

 

 

 

 

 

 

 

Donaciones 

 

 

Apoyo a Eventos Académicos Externos 
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PONENCIAS 

El personal académico del IFC asistió a 15 Congresos Nacionales con 35 participaciones con 
ponencias y 78 presentaciones en forma de cartel; en 35 Congresos Internacionales donde se 
presentaron 39 carteles y 24 ponencias. Además, 20 participaciones con ponencia en 16 
simposios internacionales y 7 presentaciones de carteles. 11 Simposios Nacionales donde se 
tuvieron 15 participaciones en ponencias. 

Se impartieron 30 Conferencias Nacionales y 5 Internacionales, 30 seminarios dentro de la 
UNAM y 22 seminarios fuera de ella. 

 
CONGRESOS NACIONALES 

35 Participaciones con ponencia 
78 Participaciones con cartel 

 
2nd Epigenomics Meeting, 2019. Epigenetic Regulation in Human Disease. 

 
CEMUS XIV. Congreso de estudiantes de medicina del noroeste. Neurociencias. 

 
III Neurobiology Meeting of the Mexican Society for Biochemistry. SMB. 

 
LXII Congreso Nacional de la Sociedad Mexicana de Ciencias Fisiológicas A.C. 

 
Taller Multidisciplinario de Redes. Taller de análisis de señales neurofisiológicas. 

 
XLI Congreso Nacional de Microbiología y VI Congreso de Bioquímica y Biología Molecular de 
Bacterias. 

 
VII Congreso de Especies Reactivas del Oxígeno en Biología y Medicina SMB. 

 
VII Congreso Nacional de la Rama de Transducción de Señales de la Sociedad Mexicana de 
Bioquímica. 

 
XIII Congreso de Posgrado en Psicología. 

 
XIII Congreso Nacional de Biología Molecular y Celular de Hongos. 

 
XXI Congreso de Bioenergética y Biomembranas de la SMB. 

XXVII Congreso Mexicano de Psicología. Sociedad Mexicana de Psicología y el Instituto de 
Neurociencias de la Universidad de Guadalajara. 

 
XVIII Congreso Nacional de Biotecnología y Bioingeniería. 

 
XXXIV Reunión Anual de Investigación. Instituto Nacional de Neurología y Neurocirugía "Manuel 
Velasco Suárez" (INNN). 
VI Latin American Protein Society Meeting (LAPSM). VII Congreso de Fisicoquímica, Estructura 
y Diseño de Proteínas. 
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CONGRESOS INTERNACIONALES 

24 Participaciones con ponencia 
39 Participaciones con cartel 

 
37 SMYTE (Small Meeting on Yeast Transport and Energetics). 

 
1er Congreso Internacional de Ciencias Químico Biológicas.  

 
27th Meeting of the International Society for Neurochemistry.  

 
30th Fungal Genetics Conference. 

 
63 Annual Meeting of the Biophysical Society. 

 
7th International Urogenital Science Meeting. 

 
FASEB-The Lysophospholipid and Related Mediators Conference: from bench to clinic.  

 
Humboldt Kolleg “Rompiendo Paradigmas: Hacia una Ciencia Multi, Inter y Transdisciplinaria”. 

 
Humboldt Kolleg: Symposium on Natural Science. 

 
III International Congress of Psychobiology. 

 
III International Symposium on Fungal Stress. 

 
XIII International Basal Ganglia Meeting. 

 
26th Meeting, Society for Redox Biology and Medicine. (SfRBM 2019). 
 
II Pan American Congress of Physiological Sciences - PANAM 2019. 

SGP 73 Annual Symposium/Sobla Annual Meeting. Reunión de la Sociedad Biofísica 
Latinoamericana y la Society for General Physiologists.  
3

er
 Congreso Internacional de la Federación de Sociedades y Asociaciones Hispanas de América del 

Norte, Centroamérica y el Caribe de la Ciencia de los Animales de Laboratorio, A.C. (FeSAHANCCCAL). 

 
Federation of European Neuroscience Societies (FENS). 

 
XXIX International Conference on Yeast Genetics and Molecular Biology. 
 
20th International Symposium on Cells of the Hepatic Sinusoid (ISCHS). 
 
21th European Congress of Endocrinology (ECE 2019). 

 
22nd International C. elegans Conference.  

 
50th Annual meeting Society for Neuroscience. 

 
eGMD - Epigenetics in Metabolic Diseases // 3rd LIMIOR - Leipzig International Meeting for 
Interdisciplinary Obesity Research. 
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5th International Meeting on Stem Cells and Regenerative Medicine. 

 
EMBO Workshop: Protein Synthesis and Translational Control. 

 
EMBO workshop Bridging cell and tissue mechanics to fate specification and development. 

 
International Stroke Conference 2019. 

 
3rd International Summer Symposium on Systems Biology. 

 
ISSCR 2019 Annual Meeting 

 
Parasitic helminths new perspectives in biology and infection.  

 
VII Meeting of Reactive Oixgen Species in Biology and Medicine. 

 
XIV European Meeting on Glial Cells in health and Disease.  

 
BLAST XV. Bacterial, Locomotion and signal Transduction Meeting. 

 
Association for Research in Vision and Ophthalmology (ARVO) Annual Meeting. 

 
6 to. Congreso Internacional RedBiot. 

 

 

 

Numero Simposios, Conferencias y Seminarios Participaciones 

 
11 

Simposios Nacionales con ponencia 15 

Simposios Nacionales con cartel 0 

 
16 

Simposios Internacionales con ponencia 20  

Simposios Internacionales con cartel 7 

30 Conferencias Nacionales con ponencia 31 

5 Conferencias Internacionales con ponencia 5 

30 Seminarios dictados en la UNAM 30 

22 Seminarios dictados fuera de la UNAM 22 

  

 

*para todas las Ponencias ver el Archivo Anexo-3 
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EVENTOS ACADÉMICOS INSTITUCIONALES 

 

Los principales eventos académicos que se llevan a cabo en el Instituto de Fisiología Celular 
son fundamentalmente seminarios institucionales, que se realizan semana a semana, 
seminarios extraordinarios y la Feria Anual de Carteles.  
 
En 2019 se llevaron a cabo 41 seminarios institucionales y 10 seminarios extraordinarios.  
 

Seminarios Institucionales 
 

ENERO  
 
11 Dr. Richard Flavell, Yale University.  

―To code or not to code: what is the Linc?‖.  
 

18 Dr. Darío Lupiañez, Max Planck Institute for Molecular Genetics.  
"Structural variation in the 3D genomic era: Implications for disease and evolution". 

  
25 M. en C. Ana María Escalante Gonzalbo, Instituto de Fisiología Celular, UNAM. 

"Los olvidados. ¿Puede la tecnología contribuir a la neuro-rehabilitación?‖. 
 
 

FEBRERO 
 
1 Dr. Víctor Manuel Valdés López, Facultad de Ciencias, UNAM.  
 ―Teorías Evolutivas del Genoma Humano‖. Feria de Carteles. 
  
8 Dr. Braulio Gutiérrez Medina, IPICYT (Instituto Potosino de Investigación Científica y 

Tecnológica A.C.). 
 ―Luz y sombra en la proteína Vivid‖. 
  
15 Dra. Yazmin Ramiro Cortes, Departamento de Neurodesarrollo y Fisiología, Instituto de 

Fisiología Celular, UNAM. 
  "Actividad sináptica y neuronal en ratones SHANK3 como modelo genético de autismo: 

de las espinas a la conducta". 
  
22 Dra. Karina Acevedo Whitehouse, Facultad de Ciencias Naturales de la Universidad 

Autónoma de Querétaro.   
―La carcinogénesis espont nea en un modelo marino‖. 
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MARZO 
 
1 Dr. Stewart Gillmor, Langebio CINVESTAV Irapuato. 
  "Zygotic genome activation and pattern formation in early Arabidopsis embryogenesis". 
   
8 Dra. Claudia Pérez Cruz, CINVESTAV-IPN. 
   "Modulación del eje intestino-cerebro como estrategia para combatir la enfermedad de 

Alzheimer".  
 
15 Dr. Luis Téllez, Neurobiología de la Conducta Motivada, Instituto de Neurobiología, 

UNAM. 
"El eje víscero-cerebral como parte del sistema de recompensa".  

  
22 Dr. Luis Vaca, Departamento de  Biología Celular y del Desarrollo, Instituto de Fisiología 

Celular, UNAM. 
  ―Restricciones en el espacio-tiempo a nivel de moléculas individuales‖. 
 
29 Dr. Leonardo Peraza, Departamento de Bioquímica y Biología estructural, Instituto de 

Fisiología Celular, UNAM. 
"Orquestando la dinámica intracelular durante el desarrollo sexual del hongo Podospora". 

 
 

ABRIL  
 
5 Dra. Paola Maycotte González, Investigadora Cátedras CONACyT. Centro de 

Investigación Biomédica de Oriente, IMSS.  
"Secreción regulada por autofagia en cáncer de mama: implicaciones terapéuticas".  

 
12 Dra. Daniela Araiza Olivera Toro, Departamento de Química de 

Biomacromoléculas, Instituto de Química, UNAM.  
"Una molécula… un blanco terapéutico en el microambiente tumoral".  

 
26 Dr. Luis Carrillo Reid, Instituto de Neurobiologia, UNAM. 

―Cambios en el comportamiento inducidos por la activación selectiva de ensambles 
corticales.‖ 

 
 
MAYO 
 
3 Dra. Rocío Angeles García Becerra, Departamento de Biología Molecular y 

Biotecnología, Instituto de Investigaciones Biomédicas, UNAM. 
―Restablecimiento de la respuesta a la terapia antiestrogénica en células de c ncer de 
mama receptor de estrógenos negativo.‖  
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9 Dr. Carlos Manlio Díaz García, Department of Neurobiology, Harvard Medical 
School, Boston, MA.  
"La estimulación neuronal promueve la glucólisis y no el consumo de lactato en las 
neuronas".  

 
24 Dr. Francisco Torres Quiroz, Departamento de Bioquímica y Biología Estructural, Instituto 

de Fisiología Celular, UNAM. 
"Papel del H2S durante la fermentación".  

 
31 Dr. Óscar González-Pérez, Universidad de Colima.  

"Consecuencias de la hidrocefalia crónico-obstructiva sobre los progenitores neurales y 
la citoarquitectura cerebral".  

 
 

JUNIO 
 
7 Dr. Diego Cortez Quezada, Centro de Ciencias Genómicas CCG, UNAM. 

―Genomics of sexuality in vertebrates‖.  
   
14 Dr. José Everardo Avelino Cruz, Instituto de Fisiología, BUAP. 

―Remodelación cardiaca en el síndrome metabólico y la diabetes‖. 
 
21 Dra. Tamara Rosenbaum Emir, Departamento de Neurociencia Cognitiva, Instituto de 

Fisiología Celular, UNAM. 
"Canales TRP: moléculas que exhiben fenómenos biofísicos novedosos".  

 
   

JULIO   
 
26 Dra. Diana Guallar Artal, Principal Investigator at CiMUS (Center for Research in 

Molecular Medicine and Chronic Diseases). Santiago De Compostela, Galicia, España.  
"Epitranscriptomics: shaping the cell through RNA modifications". 

  
 
AGOSTO 
 
2 Dr. Abimael Cruz Migoni, Universidad de Oxford. 

―Finding small molecules inhibitors against oncogenic proteins‖. 
 
9 Dr. James L. McGaugh, Distinguished Professor Emeritus Department of Neurobiology 

and Behavior. Center for the Neurobiology of Learning and Memory. University of 
California, Irvine.  
"Highly superior autobiographical memory research: A neurobiological puzzle". 
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16 Dr. Roberto Coria, Departamento de Genética Molecular, Instituto de Fisiología Celular, 
UNAM. 
"Estrés de Retículo Endoplásmico y Autofagia en la Amiba Social Dictyostelium 
discoideum". 

  
23 Dra. Diane Lipscombe, Brown University, USA.   

"RNA and DNA binding proteins control the composition of calcium channels in 
nociceptors in normal and neuropathic pain states".  

   
30 Dra. Maria Angela Franceschini, Associate Professor, Harvard Medical School, 

Massachusetts General Hospital.  
"Imaging brain activity with diffuse optics: opportunities and future directions". 

 
 

SEPTIEMBRE 
 
6 Dra. Edda Lydia Scuitto Conde, Instituto de Investigaciones Biomédicas, UNAM. 

"Hacia el desarrollo de nuevas estrategias para el control de la neuroinflamación: 
Implicaciones terapéuticas".  

 
13 Dr.  Francisco Barrantes, Pontifical Catholic University of Argentina, Buenos Aires, 

Argentina. 
"Exploring the brain at the Nanoscale, in Health and Disease". 
 

20 Dr. Joshua Johansen, RIKEN Center for Brain Science. 
"Teaching the brain to fear". 

   
27 Dr. Marcelo Wood, Universidad de California, Irvine, USA.   

"Epigenetics: Pushing the boundaries of learning and memory". 
   
 

OCTUBRE 
 
4 Dr. Fatuel Tecuapetla, Departamento de Neuropatología Molecular,  Instituto de 

Fisiología Celular, UNAM. 
"Sub-circuitos neuronales detrás de la generación de movimientos/acciones". 

  
11 Dr. Diego González Halphen, Departamento de Genética Molecular,  Instituto de 

Fisiología Celular, UNAM. 
"Cuando la subunidad 2 de la citocromo c oxidasa entra a la membrana interna 
mitocondrial por la puerta de atrás". 

 
18 Dra. Rosaura Hernández Rivas, Departamento de Biomedicina Molecular 

CINVESTAV. 
"El procesamiento de la histona H3: nuevo mecanismo epigenético que regula la 
expresión de genes que participan en la replicación del ADN en Plasmodium falciparum". 
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25 Dra. Carmen Sandi, Laboratory of Behavioral Genetics.  Brain Mind Institute. 
"Papel de la mitocondria en circuitos neurales que codifican conductas de ansiedad y 
depresión". 

 
 

NOVIEMBRE 
 
8 Dr. Ben Deverman, Stanley Center for psychiatric research en el Broad Institute of 

Harvard and MIT. 
"Engineering AAV vectors for central nervous system gene therapy". 

 
15 Dr. Félix Recillas Targa, Departamento de Genética Molecular, Instituto de Fisiología 

Celular, UNAM. 
"Participación de la estructura tri-dimensional del genoma en la regulación 
transcripcional". 

 
22 Dra. Alicia González Manjarrez, Departamento de Bioquímica y Biología Estructural, 

Instituto de Fisiología Celular, UNAM. 
―Reguladores Híbridos: Una alternativa para provocar respuestas transcripcionales 
innovadoras en S. cerevisiae‖.  

 
29 Dra. Tatiana Fiordelisio, Laboratorio de Neuroendocrinología Comparada, Facultad de 

Ciencias, UNAM. 
―La Unidad endocrino vascular en la vida real de la hipófisis de un ratón‖. 

 
 

DICIEMBRE 
 
6 Dr. Jesús Chimal Monroy, Departamento de Medicina Genómica y Toxicología 

ambiental, Instituto de Investigaciones Biomédicas, UNAM. 
"Del desarrollo embrionario y regeneración de las extremidades a la formación de 
organoides". 
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Seminarios Extraordinarios 
 

ENERO  
 
22 Dr. André S. Pupo, Departamento de Farmacología de la Universidad Estatal Paulista, 

Brasil. 
―Therapeutic potential for biased agonism at alpha-1 adrenoceptors‖. 

 
 
ABRIL 
 
9 Dr. Alessandro Sette, Division of Vaccine Discovery, La Jolla Institute for Allergy and 

Immunology, California, USA. 
  ―The relationship between alfa-synuclein-specific T cell reactivity and Parkinson Disease 

clinical onset‖. 
  
 
25 Dr. Ya-Xiong Tao, Professor, Auburn University College of Veterinary Medicine, 

Alabama, USA. 
 ―Chaperoning G protein-coupled receptors: From cell biology to therapeutics‖.  
 
 
JULIO 
 
31 Dr. Miguel Fidalgo,  CIMUS-U de Santiago de Compostela, España. 
 ―Deciphering the crosstalk of cellular metabolism and chromatin dynamics in 

pluripotency‖.  
 
 
SEPTIEMBRE 
 
12 Dra. Saydi Núñez Cetina, UAM-Xochimilco. 
 ―De la violencia conyugal al feminicidio. Reflexiones sobre género y crimen pasional en el 

siglo XX mexicano‖.  
 
26 Dr. Víctor G. Corces, Profesor Howard Hughes Medical Institute (HHMI), Investigador en 

la Universidad de Emory en Atlanta, GA.  
―Herencia Transgeneracional de Epi-Fenotipos de Obesidad‖. 

 
 
OCTUBRE 
 
24 Dra. Lydiette Carrión Rivera. 
 ―Femicidios y violencia de género: un fenómeno sistémico‖.  
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NOVIEMBRE 
 
28 Dr. Dasiel Borroto-Escuela, Department of Neuroscience-Karolinska Institutet, 

Stockholm, Sweden. 
 ―Molecular integration in the CNS through formation of GPCR heteroreceptor complexes: 

Relevance for diseases‖.  
 
 
DICIEMBRE   
 
4 Dr. Itay Tirosh, Department of Molecular Cell Biology, Weizmann Institute of Science. 

―An integrated model of cellular heterogeneity in glioblastoma”. 
 
9 Dr. Pedro Bekinschtein, Instituto de Neurociencia Cognitiva y Translacional del 

CONICET, Argentina. 
 ―Mecanismos biológicos de la memoria de reconocimiento y su olvido‖.  
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Feria de Carteles Anual del IFC 
 

En la feria de Carteles 2019 se presentaron 62 trabajos. Se realizarón mini simposios y 
exposiciones cortas de los carteles, con lo que se promovío la discusión científica y el 
intercambio académico. 
 

 Nombre Laboratorio Título del cartel 

 
1 

Roberto Alexander 
Bahena Cerón 

Dr. Alfredo 
Torres Larios 

Estudios estructurales sobre la proteína PyrR 

 
2 

Jesús Ruiz Flores Dr. Francisco 
Torres Quiroz 

Caracterización de los mecanismos post-traduccionales en las 
regiones de baja complejidad involucradas en la agregación 
reversible de proteínas en Saccharomyces cerevisiae 

 
3 

Rodrigo Andrés 
Nava Lara 

Dr. Gabriel 
Del Río 
Guerra 

Heterologous machine learning for the identification of antimicrobial 
activity in human-targeted drugs 

 
4 

Raful Navarro 
Espíndola 

Dr. Leonardo 
Peraza Reyes 

La dinámica peroxisomal y mitocondrial regulada por DNM1 es 
necesaria para el desarrollo sexual en el hongo Podospora anserina 

 
5 

Pamela Amancio 
Rojas 

Dr. Leonardo 
Peraza Reyes 

La dinámica de los endosomas y los peroxisomas regulada por 
Hok1 es necesaria para el desarrollo sexual del hongo Podospora 
anserina 

 
6 

Melisa Selene 
Álvarez Sánchez 

Dr. Leonardo 
Peraza Reyes 

La función del complejo de encuentro entre la mitocondria y el 
retículo endoplásmico (ERMES) en el hongo Podospora anserina 

 
7 

Oscar Eduardo 
Gutiérrez 
Castañeda 

Dr. Marcelino 
Arciniega 
Castro 

Simulaciones de dinámica molecular en canales iónicos 

 
8 

Sergio Campos 
Ortega Rendón 

Dr. Marcelino 
Arciniega 
Castro 

Detección de similitudes locales entre proteínas con dinámica 
molecular y teoría de gráficas 

 
9 

Francisco Javier 
Padilla Garfias 

Dr. Antonio 
Peña Díaz 

Efectos de la ε-poli-l-lisina sobre la fisiología de saccharomyces 
cerevisiae 

 
10 

Mariana Ríos 
Vázquez 

Dra. Bertha 
González 
Pedrajo 

Molecular characterization of rOrf1 protein of enteropathogenic 
Escherichia coli 

 
11 

Ameyalli Gómez 
Ilescas 

Dr. Félix 
Recillas 
Targa 

The role of CTCF in the nervous system of Drosophila melanogaster 

 
12 

Carlos Alberto 
Peralta Alvarez 

Dr. Félix 
Recillas 
Targa 

Regulación epigenética y transcripcional de RNAs no codificantes 
divergentes involucrados en cáncer 

 
13 

Andrés Arenas 
Navarro 

Dr. Heliodoro 
Celis 
Sandoval 

Caracterización del espectro de los centros de reacción de 
Rhodovibrio salinarum 

 
14 

Ayerim Alma 
Esquivel López 

Dra. Mayra 
Furlán 
Magaril 

Analysis of the chromosomal genomic interactions of homeotic 
genes in Drosophila melanogaster using different cross-linking 
reagents 
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 Nombre  Laboratorio Título del cartel 

 
15 

Marintia Mayola 
Nava García 

Dra. Mayra 
Furlán 
Magaril 

3D organization of the SHH chromatin locus during feather bud 
formation in Gallus gallus 

 
16 

José Ernesto Bravo 
Arévalo 

Dra. Soledad 
Funes 

Regulación metabólica de las subunidades β-NAC en 
Saccharomyces cerevisiae 

 
17 

Hilario Ruelas 
Ramírez – Josué 
Miguel Julián 
Ramírez Reyes 

Dra. Soledad 
Funes 

El enigma de Slm35: de la mitocondria a la autofagia 

 
18 

Cristian Alberto 
Vergara Gerónimo 

Dra. Xochitl 
Pérez 
Martínez 

El factor de inicio de la traducción citoplasmática 4G1 es un 
regulador de la síntesis mitocondrial de Cox1 

 
19 

Diana Grisel Ríos 
López 

Dra. Marina 
Macías 

Regulación de la expresión de TAZ y el fenotipo del hepatocito 

 
20 

Karla Ameyali 
Gómez Ceja 

Dra. Marina 
Macías 

Regulación de la estabilidad de la proteína Ski por el antibiótico 
puromicina 

 
21 

Nallely Cano 
Domínguez 

Dr. Jesús 
Aguirre 
Linares 

Neurospora crassa multifunctional nadph oxidase Nox-1 is localized 
in the vacuolar system and the plasma membrane 

 
22 

Diego Pérez 
Vázquez 

Dra. Paula 
Licona Limón 

Función de TIF1-gamma en poblaciones de linfocitos Th1 y CTL 

 
23 

María Fernanda 
Maldonado 

Dra. Paula 
Licona Limón 

Regulación de la expresión de CD25 por TIF1g en linfocitos T 
reguladores 

 
24 

Eugenio Contreras 
Castillo 

Dra. Paula 
Licona Limón 

Regulación de la expresión de Foxp3 por TIF1g en linfocitos Treg 

 
25 

Emmanuel Flores 
Espinoza 

Dra. Paula 
Licona Limón 

Expresión del receptor de IL-9 en basófilos 

 
26 

Enrique Olguín 
Martínez 

Dra. Paula 
Licona Limón 

Participación de PKIB y la vía de PKA en la diferenciación y función 
de las células linfoides innatas tipo 2 

 
27 

Ofelia Muñoz 
Paleta 

Dra. Paula 
Licona Limón 

PKA y PKIB en la diferenciación y función de los linfocitos Th 

 
28 

Jose Luis Ramos 
Balderas 

Dra. Paula 
Licona Limón 

Caracterización de la respuesta inmune contra cepas de 
Pseudomonas aeruginosa resistentes a Galio 

 
29 

Alan Anuart 
González Rangel 

Dra. Rosa 
Navarro 
González 

Searching for regulators of lin-35/Rb expression during starvation in 
C. elegans 

 
30 

Laura Silvia Salinas 
Velázquez 

Dra. Rosa 
Navarro 
González 

PEK-1, ABCF-3 and GCN-1/-2 kinases are required for RNA 
granules formation during stress in the germline of C. elegans 

 
31 

Gisselle Angélica 
Campos Martínez 

Dra. Rosa 
Navarro 
González 

Stress induces mitochondrial aggregation in Caenorhabditis elegans 
adult gonad 
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Nombre  Laboratorio Título del cartel 

 
32 

Ángel Armando 
Dámazo Hernández 

Dra. Rosa 
Navarro 
González 

The RNA binding protein GLA-3/TTP is important for germ cell 
protection from stress 

 
33 

Eduardo Daniel 
Aguilar Solis 

Dr. Víctor 
Julián Valdés 
Rodríguez 

Caracterización epigenética de un circuito neuronal involucrado en 
la memoria asociativa de C. elegans 

 
34 

Marti David Wilson 
Verdugo  

Dr. Víctor 
Julián Valdés 
Rodríguez 

Characterization of epigenetic changes associated with the 
metabolic memory in vitro 

 
35 

Teresa Beatriz 
Nava Ramírez 

Dr. Wilhelm 
Hasnberg 
Torres 

La función de chaperona de las catalasas de subunidad grande 

 
36 

Sammy Israel 
Gutiérrez Terrazas 

Dr. Wilhelm 
Hasnberg 
Torres 

La actividad de fosfodiesterasa en Neurospora crassa está 
involucrada en formación de la pared celular 

 
37 

Oscar Giovanny  
Urrego Morales 

Dr. Federico 
Bermúdez 
Rattoni 

Effect of the inhibition of palmitoylation on the formation and 
maintenance of spatial memory 

 
38 

Beatríz Sarahí 
Méndez Rodríguez. 

Dra. Elvira 
Galarraga 
Palcio 

Posible comunicación sináptica entre las neuronas de los núcleos 
intralaminares del tálamo parafascicular y central lateral (Possible 
synaptic communication between neurons of Parafascicular and 
Central lateral intralaminar thalamic nuclei) 

 
39 

Rosa María Reyes 
Chapero 

Dra. Elvira 
Galarraga 
Palcio 

Cortical persistent activity in pyramidal and interneurons of layer 5 
motor cortex in vitro 

 

40 
Yuriko Itzel 
Sánchez Zamora 

Dra. Marcia 
Hiriart 
Urdanivia 

Dimorfismo sexual en la inflamación presente en un modelo de 
síndrome metabólico en rata 

 
41 

Jazmín Selene 
Samario Román 

Dra. Marcia 
Hiriart 
Urdanivia 

El papel de NGF en la expresión y actividad de GLUT2 y 
glucocinasa en células beta pancreáticas 

 
42 

Zyanya Sarai 
Sánchez Salazar 

Dra. Marcia 
Hiriart 
Urdanivia 

Análisis del desarrollo y la distribución de las células α y células PP 
en el páncreas de rata después del destete 

 
43 

Rosa Isela Ortiz 
Huidobro 

Dra. Marcia 
Hiriart 
Urdanivia 

En la resistencia a la insulina...el sexo si importa. 

 
44 

Carla Huezca 
Carbajal 

Dra. Tamara 
Rosenbaum 
Emir 

Dimorfismo sexual en la respuesta de dolor asociada al canal 
TRPV1 por efecto del 17B-estradiol 

 
45 

Iskra Anai Cruz 
Cruz 

Dra. Myrian 
Velasco 
Torres 

Efecto del síndrome metabólico sobre el funcionamiento de los 
canales de potasio sensibles a ATP 

 
46 

Germán Alonso 
Bernate Obando 

Dra. Myrian 
Velasco 
Torres 

Red de co-expresión de los canales de potasio dependientes de 
voltaje Kv2 en célula beta a diferentes estadios del desarrollo 

 
47 

Viridiana Belen 
Meza González 

Dra. Diana  
Escalante 
Alcalde 

Generación de dos líneas de ratones con mutaciones en la PLPP3 

 
48 

Beetsi Eugenia 
Urrieta Chávez 

Dr. Iván 
Velasco 
Velázquez 

Uso de un hidrogel biocompatible para el direccionamiento de 
axones de neuronas dopaminérgicas humanas 
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Nombre  Laboratorio Título del cartel 

 
49 

Pilar Sarah Acevo 
Rodríguez 

Dra. Susana 
Castro 
Obregón 

La autofagia podría cooperar con las metaloproteínasas de la matriz 
en el cierre del tubo neural del ratón 

 
50 

Daniel Moreno Blas Dra. Susana 
Castro 
Obregón 

Autophagy dysfunction during neuronal senescence 

 
51 

Emiliano Jimenez 
Marquez 

Dra. Yazmín 
Ramiro 
Cortés 

Actividad neuronal en corteza visual de ratones SHANK3+/- en 
respuesta a una tarea visual de sobre-especificidad 

 
52 

Rubén Darío 
Contreras López 

Dr. Fatuel 
Tecuapetla 
Aguilar 

Ciurcuitos de interacción cerebelo - ganglios basales 

 
53 

Luis Antonio 
Rodríguez Sibrian 

Dr. Fatuel 
Tecuapetla 
Aguilar 

Caracterización de los circuitos paralelos o divergentes de salida del 
tálamo 

 
54 

Anil Kumar Verma 
Rodríguez  

Dr. Fatuel 
Tecuapetla 
Aguilar 

Disección de circuitos neurales involucrados en la estimulación 
cerebral profunda con técnicas de optogenética 

 
55 

Alejandra Aidaly 
Hernández 
Jaramillo 

Dr. Francisco 
Sotres Bayón 

Basolateral amygdala and ventral pallidum (but not orbitofrontal 
cortex) are necessary for motivational conflict responses guided by 
previous experiences 

 
56 

Diana Lizbeth Elías 
López 

Dr. Juan 
Carlos 
Gómora 
Martínez 

Efecto de compuestos con propiedades anti metastásicas en el 
canal Nav1.6 de humano 

 
57 

Luis Ángel Montes 
Ortega 

Dra. Lourdes 
Massieu Trigo 

Effect of D-hydroxybutyrate in autophagy induction by exitototxicity 

 
58 

Juan Carlos 
Gómora García 

Dra. Lourdes 
Massieu Trigo 

La respuesta a proteínas mal plegadas inducido por la ausencia de 
glucosa en neuronas corticales ¿Amigo o Enemigo?   

 
59 

Aura Nirva 
Campero Romero 

Dr. Luis Tovar 
y Romo 

Proteomic profiling of exosomes derived from brain microvascular 
endothelial cells under hypoxia 

 
60 

Diana Elizabeth 
Colín Martínez 

Dr. Ricardo 
Tapia 

Efectos de la administración aguda y crónica de inhibidores de la 
glutamato descarboxilasa en la médula espinal de rata 

 
 
 

61 

Ximena Ameyalli 
Escutia Macedo, 
David Andrade 
Morales, María 
Fernanda Gutiérrez 
García y José 
Jonathan Aguilar 
Chalé. 

 
 
M. C. Ana 
María 
Escalente 
Gonzalbo 

 
 
Hágalo usted mismo: autonomía y motivación con el uso de la 
tecnología en la neuro-rehabilitación 

 
62 

Edgar Gerardo Milo 
Rocha 

Dr. Enoch 
Luis Baltazar 
 

Estudio electrofisiológico y farmacológico del canal de potasio 
Kv10.1 
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ACTIVIDADES DE DIFUSIÓN Y DIVULGACIÓN 
 

Participaciones en radio y televisión 30 

Participaciones en medios impresos 24 

Otras actividades de Difusión o divulgación  (Conferencias, 
simposios, ferias) 

72 

 

 

Participaciones en Programas de Radio o Televisión 
 

1. Aguilar Roblero Raúl. Entrevista en Mitos y Realidades de Canal Once, para tratar el 
tema del Cambio de Horario (ventajas y desventajas) tanto en el terreno de impacto en la 
salud para el ser humano  como el impacto económico por el ahorro de energía.  

2. Bermúdez Rattoni Federico. Entrevista en 24 horas. ―Alzheimer, afecta a 800 mil 
mexicanos‖. https://www.24-horas.mx/2019/09/23/alzheimer-afecta-a-800-mil-mexicanos/ 

3. Bermúdez Rattoni Federico. Entrevista en Acrópolis. ―Se deben prevenir casos de 
Alzheimer en México: especialistas‖. https://acropolismultimedios.mx/se-deben-prevenir-
casos-de-alzheimer-en-mexico-especialistas/   

4. Bermúdez Rattoni Federico. Entrevista en ADN Sureste. ‖ ¿Mala memoria o falta de 
atención?‖.  https://www.adnsureste.info/mala-memoria-o-falta-de-atencion-1000-h/   

5. Bermúdez Rattoni Federico. Entrevista en AFMedios. ―En México, padecen Alzheimer 
800 mil personas; retos cognitivos una opción para retrasar aparición‖. 
https://www.afmedios.com/2019/09/en-mexico-padecen-alzheimer-800-mil-personas-
retos-cognitivos-una-opcion-para-retrasar-aparicion/ 

6. Bermúdez Rattoni Federico. Entrevista en Bajo Palabra. ―Epidemia de Alzheimer 
amenaza a México‖. https://bajopalabra.com.mx/epidemia-de-alzheimer-amenaza-a-
mexico 

7. Castro Obregón Susana. Entrevista en ADN Sureste. ―¿Se pueden crear nuevas 
neuronas?‖  http://adnsureste.info/se-pueden-crear-nuevas-neuronas-1600-h/ 

8. Escalante Alcalde Diana. Entrevista en Diálogos en Confianza, Canal Once. ―Avances en 
el uso y tratamiento con células madre‖.   
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9. Escalante Gonzalbo Ana María. Entrevista en Agencia EFE. ―México utiliza videojuegos 
para sanar a pacientes con daños neuronales‖. 

10. Escalante Gonzalbo Ana María. Entrevista en CCNews. ―UNAM crea videojuegos para 
rehabilitar a pacientes con daño cerebral‖. 
https://news.culturacolectiva.com/ciencia/unam-crea-videojuego-para-rehabilitar-a-
pacientes-con-dano-cerebral/   

11. Georgellis Dimitris y Álvarez F. Adri n. Entrevista en RT en español. ―Qué ―sienten‖ las 
bacterias y por qué es importante para acabar con la resistencia a los antibióticos‖. 
https://actualidad.rt.com/actualidad/330445-sienten-bacterias-importante-acabar-
resistencia-antibioticos. 

12. Hiriart Urdanivia Marcia. Entrevista en ADN 40. ―Día Internacional de la Mujer y la Niña 
en la Ciencia‖. 

13. Hernández Cruz Arturo. Reportaje en Factor Ciencia, Canal 11. "Células Madre‖. 
https://youtu.be/ns82zY9MT9w. 

14. Hern ndez Muñoz Rolando. Entrevista en 20 minutos. ―UNAM obtiene patente para 
proteger hígado en pacientes con VIH‖. 20minutos.com.mx/noticia/ 

15. Hern ndez Muñoz Rolando. Entrevista en CND Cadena Digital de Noticias. ―UNAM 
patenta medicamento para proteger hígado de personas con SIDA‖. 
https://www.cdnoticias.com.mx/articulos/unam-patenta-medicamento-proteger-higado-
personas-sida/portada   

16. López Colomé Ana María. Entrevista  en TV UNAM, Espacio académico AAPAUNAM 

TV. Cápsula de 5 minutos dirigida al público en general. 

17. Osorio Gómez Daniel. Entrevista en Radio Educación, programa Paisaje Interno con el 
tema memoria. Locutora Ana Leticia Vargas. 

18. Pasantes Ordóñez Herminia. Entrevista en Canal Once. ―El amor es como la materia‖. 22 
febrero 2019. 

19. Pasantes Ordóñez Herminia. Serie Hipócrates 2.0 coproducida por el Programa 
Universitario de Investigación en Salud y Radio UNAM. ―Neurociencias, la licenciatura en 
la UNAM‖. 

20. Pérez de la Mora Miguel. Entrevista en ADN 40. ―M s de 264 millones de personas en el 
mundo viven con ansiedad‖. 

21. Ramirez Graullera Yoas Saimon. Entrevista en ADN 40. ―UNAM desarrolla videojuegos 
para terapia virtual de rehabilitación‖.  https://www.adn40.mx/noticia/salud/nota/2019-03-
31-12-15/unam-desarrolla-videojuegos-para-terapia-virtual-de-rehabilitacion/   
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22. Recillas Targa Félix. Entrevista en ADN Sureste. ―Estudio del genoma del ajolote 
ayudar  en la lucha contra el c ncer‖. https://www.adnsureste.info/estudio-del-genoma-
del-ajolote-ayudara-en-la-lucha-contra-el-cancer-1100-h/   

23. Recillas Targa Félix. Entrevista en Creadores Universitarios, TV UNAM. ―Implicaciones 
de la modificación genética en humanos‖.   

24. Recillas Targa Félix. Entrevista en Data Noticias. ―El estudio del ajolote podría ser clave 
para ayudar a curar el c ncer‖. https://www.datanoticias.com/2019/08/24/el-estudio-del-
ajolote-podria-ser-clave-para-ayudar-a-curar-el-cancer/   

25. Romo Trujillo Ranulfo. Entrevista en 20 minutos. ―Ranulfo Romo: un científico que ha 
educado sus neuronas‖. https://www.20minutos.com.mx/noticia/503376/0/ranulfo-romo-
un-cientifico-que-ha-educado-sus-neuronas/ 

26. Rosenbaum Emir Tamara. Entrevista en ADN Sureste. ―Descifrando los mecanismos del 
dolor y otros transtornos‖. https://www.adnsureste.info/basicamente-ciencia-descifrando-
los-mecanismos-del-dolor-y-otros-trastornos-0900-h/   

27. Tapia Ibargüengoytia Ricardo. Entrevista en el canal 11, con Javier Solórzano. 

28. Tapia Ibargüengoytia Ricardo. Participación en la serie de televisión Observatorio 
Semanal de TV-UNAM, con el tema ―Modificación genética‖. 

29. Tapia Ibargüengoytia Ricardo. Entrevista en ADN 40 en el programa ―No hay lugar 
común‖. 

30. Velasco Velázquez Iván. Entrevista en América Retail. ―Neuromarketing: se pueden crear 
neuronas in vitro similares a las humanas‖. https://www.america-
retail.com/featured/neuromarketing-se-pueden-crear-neuronas-in-vitro-similares-a-las-
humanas/ 

 

Participaciones en Medios Impresos 
 

1. Aguilar Roblero Raúl. Entrevista en Periódico Reforma. 
https://www.playbuzz.com/gruporeforma/cambio-de-hora-un-debate-mexicano-y-mundial. 

2. Aguilar Roblero Raúl. Entrevista en El Heraldo de Tabasco. ―Horario de Verano, mame 
de los diputados‖. https://www.elheraldodetabasco.com.mx/analisis/horario-de-verano-
mame-de-los-diputados-3284149.html.   

3. Álvarez Adrián Fernando. Entrevista en Actualidad RT. 
https://actualidad.rt.com/actualidad/330445-sienten-bacterias-importante-acabar-
resistencia-antibioticos. 
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4. Álvarez Adrián Fernando. Entrevista en Excélsior. ―Comprendiendo cómo sienten las 
bacterias‖. https://www.excelsior.com.mx/nacional/comprendiendo-como-sienten-las-
bacterias/1327538.   

5. Bermúdez Rattoni Federico. Entrevista en DGCS. "Padecen alzhéimer unas 800 mil 
personas en México‖. Día Mundial del Alzheimer.  

6. Bermúdez Rattoni Federico. Entrevista en UNAM Global. ―¿Mala memoria o falta de 
atención? ―http://www.unamglobal.unam.mx/?p=69829.   

7. Bermúdez Rattoni Federico. Entrevista en El Universal. ―¿Por qué recuerdas tu primer 
beso? La ciencia te lo explica‖. https://www.tangible-eluniversal.com.mx/por-que-
recuerdas-tu-primer-beso-la-ciencia-te-lo-explica.  

8. Del Río Guerra Gabriel. Entrevista  en la revista Análisis jurídico, en torno al tema de la 
inteligencia artificial (análisis previo a las implicaciones normativas). 
https://www.youtube.com/watch?v=TS2P8WSzNw4&t=3s. 

9. López Colomé Ana María. Entrevista con Paco Zea. ―Cinco mexicanas que destacan en 
la ciencia‖. https://www.pacozea.com/cinco-mexicanas-que-destacan-en-la-ciencia.   

10. López Colomé Ana María. ―10 mexicanas científicas que con sus conocimientos han 
puesto al país en alto‖. htpps://www.sinembargo.mx/03-01-2019/3517715. 

11. López Huerta Violeta. Entrevista en Gaceta UNAM. ―Nuevas opciones para tratar males 
psiqui tricos‖. https://www.gaceta.unam.mx/tag/optogenetica/.   

12. Massieu Trigo Lourdes. Entrevistas en El Universal. "Hipoglucemia y muerte neuronal". 

13. Massieu Trigo Lourdes. Entrevista en Gaceta UNAM. "La glucosa, básica para el 
funcionamiento neurona".  

14. Pasantes Ordóñez Herminia. Entrevista en Colima noticias. ―Las mujeres tenemos en 
mayor porcentaje un cerebro creativo: Herminia Pasantes‖. 
http://www.colimanoticias.com/las-mujeres-tenemos-en-mayor-porcentaje-un-cerebro-
creativo-herminia-pasantes/.   

15. Peña Díaz Antonio. Entrevista en Una Mirada a la Ciencia, DGDC, UNAM. ―Las 
levaduras: ¿Cómo han servido a la humanidad?‖.  

16. Peña Díaz Antonio. Entrevista en El Universal. ―Cómo las levaduras benefician a la 
humanidad‖. https://www.eluniversal.com.mx/ciencia-y-salud/como-las-levaduras-
benefician-la-humanidad.   

17. Pérez de la Mora Miguel. Entrevista en Gaceta UNAM. ―La ansiedad ¿Amiga o 
Enemiga?‖. No.5036 ISSN 01885138 Pag.10. 
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18. Pérez de la Mora Miguel. Entrevista en Diario de Morelos. ―Trastorno de ansiedad‖. 
https://www.diariodemorelos.com/noticias/trastorno-de-ansiedad. 

19. Ramirez Graullera Yoas Saimon. Entrevista en Crónica. ―UNAM registra videojuegos 
para rehabilitar a personas con accidentes cerebrovasculares‖. 
http://www.cronica.com.mx/notas/2019/1113609.html. 

20. Recillas Targa Félix. Entrevista en el periódico Milenio. ―Avances genéticos que est n 
revolucionando a la ciencia‖. https://www.milenio.com/especiales/la-revolucion-genetica. 

21. Romo Trujillo Ranulfo. Entrevista en Gaceta UNAM. ―El amor y el cerebro‖. 
http://www.gaceta.unam.mx/el-amor-y-el-cerebro/. 

22. Rosenbaum Emir Tamara. Entrevista en La Crónica.  ―Los canales iónicos determinan 
como las células perciben y reaccionan a su entorno‖. 
https://www.cronica.com.mx/notas-
los_canales_ionicos_determinan_como_las__celulas_perciben_y_reaccionan_a_su_ent
orno_tamara_luti_rosenbaum_emir-1135603-2019.   

23. Rosenbaum Emir Tamara. Entrevista en Gaceta UNAM. "La emoción, respuesta 
fisiológica y aprendida". https://www.gaceta.unam.mx/la-emocion-respuesta-fisiologica-y-
aprendida/. 

24. Valdés Rodríguez Julián. Entrevista en El Heraldo de México. ―El cordón umbilical, ¿es 
un mito?‖.  https://heraldodemexico.com.mx/estados/el-cordon-umbilical-es-un-mito/.   

 

Otras actividades de Difusión o Divulgación 
 

1. Aguilar Roblero Raúl. Conferencia. "Llevando el ritmo de vida: Los relojes que gobiernan 
la vida". Ciclo: Los Domingos en la Ciencia. Academia Mexicana de Ciencias. 

2. Aguirre Linares Jesús. Charla. ―De toxicidad y regulación: El papel de especies reactivas 
de oxígeno en la diferenciación celular‖. Fiesta de las Ciencias y las Humanidades. 
Museo de las Ciencias Universum, UNAM.  

3. Álvarez Adrián Fernando. Conferencia. "Más de cinco sentidos: cómo sienten las 
bacterias por medio de su membrana celular." Fiesta de las Ciencias y las Humanidades. 
Museo de las Ciencias Universum, UNAM. 

4. Álvarez Adri n Fernando. Conferencia. ―¿Cómo sienten las bacterias?‖. Sitio UNAM 
global. http://www.unamglobal.unam.mx/?p=69576. 

5. Arciniega Castro Marcelino. Conferencia. ―Opsinas: Proteínas de la visión‖.  Museo de la 
Luz. 
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6. Castro Obregón Susana. Conferencia. ―Biología comparada para estudiar el 
envejecimiento‖. Humboldt Kolleg: ―El cosmos Mexicano de Humboldt‖. El Colegio 
Nacional. 

7. Castro Obregón Susana. Conferencia magistral. ―¿Cómo hacer ratones fluorescentes y 
para qué?‖ en el 6to curso teórico-práctico de Biología Molecular para profesores de 
bachillerato: regulación de la expresión génica 

8. Crespo Ramírez Minerva. Semana de la Ciencia y Tecnología dando unas platicas en el 
centro cultural COP,S.C  del 11 al 15 de marzo del 2019 con número de adscripción a la 
SEP 51-3309-561-Px-02 CCT.09PPR1951Y   

9. Escalante Alcalde Diana. Semana del Cerebro, IFC-UNAM. 

10. Fern ndez de Miguel Francisco. Conferencia magistral. ―¿Qué nos enseñan los murales 
prehisp nicos de nuestra percepción visual?‖  XXVII Congreso Nacional de la Sociedad 
Mexicana de Psicología, A.C.Universidad de Guadalajara. 

11. Funes Argüello Soledad. Charla. ¡Quiero ser científica! Centro Cultural España. 

12. Georgellis Dimitris, Álvarez Adri n Fernando. Conferencia. ―Cómo ―sienten‖ las 
bacterias‖. sección Campus–Ciencia, UNAM global. 
http://www.unamglobal.unam.mx/?p=69576. 

13. Gonz lez Manjarrez Alicia. Seminario. ―Cómo influyen nuestros genes en lo que 
comemos: en la salud y la enfermedad‖. 40 edición de la Feria Internacional del Libro del 
Palacio de Minería. 

14. González Manjarrez Alicia. Coordinadora del Programa de Divulgación de la Ciencia. En 
la 40 edición de la Feria Internacional del Libro del Palacio de Minería. 

15. González Pedrajo Bertha. Participación en el video de promoción del IFC. TV UNAM.  

16. Hiriart Urdanivia Marcia. Conferencia. "Lo amargo del Azúcar". Centro Regional de 
Cultura Chimalpahin, Chalco, Edo. de México. Programa de la Academia Mexicana de 
Ciencias "Domingo en las Ciencias". 

17. Lemus Sandoval Luis. Conferencia. ―Sensación y percepción: nada es lo que parece‖. 
Curso para profesores de bachillerato. 

18. Lemus Sandoval Luis. Conferencia. ―Alexa: ¿cómo reconoce el cerebro las palabras?‖. 
Facultad de Medicina, UNAM. 

19. López Huerta Violeta Gisselle. Panel. ―Mujeres en Ciencia e Investigación‖. Talent 
Woman. 

20. López Huerta Violeta Gisselle. Pl tica de divulgación. ―¿Se puede manipular el cerebro 
vía control remoto?‖. Semana del Cerebro, IFC-UNAM. 
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21. López Huerta Violeta Gisselle. Pl tica de divulgación. ―Cerebros a control remoto‖ 
Neurofest. Universum, UNAM. 

22. Luis Baltazar Enoch. Visita guiada a alumnos y profesores de la Escuela Nacional 
Preparatoria, durante la Tercera jornada académica de estudiantes de la ENP y el 
Instituto de Fisiología Celular de la UNAM. Semana del Cerebro. 

23. Mas Oliva Jaime. Participación en Infografía en el sitio Ciencia UNAM de la Dirección 
General de Divulgación de la Ciencia (DGDC). ―¿Cómo funciona el calcio en nuestro 
cuerpo?‖. http://ciencia.unam.mx/contenido/infografia/76/el-calcio-en-nuestro-cuerpo. 

24. Navarro González Rosa Estela. Charla. ¡Quiero ser científica! Centro Cultural España.  

25. Osorio Gómez Daniel. Charla. ―Desvelos Científicos: Inception‖. Noches de ciencia para 
adultos. Centro Cultural España. 

26. Pasantes Ordóñez Herminia. Conferencia inaugural. ―Las drogas y el cerebro‖. 
Diplomado en Política de Drogas, Salud y Derechos Humanos. Aguascalientes Auditorio 
CIDE. 

27. Pasantes Ordóñez Herminia. Conferencia. ―¿Qué pasa en nuestro cerebro cuando nos 
enamoramos?‖. IPN. 

28. Pasantes Ordóñez Herminia. Conferencia. ―Un viaje a tu cerebro‖. Museo de Ciencias 
Universum, UNAM. 

29. Pasantes Ordóñez Herminia. Conferencia. ―Cerebro y creatividad‖. Archivo Histórico del 
Municipio de Colima. 

30. Pasantes Ordóñez Herminia. Conferencia. ―Marihuana, cerebro y sociedad‖. Seminario 
de Cultura Mexicana, Corresponsalía Córdoba, Veracruz. 

31. Pasantes Ordóñez Herminia. Conferencia. ―El cerebro y los límites de la libertad‖. 
Escuela Nacional de Antropología e Historia. 

32. Pasantes Ordóñez Herminia. Conferencia. ―Dr. Ricardo Tapia: scientist, university 
profesor and my friend‖. Facultad de Química e Instituto de Fisiología Celular, UNAM. 

33. Pasantes Ordóñez Herminia. Conferencia. ―El cerebro y los límites de la libertad‖. 
Universidad Autónoma del Estado de México. 

34. Pasantes Ordóñez Herminia. Conferencia. ―Las funciones cerebrales y las adicciones‖. 
Universidad Pedagógica Nacional. 

35. Pasantes Ordóñez Herminia. Conferencia. ―El cerebro y los límites de la libertad‖. 
Auditorio del Centro de las Artes de la Universidad de Sonora. 
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36. Pasantes Ordóñez Herminia. Conferencia. ―El funcionamiento del cerebro humano‖. 
Universidad Etac, Aliat Universidades, Campus Coacalco. 

37. Pasantes Ordóñez Herminia. Conferencia. ―El amor y las neuronas espejo‖. Universidad 
Don Vasco, Uruapan Michoacán.  

38. Pasantes Ordóñez Herminia. ―Seminario de Política de Drogas‖. Universidad Autónoma 
de San Luis Potosí. 

39. Pasantes Ordóñez Herminia. Conferencia. ―De neuronas, emociones y motivaciones‖. 
Escuela Nacional Preparatoria, Secretaría de Difusión Cultural, San Ildefonso. 

40. Pasantes Ordóñez Herminia. Conferencia. ―Retos y perspectivas de las neurociencias‖. 
Auditorio del HGZ no. 7 del IMSS. 

41. Pasantes Ordóñez Herminia. Conferencia. ―Marihuana, cerebro y sociedad‖. Aula Magna 
Carlos Helguera. 

42. Pasantes Ordóñez Herminia. Conferencia. ―Retos y perspectivas de las Neurociencias‖. 
Museo del Ferrocarril, Empalme, Sonora.  

43. Pasantes Ordóñez Herminia. Conferencia. ―Creatividad y cerebro‖. Seminario de Cultura 
Mexicana, Corresponsalía La Paz, Baja California Sur. 

44. Pasantes Ordóñez Herminia. Conferencia. ―Mariguana, cerebro y sociedad‖. Universidad 
de Colima.  

45. Pasantes Ordóñez Herminia. Conferencia. ―Cerebro y creatividad‖. 4° festival de 
Neurociencias ¡Prende tu cerebro! (NEUROFEST). Foro de Química en Universum, 
UNAM. 

46. Pasantes Ordóñez Herminia. Conferencia. ―El cerebro y los límites de la libertad‖. 
Leamos la Ciencia para todos. Preparatoria 6 UNAM. 

47. Pasantes Ordóñez Herminia. Conferencia Magistral. ―El cerebro y los límites de la 
libertad‖. Instituto Nacional de Medicina Genómica, 5° encuentro estudiantil. 

48. Pasantes Ordóñez Herminia. Conferencia. "Cerebro y creatividad". Sociedad Mexicana 
de Dermatología. 

49. Pérez de la Mora Miguel. Conferencia. ―Transtorno de Ansiedad‖. Semana del Cerebro, 
IFC-UNAM. 

50. Pérez Martínez Xochitl. Conferencia. "Máquinas moleculares, luces y comunicaciones 
celulares". Jornada de conferencias y evento de puertas abiertas del IFC.   

51. Pérez Martínez Xochitl. Charla. ¡Quiero ser científica! Centro Cultural España. 
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52. Peña Segura Claudia. Taller. ―¡No todo es verde! Fotosíntesis bacteriana!‖ Desvelos 
científicos, noches de ciencia para adultos. Centro Cultural España. 

53. Ramirez Graullera Yoas Saimon. Conferencia. ―Desarrollo de videojuegos para la 
neurorehabilitación‖. Semana del Cerebro, IFC-UNAM.  

54. Ramiro Cortés Yazmín. Conferencia. ―Las espinas del cerebro de un ratón tipo autista‖. 
Semana del Cerebro, IFC-UNAM.    

55. Ramiro Cortés Yazmín. Charla. ¡Quiero ser científica! Centro Cultural España. 

56. Recillas Targa Félix. Participación en el Café Científico, Ciencia+Cultura. ―Edición 
genética en humanos: alcances y riesgos‖. Centro Cultural UNAM, Morelia. 

57. Romo Trujillo Ranulfo. Conferencia. ―¿Est s seguro que tu tomas tus decisiones?‖. San 
Luis Potosí. 

58. Romo Trujillo Ranulfo. Conferencia. ―El cerebro arquitecto de realidades‖. Universidad de 
Sonora. 

59. Sotres Francisco. Participación en el video de promoción del IFC. TV UNAM. 

60. Tapia Ibargüengoytia Ricardo. Conferencia. ―Las Neurociencias y las drogas: ¿por qué 
no deben estar prohibidas?‖. Charlas con premios nacionales en colaboración con 
consejo consultivo de ciencias. 

61. Tapia Ibargüengoytia Ricardo. Taller Somos cerebro. ―Neuroética: ¿Qué hacer con el 
conocimiento de las neurociencias?‖. Festival de la salud emocional.  

62. Tapia Ibargüengoytia Ricardo. Conferencia. Neuroética: ¿Qué hacer con el conocimiento 
de las neurociencias? Semana del Cerebro. 

63. Tecuapetla Aguilar Fatuel. Conferencia. ―Para iniciar acciones se requiere a los circuitos 
dopaminérgicos y a los del t lamo‖.  Evento De sinapsis, ensambles y sistemas 
dinámicos.  

64. Tovar y Romo Luis Bernardo. Conferencia. ―Participación de las vesículas extracelulares 
en el proceso de recuperación después del infarto cerebral isquémico‖. Evento De 
sinapsis, ensambles y sistemas dinámicos. 

65. Tuena de Gómez Marietta. Presentaciónes del libro del Dr. Gómez Puyou. "Conociendo 
las Moléculas de la Vida ´un viaje inesperado". IFC- UNAM. Museo Universum-UNAM y 
XXI Congreso de Bioenergética y Biomembranas, San Luis Potosí. 

66. Uribe Carvajal Salvador. Conferencia. ―Endosimbiosis y enfermedades por organismos 
intracelulares‖. Fiesta de las Ciencias y las Humanidades. Museo de las Ciencias 
Universum, UNAM.  
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67. Vaca Dominguez Luis Alfonso. Conferencia. ―Debates en torno al futuro de la educación, 
la ciencia y la tecnología en México‖. 40 Feria Internacional del Libro del Palacio de 
Minería. 

68. Velasco Loyden Nora Gabriela. Charla. ¡Quiero ser científica! Centro Cultural España. 

69. Velasco Velazquez Iv n. Conferencia. ―¿Cómo podemos producir neuronas de nuestro 
cerebro fuera del cuerpo?‖ Programa de Divulgación Científica "Domingos en la Ciencia" 
de la Academia Mexicana de Ciencias. Universidad Autónoma Metropolitana, campus 
Iztapalapa. 

70. Valdés Rodríguez Víctor Julián. Plática de divulgación. "Epigenética y Medio Ambiente". 
Preparatoria No. 6, UNAM. 

71. Valdés Rodríguez Juli n. Conferencia. ―Epigenética y memoria: en busca de las claves 
de la interacción entre genes y ambiente‖. Fiesta de las ciencias y las humanidades. 
Museo de las Ciencias Universum, UNAM. 

72. Valdés Rodríguez Juli n. Mesa Redonda. ―Ethics Dumping ¿El fin justifica los medios?‖. 
Jueves de Ciencia. Casa de Francia. IFAL CdMx. 
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PREMIOS Y DISTINCIONES 
 

1) Ayala Méndez Xóchitl Gabriela. Prórroga del Estímulo Especial ―Federico  Fern ndez 
Cancino‖. Universidad Nacional Autónoma de México. Consejo Técnico de la 
Investigación Científica. 15-Febrero- 2019. 

2) Bargas José. Mejor Servicio Social Gustavo Baz Prada. Alumno Yael Chavarría. UNAM. 
Facultad de Medicina. CdMx. 14-noviembre-2019. 

3) Lara González, Esther; Duhne, Mariana; Ávila Cascajares, Fátima; Cruz, Silvia; Bargas, 
José. Implementación de un nuevo bioensayo farmacologico in vitro utilizando 
imagenología de calcio. Premio de la cámara nacional de la industria farmacéutica. 
CdMx. 31-octubre-2019. 

4) Mas Oliva Jaime. Premio Universidad Nacional 2019. Área Ciencias Naturales. 
Universidad Nacional Autónoma de México. CdMx. 31-octubre-2019.  

5) Méndez Maldonado, Karla; Vega López, Guillermo; Caballero Chacón, Sara;. Aybar, 
Manuel J; Velasco, Iván. Tercer lugar de la categoría Investigación Básica por el trabajo: 
―Células Troncales embrionarias de ratón que expresan MSX1 y HES1 incrementan la 
diferenciación a derivados de cresta neural‖ en la XXXIV Reunión anual de Investigación 
del Instituto. Instituto Nacional de Neurología y Neurocirugía "Manuel Velasco Suárez". 
CdMx. 17-mayo-2019. 

6) Montiel Montes Teresa. Medalla ―Sor Juana Inés de la Cruz‖. Universidad Nacional 
Autónoma de México. CdMx. 8-marzo-2019.  

7) Pérez Martínez Xochitl. Medalla José Laguna García. Reconocimiento por sus 
contribuciones a la Bioenergética y a las Biomembranas, otorgado a científicos menores 
de 50 años de edad. Rama de Bioenergética y Biomembranas de la Sociedad Mexicana 
de Bioquímica. San Luis Potosí. 10-noviembre-2019. 

8) Pérez Martínez Xochitl. Apoyo económico otorgado a un grupo selecto de 15 científicos 
para asistir al EMBO Workshop on Protein Synthesis and Translational Control. EMBL 
Corporate Partnership Programme Fellowship. Alemania. 4-septiembre-2019. 

9) Romo Trujillo Ranulfo. Cátedra Hugo Aréchiga. El Colegio de Sinaloa. Culiacán, Sinaloa. 
11-marzo-2019. 

10) Romo Trujillo Ranulfo. Premio Crónica 2019 en Ciencia y Tecnología. Revista Crónica, 
CdMx. 

11) Sosa Garrocho Marcela. Renovación por tercera ocasión del Estímulo especial 
―Guillermo Massieu‖, obtenido por desempeño. 
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12) Tapia Ricardo. Symposium en honor de Ricardo Tapia ―Chemical transmission: the key 
to understanding brain function‖. Facultad de Química, Instituto de Fisiología Celular, 
UNAM. CdMx. 23-abril-2019. 

13) Tecuapetla Aguilar Fatuel. Cátedra de investigación para jóvenes científicos Moshinsky 
2019. Fundación Moshinsky. Instituto de Física. UNAM. CdMx. 21-noviembre- 2019. 
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FUENTES DE FINANCIAMIENTO 

 

Proyectos Financiados por DGAPA 
 

1. Aguilar Roblero Raúl. Proyecto: "Manejo del cloro en neuronas del Núcleo 
Supraquiasmático y su participación en el reloj circadiano". IN205917. 01/2017-12/2019. 
Monto: $ 260,000.  

2. Aguirre Linares Jesús. Proyecto: "La comunicación intracelular, intercelular e inter-reino 
en los hongos". IV200519. 01/2019-12/2019. Monto: $ 3, 479,004. 

3. Aguirre Linares Jesús. Proyecto: "Las especies de oxígeno reactivas como señales 
reguladoras del citoesqueleto de actina y la dinámica y comunicación entre organelos 
celulares en los hongos". IN200719. 01/2019-12/2019. Monto: $ 240,000. 

4. Álvarez Adrián Fernando. Proyecto: " Organización y función de microdominios 
membranales bacterianos". IN208718. 01/2018-12/2020. Monto: $ 240,000.  

5. Arciniega Castro Marcelino. Proyecto: "Identificación de rutas alostéricas en la proteína 
PyrR de Bacillus Halodurans emplenado simulaciones de dinámica molecular, teoría de 
gráficase e información mutua". IN213320. 01/2020-01/2021. Monto: $ 246,280. 

6. Bargas Díaz José. Proyecto: "Signos electrofisiológicos de la enfermedad de Parkinson 
en los Ganglios Basales: su posible uso como bioensayo farmacológico". IN201417. 
03/2017- 12/2019. Monto: $ 250,000. 

7. Bargas Díaz José. Proyecto: "Estudio de las discinesias inducidas por L-DOPA y de la 
modulación muscarínica de los canales de Ca2+ en las neuronas estriatales de roedor 
en un modelo Parkinsoniano". IN222920. 01/2020-12/2022. Monto: $ 260,000. 

8. Castro Obregón Susana. Proyecto: "Estudio de la autofagia nuclear como respuesta al 
daño al DNA y en la senescencia celular". IN206518. 01/2019-12/2019. Monto:                
$ 240,000.  

9. Chagoya de Sánchez Victoria. Proyecto: "Regulación de los genes mitocondriales 
durante la carcinogénesis en un modelo secuencial de cirrosis - carcinoma hepatocelular 
y el efecto del hepatoprotector IFC-305". IN214419. 01/2019-31/2019. Monto: $ 260,000. 

10. Coria Ortega Roberto. Proyecto: "Mecanismos moleculares de la participación de los 
reguladores de respuesta Ssk1 y Skn7 en el estrés de retículo endoplásmico en la 
levadura". IN210519. 01/2019-12/2019. Monto: $ 240,000.  

11. Del Río Guerra Gabriel. Proyecto: "Estudio del mecanismo de acción del péptido Iztli 1 
en levadura y células de mamifero". IN208817. 01/2017-12/2019. Monto: $ 140,000.  
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12. Dreyfus Georges. Proyecto: "Caracterización de nuevos componentes involucrados en la 
formación y funcionamiento de los flagelos 1 y 2 de Rhodobacter sphaeroides".              
IN 204317. 01/2017-12/2019. Monto: $ 260,000.  

13. Fern ndez De Miguel Francisco. Proyecto: ―Liberación de serotonina del cuerpo 
neuronal‖. IN210317. 01/2017-12/2019. Monto: $ 238,618.  

14. Funes María Soledad. Proyecto: "Estudio de la biogénesis mitocondrial en respuesta a 
cambios metabólicos y condiciones de estrés en Saccharomyces cerevisiae". IN207518. 
01/2018-12/2020.  Monto: $ 240,000.  

15. Furlan Magaril Mayra. Proyecto: "Dinámica de la arquitectura genómica y accesibilidad 
cromatínica durante la diferenciación y maduración eritroide". IN207319. 01/2019-
01/2021. Monto: $ 240,000.  

16. Galarraga Palacio Elvira. Proyecto: "Papel de la transmisión GABAérgica en el circuito de 
los Ganglios Basales y la excitabilidad neuronal‖. IN201517. 01/2017-12/2019. Monto:     
$ 250,000. 

17. Galarraga Palacio Elvira. Proyecto: "Comparación de las oscilaciones en el potencial de 
membrana en neuronas corticales y en neuronas intralaminares del tálamo". IN203020. 
02/2020-12/2022. Monto: $ 260,000. 

18. García Sáinz Jesús Adolfo. Proyecto: "Receptores acoplados a proteínas G". IN200718. 
01/2017-12/2020. Monto: $ 260,000. 

19. Georgellis Dimitrios. Proyecto: Control de la expresión génica microbiana por estímulos 
extracelulares". IN209918. 01/2018- 12/2020 Monto: $ 240,000.  

20. Gómora Martínez Juan Carlos. Proyecto: "Contribución diferencial del canal Nav1.6 y las 
subunidades beta de los canales Nav a las propiedades metastásicas del cáncer 
cervicouterino". IN206917. 01/2019-12/2019. Monto: $ 250,000.  

21. González Halphen Diego. Proyecto: "Estudios topológicos y estructurales de la ATP 
sintasa mitocondrial de un alga clorofícea". IN208917. 01/2017-12/2019. Monto:              
$ 250,000.  

22. González Manjarrez Alicia. Proyecto: "Diversificación e interrelación funcional de los 
parálogos leu4-leu9 y bat1-bat2: su influencia sobre la actividad del regulador codificado 
por leu3 en la levadura Saccharomyces cerevisiae". IN204018. 01/2018-12/2020. Monto: 
$ 240,000. 

23. González Pedrajo Bertha. Proyecto: "Estudio del reconocimiento de sustratos de 
secreción en el inyectisoma de Escherichia coli enteropatógena". IN209617. 01/2019-
12/2019. Monto: $ 240,000.  
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24. Guerra Crespo Magdalena. Proyecto: ―Estudio del desarrollo temprano de la enfermedad 
de Parkinson en un modelo in vitro de células troncales pluripotentes inducidas 
provenientes de un paciente con triplicación del gen de alfa-sinucleína". IN211419. 
01/2019-12/2021. Monto: $ 189,986.  

25. Hansberg Torres Wilhelm. Proyecto: "Diferenciación celular como respuesta a la tensión 
oxidante en Neurospora crassa". IN208717. 01/2017-12/2019. Monto: $ 240,000. 

26. Hansberg Torres Wilhelm. Proyecto: ―Los mecanismos de la diferenciación celular en la 
formación de las esporas asexuales de Neurospora crassa”. IN216920. 01/2020-
12/2022. Monto: $ 240,000. 

27. Hernández Cruz Arturo. Proyecto: "Estudios funcionales de cardiomiocitos humanos 
diferenciados de células pluripotentes inducidas de sujetos normales y pacientes con 
síndrome de Andersen-Tawil, una cardio-canalopatía del canal de potasio Kir2.1 que 
cursa con arritmia y muerte súbita". IG200119. 01/2019-12/2021. Monto: $ 200,000.  

28. Hernández Muñoz Rolando. Proyecto: "Caracterización de la participación de los 
eritrocitos en el metabolismo del nitrógeno en humanos y su posible involucramiento en 
la fisiopatología de enfermedades metabólicas como la diabetes tipo 2 y la cirrosis". 
IN203217. 02/2018-01/2019. Monto: $ 246,000. 

29. Hern ndez Muñoz Rolando. Proyecto: ―Toxicidad por la administración crónica de tres 
anti-retrovirales sobre el metabolismo hepático de glucosa y lípidos en la generación de 
esteatosis hep tica en ratas‖. IT200420. 11/2019-10/2020. Monto: $ 200,000. 

30. Hiriart Urdanivia Marcia. Proyecto: "La insulina, el receptor soluble de insulina y el factor 
de crecimiento neuronal como participantes del síndrome metabólico". IN208720. 
01/2020-12/2023. Monto: $ 210,000.  

31. Lemus Sandoval Luis. Proyecto: "Circuitos neuronales que representan sonidos 
complejos en monos Rhesus". IN207919. 01/2019-12/2021. Monto: $ 240,000. 

32. Licona Limón Paula. Proyecto: "Evaluación del papel de la cinasa PKA y de su inhibidor 
PKIB en el desarrollo y función de linajes linfoides productores de IL-9". IN209919. 
01/2019-12/2021. Monto: $ 260,000.  

33. López Colomé Ana María. Proyecto: "Regulación de la actividad de los "Receptores 
Activados por Proteasa (PARs)" por la calpaína en el epitelio pigmentado de la retina". 
IN205317. 12/2016-12/2019. Monto: $ 260,000. 

34. Macías Silva Marina. Proyecto: "Regulación de los cofactores transcripcionles Ski y 
SnoN en hepatocitos normales y transformados". IN208118. 01/2018- 12/2020. Monto:   
$ 240,000.  

35. Mas Oliva Jaime. Proyecto: "Proteína CETPI descrita originalmente por nuestro grupo en 
el IFC, como novedosa molécula marcadora en septicemia y choque séptico". IN206619. 
01/2019-12/2020. Monto: $ 240,000.  
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36. Massieu Trigo Lourdes. Proyecto: "Respuestas al estrés energético inducido por la 
privación de glucose en neuronas. Dinámica mitocondrial, mitofagia y función lisosomal y 
su modificación por el beta-hidroxibutirato". IN204919. 01/2019-12/2021. Monto:                
$ 240,000. 

37. Morales Lázaro Sara Luz. Proyecto: "Mecanismos moleculares que participan en la 
respuesta de dolor mediada por el canal TRPV1 y los receptores de estrógenos". 
IN206819. 01/2019-12/2019. Monto: $ 200,000. 

38. Morán Andrade Julio. Proyecto: "Mecanismos de muerte y diferenciación neuronal: papel 
de la señalización redox". IN212019. 01/2019-12/2021. Monto: $ 240,000.  

39. Navarro González Rosa. Proyecto: "El papel de los gránulos de RNA, las mitocondrias y 
la apoptosis en la gónada del C. elegans.". IN208918. 01/2019-12/2019. Monto:               
$ 190,000.  

40. Osorio Gómez Daniel. Proyecto: ―Evaluación por optogenética de la participación de la 
proyección amígdala-corteza insular en el establecimiento de la valencia de los 
estímulos‖. IA201420. 01/2020-12/2021. Monto: $ 190,000. 

41. Pasantes Ordóñez Herminia. Proyecto: Desarrollo de aplicaciones y dispositivos para 
apoyar las terapias de rehabilitación en pacientes con discapacidad neurológica‖. 
IT200318. 01/2019-12/2019. Monto: $ 211,124. 

42. Peraza Reyes Leonardo. Proyecto: "La comunicación intracelular, intercelular e ínter-
reinos en los hongos". IV200519. 01/2019-12/2021. Monto: $ 375,000.  

43. Pérez de la Mora Miguel. Proyecto: "Papel de la interacción entre los receptores para la 
oxitocina y los receptores dopaminérgicos D2 y a2 adrenérgicos en la modulación 
amigdalina de la ansiedad en la rata". IN205217. 01/2017-12/2019. Monto: $ 259,520.  

44. Pérez Martínez Xóchitl. Proyecto: "Estudio de los mecanismos de traducción en 
mitocondrias de Saccharomyces cerevisiae". IN209217. 01/2017-12/2019. Monto:            
$ 250,000.  

45. Ramiro Cortés Yazmín. Proyecto: ―Dinámica de la actividad neuronal de corteza visual 
primaria en respuesta a una tarea visual de sobre-especificidad en un modelo genético 
de autismo (ratones SHANK3)‖. IN207420. 01/2020-12/2022. Monto: $ 200,000. 

46. Recillas Targa Félix. Proyecto: "Participación de RNAs no-codificantes en la regulación 

diferencial de los genes -globina y en la formación de sub-dominios cromatínicos". 
IN203917. 01/2017-12/2019. Monto: $ 150,000.  

47. Recillas Targa Félix. Proyecto: "Organización tridimensional del genoma en la regulación 
transcripcional del gen Notch1 humano". IN203620. 10/2019-10/2022. Monto: $ 260,000. 
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48. Romo Trujillo Ranulfo. Proyecto: ―Decodificación de información de más de una 
modalidad sensorial en las poblaciones neuronales del lóbulo frontal durante la toma de 
decisiones‖. IN210819. 01/2019-12/2021. Monto: $ 260,000. 

49. Rosenbaum Emir Tamara. Proyecto: "Caracterización de regiones que sufren cambios 
conformacionales ante agonistas en el canal TRPV1 por ácido lisofosfatídico". IN200717. 
01/2017-12/2019. Monto: $ 250,000.  

50. Rosenbaum Emir Tamara. Proyecto: "Inhibición del canal iónico TRPV4 por compuestos 
broncodilatadores". IN200720. 01/2020-12/2022. Monto: $ 230,000.  

51. Sotres Bayón Francisco Xavier. Proyecto: "Mecanismos cerebrales que subyacen la 
obtención de una recompensa a pesar del peligro". IN214520. 01/2020-12/2022. Monto: 
$ 189,900. 

52. Sotres Bayón Francisco Xavier. Proyecto: "Contribución de la neurogénesis hipocampal 
al regreso del miedo condicionado después de la extinción". IN205417. 01/2017-12/2019. 
Monto: $ 270,000.  

53. Tapia Ibargüengoytia Ricardo. Proyecto: "Mecanismos de degeneración neuronal y de 
regeneración axonal". IN206719. 01/2019-12/2019. Monto: $ 260,000.  

54. Tecuapetla Aguilar Fatuel. Proyecto: "Monitoreo óptico de la actividad de los ganglios 
basales durante el inicio/selección de acciones in vivo por medio de microendoscopios, 
sensores de calcio y microscopia de dos fotones". IN226517. 01/2017-12/2019. Monto:    
$ 240,000.  

55. Torres Quiroz Francisco. Proyecto: "Modificaciones post-traduccionales en residuos de 
cisteína y su dinámica en Saccharomyces cerevisiae". IN209219. 01/2019-12/2021. 
Monto: $ 204,000.  

56. Tovar y Romo Luis Bernardo. Proyecto: "Estudio de las respuestas moleculares de los 
astrocitos en la isquemia cerebral". IN226617. 01/2017-12/2019. Monto: $ 260,000.  

57. Uribe Carvajal Salvador. Proyecto: "Metabolismo aerobio de la levadura y de Wolbachia 
sp". IN203018. 01/2018-12/2020. Monto: $ 200,000. 

58. Valdés Víctor Julián. Proyecto: "El papel del ciclo celular y el represor epigenético 
Polycomb en el establecimiento, mantenimiento y perdida de la memoria metabólica 
inducida por alta glucosa en células troncales embrionarias (mES)". IA202118. 01/2018-
12/2019. Monto: $ 200,000. 

59. Velasco Velázquez Iván. Proyecto: "La influencia de factores transcripcionales, factores 
de crecimiento y moléculas que guían el crecimiento axonal sobre neuronas 
diferenciadas de células troncales embrionarias". IN213719. 01/2019-12/2021. Monto:     
$ 255,000.  
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60. Velasco Torres Myrian. Proyecto: "Análisis funcional de los canales de potasio sensibles 
a ATP en el síndrome metabólico". IN210118. 01/2018-12/2019. Monto: $ 180,000.  

  

Proyectos Financiados por CONACyT 
 

1. Bargas Díaz José. Proyecto: "CONACyT Fronteras". "Estructura funcional de un 
microcircuito cortical". Fronteras-57. 17/2017-17/2019.  

2. Bermúdez Rattoni Federico. Proyecto: "Estudio de la consolidación, evocación y 
actualización de la memoria. Mecanismos Neurobiológicos y sus implicaciones en 
procesos neuropatológicos". Ciencia Básica 250870. 2016-2019. Monto: $ 1,500,000.  

3. Bermúdez Rattoni Federico. Proyecto: "La corteza insular como nuevo blanco para 
estudiar los mecanismos celulares de la formación y mantenimiento de las memorias 
adictivas". Fronteras de la Ciencia 474. 2015-2019. Monto: $ 4,000,000. 

4. Bermúdez Rattoni Federico. Proyecto: "Proyecto de Investigación en colaboración 
Franco-Mexicano". OBETEEN. 2016-2020. Monto: € 500,000. 

5. Castro Obregón Susana. Proyecto: "Probando la hipótesis de que en el envejecimiento 
fisiológico emergen nichos para el desarrollo de enfermedades crónicas". Fronteras 015-
2#921. 12/2016-10/2019. Monto: $ 3,000,000.  

6. Coria Ortega Roberto. Proyecto: "Papel de las proteínas G en la respuesta al estrés de 
retículo endoplásmico en levaduras". 254078. 07/2018-07/2019. Monto: $ 315,000.  

7. Dreyfus Cortés Georges. Proyecto: "Estudio sobre la regulación de la expresión del 
sistema flagelar 2 en Rhodobacter sphaeroides". 235996. 07/2015-02/2019. Monto:        
$ 430,000.  

8. Escalante Alcalde Diana. Proyecto: "La LPP3, una enzima reguladora de la actividad de 
lípidos bioactivos, como enzima fundamental para el desarrollo del sistema nervioso y en 
la neurogénesis adulta". CB-250613. 11/2016-10/2019. Monto: $ 560,000.  

9. Galarraga Palacio Elvira. Proyecto: "Caracterización funcional de la vía tálamo estriatal". 
251144. 08/2017-07/2020. Monto: $ 450,000. 

10. García Sáinz Jesús Adolfo. Proyecto: "Regulación de la función de receptores acoplados 
a proteínas G". 253156. 07/2017-06/2019. Monto: $ 500,000. 

11. Gómora Martínez Juan Carlos. Proyecto: "Bases moleculares y funcionales en la 
modulación de canales de calcio tipo T de humano por compuestos estructuralmente 
diversos". A1-S-19171. 09/2019-09/2022. Monto: $ 666,000. 



 
 
 

143  INFORME DE LABORES 2019 

12. González Halphen Diego. Proyecto: "Hacia la cristalización de una atp sintasa 
mitocondrial dimérica: efectos de un detergente de nueva generación derivado del lauril-
maltósido". 279125. 01/2017-12/2020. Monto: $ 20,000. 

13. González Pedrajo Bertha. Proyecto: "Regulación de la secreción de proteínas a través 
del inyectisoma de Escherichia coli enteropatógena: estudio del reconocimiento y 
jerarquización de sustratos". 284081. 06/2018-06/2021. Monto: $ 666,000.  

14. Guerra Crespo Magdalena. Proyecto: "Desarrollo de una nueva estrategia de 
diferenciación de células troncales pluripotentes humanas trasplantadas en un modelo 
de enfermedad de Parkinson".  A1-S-10064. 10/2019-09/2021. Monto: $ 858,387. 

15. Hernández Cruz Arturo. Proyecto: "Laboratorio Nacional de Canalopatias consolidacion 
III". 299051. 05/2019-11/2019. Monto: $ 1,500,000.  

16. Lemus Luis. Proyecto: "Procesamiento de información rio-arriba y rio-abajo en el circuito 
audiomotor durante el seguimiento del ritmo de un metrónomo en primates humanos y 
no-humanos". Fronteras de la Ciencia 196. 06/2015-06/2019. Monto: $ 800,000. 

17. Lemus Luis. Proyecto: "Codificación Neuronal de Objetos Auditivos". 256767. 01/2016-
01/2019. Monto: $ 498,700. 

18. Licona Limón Paula. Proyecto: "Mecanismos moleculares en el control de la 

diferenciación de los linajes linfoides: regulación por la citocina TGF- y la cinasa PKA". 
255287. 07/2016-07/2019. Monto: $ 685,000.  

19. López Casillas Fernando. Proyecto: "Análisis genético reverso (CRISPR-Cas9) de la 
función del Betaglicano en el desarrollo embrionario del pez cebra". 254046. 01/2019-
02/2020. Monto: $ 500,000.  

20. López Colomé Ana María. Proyecto: "La trombina como agente inductor de gliosis en la 
retina". 254333. 10/2016-10/2019. Monto: $ 1,370,000. 

21. Luis Baltazar Enoch. Proyecto: "El cancer como canalopatia: identificación y 
caracterización de nuevos compuestos con efecto modulador sobre canales oncogénicos 
de K+". A1-S-13646. 01/2019-01/2020. Monto: $ 376,308. 

22. Mas Oliva Jaime. Proyecto: "Estudio de correlación estructura/función de CETPI como 
una nueva proteína de unión a lipopolisacáridos bacterianos". 255778. 06/2016-07/2019. 
Monto: $ 660,000. 

23. Massieu Trigo Lourdes. Proyecto: "Pérdida de la proteostasis por la privación y 
reintroducción de glucosa en neuronas, su papel en la muerte neuronal y su posible 

restablecimiento por acción del -hidroxibutirato". CB A-1S-17357. 11/2019-11/2020. 
Monto: $ 507,333. 
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24. Morán Andrade Julio. Proyecto: "Señalización redox en el desarrollo neuronal: papel en 
la muerte neuronal y el crecimiento axonal". 285184. 06/2018-06/2021. Monto:                
$ 1,800,000.  

25. Navarro González Rosa. Proyecto: "Mecanismos de regulación de la respuesta al estrés 
de las células germinales del nematodo Caenorhabditis elegans". 220987. 03/2015-
06/2019. Monto: $ 500,000.  

26. Peña Díaz Antonio. Proyecto: "Efectos de agentes catiónicos, sal y pH sobre 
Saccharomyces cerevisiae y Debaryomyces hansenii. Cultivo de metabolismo y 
bioenergética de Wolbachia pipientis" 238497. 07/2016-09/2019. Monto: $ 600,000.  

27. Peraza Reyes Leonardo. Proyecto: "Crosstalk between peroxisomes, endoplasmic 
reticulum, and endosomes during polar growth and development in fungi". 277869. 
03/2018-02/2021. Monto: $ 803,000. 

28. Pérez Martínez Xochitl. Proyecto: "Estudio de los mecanismos de acoplamiento entre la 
síntesis de proteínas mitocondrial y citosólica". 284514. 02/2018-02/2020. Monto:            
$ 908,000.  

29. Pérez Montfort Ruy. Proyecto: "Estudios en enfermedades humanas de la triosafosfato 
isomerasa". 254694. 10/2016-02/2020. Monto: $ 500,000.  

30. Ramiro Cortés Yazmín. Proyecto: "Plasticidad sináptica y estructural en un modelo de 
autismo". 254878. 09/2016-08/2019. Monto: $ 412,500.  

31. Recillas Targa Félix. Proyecto: "La organización tridimensional de genoma en la 
regulación de la expresión génica". Fronteras de la Ciencia 2015-290. 01/2017-12/2019. 
Monto: $ 2,000,000.  

32. Recillas Targa Félix. Proyecto: "Papel del factor nuclear CTCF y RNAs no-codificantes 
en la regulación de la expresión génica y la estructura de la cromatina". 220503. 
03/2017-02/2018. Monto: $ 500,000. 

33. Recillas Targa Félix. Proyecto: "Regulación epigenética y transcripcional de dos RNAs 
largos no codificantes divergentes en líneas de cáncer de mama". CONACyT Básica A1-
S-11844. 09/2018-08/2021. Monto: $ 1,900,000.  

34. Rosenbaum Emir Tamara. Proyecto: ―Regulación del canal TRPV4 por fosfolípidos ".  
A1-S-8760. 01/2019-01/2021.   

35. Sotres Bayón Francisco. Proyecto: "Previniendo el regreso del miedo: contribución de la 
neurogénesis hipocampal". 2463. 05/2018-05/2020. Monto: $ 1,500,00. 

36. Tapia Ibargüengoytia Ricardo. Proyecto: "Mecanismos celulares de la degeneración y 
regeneración neuronal". A1-S-12135. 09/2019-08/2020. Monto: $ 560,000.  
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37. Tecuapetla Aguilar Fatuel. Proyecto: "Optogenética: visualización y evaluación de los 
subcircuitos del control motor in vivo". Fronteras de la Ciencia 2022. 10/2017-10/2019. 
Monto: $ 200,000.  

38. Torres Larios Alfredo. Proyecto: "Estudios estructurales sobre complejos 
ribonucleoproteicos". CB2015-253323. 06/2016-06/2019. Monto: $ 800,000.  

39. Tovar y Romo Luis Bernardo. Proyecto: "Regulación trófica de la viabilidad neuronal; 
mecanismos endógenos de recuperación después del infarto cerebral isquémico". A1-S-
13219. 10/2019-10/2022. Monto: $ 500,000. 

40. Valdés Víctor Julián. Proyecto: "Papel de la epigenética en circuitos neuronales 
involucrados en conducta de Caenorhabditis elegans". 284867. 01/2018-12/2020. Monto: 
$ 500,000.  

41. Velasco Velázquez Iván. Proyecto: "Diferenciación de células troncales pluripotenciales 
humanas a neuronas dopaminérgicas para generar modelos celulares de la enfermedad 
de parkinson y realizar estudios pre-clínicos de trasplante". 272815. 12/2016-05/2020. 
Monto: $ 3,000,000.  

42. Velasco Velázquez Iván. Proyecto: "Diferenciación dopaminérgica de células troncales: 
estudios de crecimiento axonal y superviviencia en ratas que modelan la enfermedad de 
Parkinson". CB15-256092. 07/2016-06/2019. Monto: $ 1,500,000.  

43. Velasco Velázquez Iván. Proyecto: "Estudios de secuenciación masiva y proteómica para 
la identificación de reguladores moleculares de la regeneración posterior al daño en la 
médula espinal del ajolote. Convocatoria bilateral CONACyT-Tubitak (Turquía) del Fondo 
CONACyT-Secretaría de Relaciones Exteriores". 265793. 12/2017-04/2020. Monto:          
$ 1,735,000. 

44. Velasco Velázquez Iván. Proyecto: "Liberación de factores quimioatrayentes para axones 
dopaminérgicos humanos por nanoesferas vacías de dióxido de Titanio". UC-MEXUS CN 
19-163. 07/2019-12/2020. Monto: 25,000 USD. 
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Proyectos Financiados por Otras Empresas de Gobierno 
Federal y Local 
  

1. Castro Obregón Susana. Proyecto: ―Investigación sobre el potencial papel terapéutico de 
inducir la autofagia con una combinación de ayuno intermitente, dieta cetogénica e 
ingesta de trehalosa para aminorar síntomas relacionados al envejecimiento". INGER-DI-
CRECITES-008-2018. 11/2018-10/2019. Monto: $ 1,292,760.  

2. Mas Oliva Jaime. Proyecto: "Secretaría de Desarrollo Institucional (UNAM). 
Supercómputo (MIZTLI)". LANCAD-UNAM-DGTIC-352. 02/2019-12/2019. Monto:              
$ 153,000.  

3. Massieu Trigo Lourdes. Proyecto: "Potencial papel terapéutico de inducir la autofagia con 
una combinación de ayuno intermitente, dieta cetogénica e ingesta de trehalosa para 
aminorar síntomas relacionados al envejecimiento fisiológico y la enfermedad de 
Alzheimer. Resp. S. Castro". INGER-DI-CRECITES-008-2018. 11/2018-11/2019. Monto: 
$ 1,292 760. 

4. Rosenbaum Emir Tamara. Proyecto: "Potenciales blancos terapéuticos para evitar la 
progresión de daño renal en la enfermedad poliquística del adulto". 9625c19. 01/2020-
12/2020. Monto: $ 1,000,000. 

5. Salceda Sacanelles Rocío. Proyecto: "Red Colaborativa de Investigación Traslacional 
para el Envejecimiento Saludable de la Ciudad de México". INGER-DI-CRECITES-006-
2018. 10-2018/10-2019. Monto: $ 375,000. 

 

Proyectos Financiados por Organismos y Empresas 
Nacionales 
 

1. Chagoya de Sánchez Victoria. Proyecto: "Vela Advisor SA". CIE 1407279. 01/2019-
12/2019. Monto: $ 1,500,000. 

2. Mas Oliva Jaime. Proyecto: "Estímulo a la Investigación Médica, Miguel Alem n Valdés‖. 
01/2019-12/2019. Monto: $ 100,000. 

3. Recillas Targa Félix. Proyecto: "Estímulo a la Investigación Médica, Miguel Alemán 
Valdés‖. 12/2018-12/2019. Monto: $ 100,000. 

4. Valdés Rodriguez Víctor Julián. Proyecto: "Premio Ruben Lisker 2018". 4ta edición. 
11/2018-11/2020. Monto: $ 1,000,000. 
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Proyectos Financiados por Organismos y Empresas 
Internacionales 
 

1. Bermúdez Rattoni Federico. Proyecto: "Transcriptional signatures of cognitive decline in 
an Alzheimer´s disease model". The Royal Society. 07/2017-07/2019. Monto: £11,953.  

2. Del Río Guerra Gabriel. Proyecto: "Alexander von Humboldt foundation. Study of 
anastasis in yeast‖. 06/2019-12/2019. Monto: $ 400,000.  

3. Fernández De Miguel Francisco. Proyecto: "Human Frontiers Science Program". 
RGP0060/2019. 07/2019-06/2021. Monto: 110,000 USD. 

4. Fernández De Miguel Francisco. Proyecto: "Society for Neuroscience". 2019-3276. 
08/2019. Monto: 70,000 USD. 

5. Licona Limón Paula. Proyecto: "Unión Iberoamericana de Universidades. Second 
Research Collaboration Fund 2019.". USP-05-2019. 09/2019-08/2020. Monto: 2,000 
USD. 

6. Tovar y Romo Luis Bernardo. Proyecto: "Committee for Aid and Education in 
Neurochemistry - International Society for Neurochemistry". Cat 1B. 10/2019-09/2020. 
Monto: 4,500 USD. 
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CONVENIOS E INTERCAMBIOS 

 

Convenios Suscritos por Personal del IFC 
 

1. Bermúdez Rattoni Federico. Efectuado con: Francia (ANR)-México (CONACyT). 
Proyecto: Evaluación de daños cognitivos en animales jóvenes sometidos a dietas 
hipercalóricas. De investigación. Fecha: 2016-2020. Financiado por: CONACyT. Monto:  
€ 500,000. 

2. Gómora Martínez Juan Carlos. Efectuado con: Dr. Sebastien Roger. Proyecto: 
Pharmacological and nutritional targeting of voltage-gated sodium channels in the 
treatment of epithelial cancers. Fecha: 09/2017-08/2019. Financiado por: Le Studium 
Research Consortium.  

3. Hernández Cruz Arturo. Efectuado con: Centro Universitario de Investigaciones 
Biomédicas de la Universidad de Colima. Proyecto: Laboratorio Nacional de 
Canalopatías (consolidación III), Participación como Unidad Asociada. De investigación. 
Fecha: 06/2019-12/2019.  Financiado por: CONACyT. Monto: $ 1,500,000. 

4. Hernández Cruz Arturo. Efectuado con: Instituto de Ciencias del Mar y Limnologia, 
UNAM. Proyecto: Laboratorio Nacional de Canalopatías (Consolidación III). Participación 
como Unidad Asociada de Investigación. Fecha: 06/2019-11/2019. Financiado por: 
CONACyT. Monto: $ 1,500,000. 

5. Hernández Cruz Arturo. Efectuado con: CINVESTAV Unidad Monterrey. Proyecto: 
Laboratorio Nacional de Canalopatías (Consolidación III). Participación como Unidad 
Asociada. De investigación. 06/2019-11/2019. Financiado por: CONACyT. Monto:            
$ 1,500,000. 

6. Hernández Cruz Arturo. Efectuado con: Facultad de Química/Unidad de Investigación 
Preclínica. Proyecto: para llevar a cabo de manera conjunta actividades en materia de 
investigación, desarrollo tecnológico, estancias de investigación, proyectos científicos, 
formación y capacitación de recursos humanos. De investigación. Fecha: 08/2018- 
08/2022.  

7. López Colomé Ana María. Efectuado con: Dr. Luis Fernando Hernández Zimbrón. 
Proyecto: Desarrollo y aplicación de materiales avanzados en la producción de Bio-
Membranas artificiales funcionales para su uso en medicina traslacional: DMRE 
(MEMBRANAS V1 090818).  Financiado por: Asociación para evitar la ceguera en 
México, IAP. 

8. Rossi Pool Román. Efectuado con: Dr. Nestor Parga Carballeda. Proyecto: Performance, 
behavioral biases and confidence in the two-interval forced-choice paradigm. De 
investigación. Fecha: 10/2018-10/2021. Financiado por: ANPCYT - Madrid, España. 
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9. Tovar y Romo Luis Bernardo. Efectuado con: Dr. Nigel H Greig. Proyecto: Single cell 
transcriptomics of microglial responses to traumatic brain injury.  De investigación. 
Fecha: 07/2019-09/2019.  

10. Velasco Velázquez Iván. Efectuado con: Instituto Nacional de Neurología y Neurocirugía 
"Manuel Velasco Suárez" (INNN-MVS). Proyecto: Convenio para continuar con el 
funcionamiento del Laboratorio de Reprogramación Celular del Instituto de Fisiología 
Celular-UNAM en el INNN-MVS. Convenio con número de registro 48955-1771-25-VII-
17.  11/2017-11-2020.  
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UNIDADES DE SERVICIO 

 

Unidad de Biología Molecular 
                                                                                                                                    

 
 
Responsable:  
Laura María Ongay Larios, Dra.    Técnico Académico Titular C. PRIDE D. SNI I.  

María Guadalupe Códiz Huerta, Biól.   Técnico Académico Titular B. PRIDE C.  
Dolores Minerva Mora Cabrera, M. en C.   Técnico Académico Titular B. PRIDE C. 
 
En esta unidad se ofrecieron los siguientes servicios técnicos: 

 Síntesis de oligonucleótidos.                                           

 Secuenciación capilar automatizada. 

 Tipificación de fragmentos por electroforesis capilar. 

 Secuenciación masiva (NGS).  

 Purificación de DNA.         

 Clonación de DNA.    

 Analizadores de muestras marcadas con radioactividad, quimioluminiscencia o 
quimiofluorescencia. 

 PCR en tiempo real. 

 Analizador de imágenes. 

 Electroforesis en campo ortogonal.  

 Termocicladores.  

 Citómetro de flujo. 

 Espectrofotómetro 

 Banco de plásmidos y cepas bacterianas.  
 
Durante 2019 se sintetizaron 897 oligonucleótidos con un total de 24,542 bases (usuarios 
internos 613 oligonucleótidos (16,089 bases), usuarios externos 244 oligonucleótidos (17,809 
bases), usuarios externos 284 oligonucleótidos (6,733 bases). Algunos oligonucleótidos fueron 
purificados por PAGE. El servicio fue utilizado por 28 grupos de investigación del instituto, 6 
dependencias de la UNAM y 11 fuera de la UNAM. También se secuenciaron plásmidos, 
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cósmidos, productos de PCR, se realizaron 2,101 secuencias (servicio interno 1,307 
reacciones, servicio externo 794). Se realizó la electroforesis de 273 reacciones listas para 
correr (servicio interno 20 reacciones, externo 253). El servicio de secuenciación fue utilizado 
por 26 grupos de investigación del instituto, 7 por dependencias de la UNAM y 14 de fuera de 
la UNAM.  En este año se corrieron 16 análisis de fragmentos para análisis de Fragile X.  Se 
purificaron 26 productos de PCR, el servicio fue usado por 2 grupos de investigación fuera de 
la UNAM.  En 2019 se realizaron 208 ―scans‖, este servicio fue utilizado por 5 grupos de 
investigación de este Instituto.  Se llevaron a cabo 338 corridas de PCR en tiempo real. El 
92% fueron realizadas por 16 grupos de investigación del IFC, y el 8% por 4 grupos de 
investigadores de otras dependencias de la UNAM y uno externo.  El Analizador de imágenes 
fue utilizado 530 veces por 25 grupos de investigación de este Instituto.  En los 
Termocicladores el servicio fue utilizado por 18 grupos de investigación del IFC.  En el 
Citómetro de flujo se hicieron un total de 91 corridas de citrometría y el servicio fue utilizado 
por 10 grupos de investigación del IFC. Los equipos de Espectrofotómetro fueron utilizados 
1,054 veces por grupos de investigación del IFC y 1 de una dependencia de la UNAM. Los 
bancos de plásmidos  y cepas bacterianas de uso común en técnicas de Biología Molecular se 
han mantenido y actualizado.  
 
Asesoría y apoyo técnico. La unidad proporcionó asesoría y entrenamiento a estudiantes, 
técnicos e investigadores en diferentes técnicas de Biología Molecular como purificación de 
DNA mitocondrial y nuclear, purificación de plásmidos, productos de PCR, amplificación de 
secuencias de DNA y RNA mediante las técnicas de PCR y RT-PCR, clonación de DNA en 
sistemas bacterianos, análisis de DNA recombinante, análisis de patrones de restricción, 
electroforesis en geles de agarosa y acrilamida, electroforesis en campo ortogonal, 
hibridaciones tipo Southern, ―Dot Blot‖ y Northern, marcaje de sondas, an lisis de 
oligonucleótidos en geles de acrilamida, purificación de RNA total y mensajero. Así como 
asesoría y entrenamiento en secuenciación capilar automatizada de DNA y secuenciación de 
siguiente generación (NGS). En 2019 la Unidad recibió 32 agradecimientos; tanto para la 
unidad como individuales, 17 agradecimientos en 8 artículos internacionales y 24 en tesis (2 
de licenciatura, 8 de maestría y 14 de doctorado). Así como 1 publicación en 1 artículo 
internacional. Se impartieron 8 cursos en la UNAM y se asistió a diversas reuniones 
académicas. 
 
Comisión de la Unidad de Biología Molecular: 
 
Dra. Mayra Furlan Magaril 
Biól. Gustavo Sánchez Chávez 
Dra. Laura Ongay 
Dr. Luis Tovar y Romo 
Secretaria Ejecutiva: Dra. Susana Castro 
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Unidad de Cómputo 
 

              
 
Responsable:  
José Gerardo Coello Coutiño, Biól. Técnico Académico Titular C. PRIDE D. 
Ana María Escalante Gonzalbo, M. en C.  Técnico Académico Titular C. PRIDE D. 
 
Juan Manuel Barbosa Castillo, Ing.   Técnico Académico Titular A. PRIDE C.  
Francisco Pérez Eugenio, Lic.     Técnico Académico Titular A. PRIDE D. 
Ivett Rosas Arciniega, Ing.     Técnico Académico, Asociado C. PRIDE B. 
Pablo Rangel Silva, Méd. Cir.     Técnico Académico Titular A. PRIDE B. 
Yoas Saimon Ramírez Graullera, Lic.   Técnico Académico, Asociado C. PRIDE B. 
 
La unidad de Cómputo es responsable del mantenimiento, implementación y desarrollo de 
todos los recursos de cómputo generales del IFC.  Esto incluye mantenimiento de servidores, 
comunicaciones, videoconferencia, páginas de internet, herramientas de bioinformática 
mantenimiento y actualización de equipos, así como el soporte técnico a los miembros de la 
comunidad.  Así mismo da asesoría a los usuarios del instituto y a externos, imparten cursos y 
preparan personal en el área, quienes realizan su servicio social y sus tesis. También se 
administra el servicio de videoconferencia. 
 
En 2019 se supervisó y se llevaron a cabo trabajos de canalización, cableado e instalación de 
equipos de comunicación de la nueva red de datos del Instituto. Se configuraron los equipos 
de comunicación y se instalaron en cada uno de los 14 closets de datos para la nueva red. Se 
instaló el nuevo firewall de red, se configuraron las reglas de acceso y migración de las reglas 
de otros 2 firewall que funcionaban con la antigua red. Se realizó la migración de todas las 
cuentas de correo electrónico del IFC del servidor Zimbra a una cuenta institucional de Gmail. 
Se administró, actualizó y monitoreó de los más de 30 servidores de red que hay en el 
Instituto. También se llevó a cabo el mantenimiento correctivo de varios equipos del IFC. 
También se apoyó en la transmisión por streaming, grabación y almacenamiento de cursos y 
seminarios dictados por videoconferencia. Se brindó apoyo de videoconferencia para la 
impartición de 8 cursos de posgrado con Institutos de la UNAM y para la realización de 142 
exámenes tutorales, 24 de grado y 16 candidaturas. Se llevaron a cabo enlaces de 
videoconferencia para la transmisión de más de 65 seminarios institucionales. Se realizaron 
40 enlaces de videoconferencias para reuniones de trabajo, comisiones dictaminadoras y 
juntas de diversa índole. Se actualizó el programa del Informe de labores del IFC. Se 
impartieron 3 cursos de Licenciatura en la Facultad de Ingeniería. La Unidad recibió 4 
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agradecimientos en artículos internacionales, 1 agradecimiento en tesis de licenciatura, 1 de 
maestría y 5 de doctorado. Se brindó apoyo logístico al Laboratorio de Neuro-Rehabilitación 
que participó en diversas actividades académicas. 
 
 
 
Comisión de la Unidad de Cómputo: 
Dr. Luis Lemus Sandoval 
M.I. Manuel Tonatiuh Figueroa Vanegas 
Dra. Xóchitl Pérez Martínez 
Dr. Marcelino Arciniega 
Biól. Gerardo Coello 
Secretario Ejecutivo: Dr. Diego González Halphen 
 
 
 
 
 

 

Imagenes de la Nueva Red de Computo del IFC 
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Unidad de Imagenología 
 

                     
 
Responsable:  
Ruth Rincón Heredia, Dra.  Técnico Académico Asociado C. PRIDE B. SNI I 

Rodolfo Paredes Díaz, Méd. Cir.    Técnico Académico Titular A. PRIDE C. 
Abraham Rosas Arellano, Dr.     Técnico Académico Titular B. SNI I. 
Nicolás Jimenez Pérez, Dr.    Técnico Académico Titular B. PRIDE C. 
 
Página de internet:  
https://sites.google.com/email.ifc.unam.mx/imagenologa-ifcunam/p%C3%A1gina-principal 
 

La unidad provee el acceso a tecnología de punta, en el área de microscopia a estudiantes e 
investigadores del Instituto de Fisiología Celular y otras dependencias de la UNAM, e 
instituciones externas, así como a la industria.  De manera general la Unidad de Imagenología 
se divide en dos grandes ramas de la microscopia: 1) la microscopía fotónica y 2) la 
microscopía electrónica.  Es también función de la unidad apoyar la divulgación de las 
investigaciones que se llevan a cabo en el Instituto, por medio de la participación en 
congresos especializados en el área y en recibir visitas guiadas de estudiantes de nivel 
superior. 
 
Actividades realizadas en 2019:  

 En el área de microscopía electrónica de barrido y transmisión se procesaron un total 
de 77 muestras epon, 12 muestras para tinción negativa y 3 muestras para inmunogold, 
para diferentes grupos de investigación del Instituto. Se atendieron un total de 176 
horas en el Microscopio Electrónico de Transmisión. 

 La microscopía electrónica de barrido se atendieron un total de 20 usuarios, también se 
procesaron 2 muestras recubiertas de oro. El personal también participó en 3 
publicaciones científicas internacionales. El trabajo de la unidad fue reconocido con 
agradecimientos en 12 publicaciones científicas, en 2 agradecimientos en tesis de 
licenciatura, 16 de maestría y 6 de doctorado. También se recibieron 2 visitas guiadas.  
 

Comisión de la Unidad de Microscopía (Imagenología): 
  
Dr. Luis Vaca Domínguez  
Dra. Yazmín Ramiro Coirtés        
Dra. Ruth Rincón Heredia      
Dr. Miguel Tapia (externo, Biomédicas) 
Secretaria Ejecutiva: Dra. Diana Escalante 
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Laboratorio Nacional De Canalopatías 
 

 

 
 
 
 
 
 
 

Responsable:  
Arturo Hernández Cruz, Dr.     Investigador Titular C. PRIDE D. SNI III.  
Arturo Picones Medina, Dr.  Técnico Académico Titular A. PRIDE B. 
Enoch Luis Baltazar, Dr.      Catedrático CONACyT. 
Arlet del Carmen Loza Huerta, Dra.    Técnico Especializado por honorarios.Cand. SNI. 
César Oliver Lara Figueroa, Fís.     Técnico Especializado por honorarios. 

 

En el Laboratorio Nacional de Canalopatías (LaNCa) se brindan servicios de citometría de 
flujo, fluorometría, electrofisiología e imagenología automatizada, a grupos de investigación 
del Instituto, así como de la UNAM y fuera de ella y también a sus instituciones asociadas.  
 
Cuenta con equipamiento automatizado para ensayos electrofisiológicos y fluorométricos y de 
citometría de flujo rápidos y de alto rendimiento, así como el registro electrofisiológico 
tradicional (manual), que sigue siendo el ―gold est ndar‖ para validar resultados.   
 
Durante el año 2019 el LaNCa participó en 3 actividades de difusión y divulgación, participó en 
2 reuniones académicas nacionales y 2 internacionales; así como en congresos nacionales e 
internacionales. Se publicaron 5 artículos internacionales en revistas indizadas. También 
recibieron 2 agradecimientos en publicaciones internacionales.  Se graduaron 3 estudiantes 
de licenciatura. Se dictaron 6 cursos de licenciatura y se participó en 6 actividades de apoyo a 
la docencia.  
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Coordinación de Difusión Y Divulgación  
 

                                                 
 
Responsable: 
Luz Lazos, Dra.                                        Técnico Académico Titular B. PRIDE B. 
Ana Cecilia Rosen Ferlini, Dra.              Técnico Académico Titular B. PRIDE B. Cad. SNI. 
Felipe Zenil Ongay, M. en C.                     Técnico Especializado por honorarios. 
 

En esta Coordinación se diseña, planea y coordinan las actividades para la divulgación de las 
investigaciones en ciencias biológicas y neurociencias del Instituto. También se incluyen 
aspectos como el diseño de materiales educativos y de comunicación dirigido a profesores, 
estudiantes y público en general, en versiones impresas y digitales, la planeación y diseño de 
cursos presenciales y a distancia para profesores. También la vinculación con diferentes 
dependencias universitarias para la colaboración en proyectos conjuntos de comunicación, 
educación, arte y cultura. Durante el año 2019 se participó en diferentes eventos de difusión 
de la ciencia en la UNAM y fuera de ella, se diseñaron carteles para la difusión de los eventos 
académicos que se llevaron a cabo en el IFC y su adaptación para los distintos formatos con 
son: web, pantallas del IFC y redes sociales. Se elaboraron notas informativas diversas. Se 
apoyó en la coordinación a los investigadores que participaron en diferentes charlas y se 
coordinaron las visitas guiadas de Jóvenes hacía la Investigación. 
 
Comisión de Difusión y Divulgación:  
 
Dra. Soledad Funes      
M. en C. Blanca Delgado       
Dra. Gabriela Loyden  
Secretaria Ejecutiva: Dra. Herminia Pasantes          

             
https://sites.google.com/ifc.unam.mx/comunicacion 
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Biblioteca “Armando Gómez Puyou”  
 

 
 
Responsable:  
Sandra G. Moncada Hernández, Mtra.  Técnico Académico Titular B. PRIDE C. 
Javier Gallegos Infante, Cir. Dent.    Técnico Académico Titular B. PRIDE C. 
 

Durante el año 2019 la Biblioteca contó con el siguiente acervo bibliográfico y hemerográfico: 
58 libros adquiridos para acervo, 199 suscripciones a publicaciones periódicas vigentes, 3 
suscripciones de publicaciones periódicas impresas y además 3 libros adquiridos para el 
personal académico. 
 
Servicios Bibliotecarios: 
Consulta Electrónica. Se apoyó a los usuarios tanto internos como externos, en los servicios 
de información generados por la biblioteca (catálogo electrónico de las colecciones 
bibliográfica y hemerográfica), de la Dirección General de Bibliotecas y de otras fuentes de 
información, así como también realizando búsquedas en fuentes especializadas.  Tanto el 
personal académico como los bibliotecarios asisten a los usuarios a través de asesorías u 
orientación en el uso de estas herramientas de búsqueda. 
 
En 2019 se apoyó en los servicios de información electrónicos, como catálogo electrónico de 
las colecciones bibliográfica y hemerográfica. También se adquirió bibliografía para la 
Licenciatura en Neurociencias. Se asesoró a los usuarios internos y externos para el uso 
eficiente de los recursos de información electrónica.  Se recibieron agradecimientos en tesis: 1 
de licenciatura, 3 de maestría y 3 de doctorado. Se atendieron 15 solicitudes de búsquedas de 
citas, en las diferentes bases de datos especializados, 11 para usuarios del IFC y 4 externos.   
 
Comisión de la Biblioteca:    
 
Dra. Rosa Navarro   
Dr. Julián Valdés   
Odont. Javier Gallegos 
Mtra. Sandra Moncada 
Secretario Ejecutivo: Dr. Raúl Aguilar 
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Bioterio 
 

 

 

Responsable:  
Claudia V. Rivera Cerecedo, MVZ    Técnico Académico Titular C. PRIDE D. 
Héctor Alfonso Malagón Rivero, MVZ   Técnico Académico Titular A. PRIDE C. 
Gabriela X.  Ayala Méndez, M. en IBB   Técnico Académico Titular B. PRIDE C.  
 
En el bioterio se llevan a cabo actividades relacionadas con el cuidado de animales para 
experimento. Durante el 2019 se cumplieron los requerimientos de animales para los 
protocolos aprobados por el CICUAL. El promedio en producción al año de ratas (Ratus 
norvergicus) fue de 3,682. Una de las actividades más importantes de esta unidad es brindar 
apoyo a los investigadores y estudiantes de posgrado que utilizan animales en sus protocolos 
de investigación. Durante este año, 88 protocolos de los 156 que fueron aprobados por el 
CICUAL permanecieron vigentes. En 2019 se utilizaron 6,933 Ratus norvergicus, 8,066 Mus 
musculus y 12 Oryctolagus cuniculus. Además de dar mantenimiento a los animales en fase 
experimental. En el año 2019 los investigadores de otras instituciones de la UNAM y fuera de 
ella, continuaron adquiriendo roedores producidos en el bioterio de este Instituto. Durante 
2019, el personal académico impartió y asistió a diversos cursos. Se impartieron 4 asesorías 
sobre diferentes temas relacionados con la ciencia de los animales, 5 cursos talleres teórico 
práctico de manejo de roedores de laboratorio. También se impartió el curso de Cirugía Básica 
en Roedores. En este año 1 alumno concluyó  su servicio social. 
 
Comisión del Bioterio (CICUAL): 
 
Dra. Paula Licona      
MVZ. Claudia Rivera       
Dr. Fatuel Tecuapetla     
Dra. Rocio Alcántara      
Secretaria Ejecutiva: Dra. Diana Escalante 
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Taller de Mantenimiento  

 

 
 
Responsable:  
Aurey Galván Lobato, Ing.    Técnico Académico Titular C. PRIDE C. 
Manuel Ortínez Benavides, Ing.  Técnico Académico Titular B. PRIDE C. 
 
En esta área se realizan labores de mantenimiento correctivo y preventivo al equipo de 
investigación, así como también apoyar las necesidades de los investigadores que requieren 
mantenimiento correctivo y preventivo a sus equipos. Se diseñan y construyen equipos totales 
o partes de los mismos, para su uso en los diferentes laboratorios de investigación.  
 
Durante 2019 se atendieron un total de 300 solicitudes de servicio, incluyendo 218 de pipetas; 
para el Instituto. También algunas solicitudes de fabricación de piezas de acuerdo a los 
requerimientos de los usuarios. Se llevó a cabo el mantenimiento a las subestaciones 
eléctricas y autoclaves. Se tiene un programa  preventivo constante y correctivo, para las 
centrífugas de piso de todas las áreas comunes que se tienen en el Instituto y para las 
máquinas fabricadoras de hielo, cuartos de temperatura controlada, refrigeradores y 
agitadores de cultivo. Se dio supervisión en el funcionamiento de los sistemas de agua 
desionizada. Durante este periodo se obtuvieron agradecimientos en 3 publicaciones 
internacionales; así como también en 3 tesis de doctorado y 1 de maestría. También se 
participó en dos cursos. 
 
Además se apoya al Departamento de mantenimiento del IFC, en asesoría técnica, 
supervisión de trabajos con personal interno y externo, además de la planeación de mejoras 
en equipo e inmueble, en coordinación con el Departamento de Servicios Generales del 
Instituto de Fisiología Celular. 
 

 
Comisión de Taller de Mantenimiento: 
 
M. I. Bruno Méndez Ambrosio 
Dr. Jesús Alvarez López 
Dr. Fernando Suaste Olmos 
Secretario Ejecutivo: Dr. Jorge Ramírez  
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Unidad de Histología 
 

 
 
Responsable:  
Ma. Teresa Guadalupe Cortés Flores, Lic. Honorarios. 
Sandra Daniela Rodríguez Montaño, Lic.   Técnico Académico Asociado A. PRIDE B. 

 

Esta unidad apoya las labores de investigación del Instituto de Fisiología Celular. Cuenta con 
el servicio de procesamiento de muestras histológicas para microscopía de luz, utilizando las 
técnicas de cortes en parafina y cortes por congelación, se realizan también las diferentes 
tinciones en cortes hechos en las técnicas de parafina y congelación, preparación de 
diferentes soluciones, utilizando reactivos y colorantes para las diferentes técnicas 
histológicas. Durante 2019 se atendieron un total de 152 solicitudes. Se recibió 1 
agradecimiento en 1 publicación internacional y se participó en 2 reuniones  académicas. 
 
 
Comisión de la Unidad de Histología:    
 
Biól. Teresa Montiel      
Dra. Rocío Salceda      
Dra. Leticia Ramírez Lugo       
Secretario Ejecutivo: Dr. Julio Morán 
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Unidad de Servicio de Microarreglos de ADN de la UNAM 
 

 
 
Responsable:  
Jorge Ramírez Salcedo, Dr.    Técnico Académico Titular C. PRIDE D. SNI I 

Lorena Chávez González, Lic.     Técnico Académico Titular A. PRIDE C. 
Simón Guzmán León, M.en C.    Técnico Académico Titular B. PRIDE C. 

 

Dependiente de la Coordinación de la Investigación Científica, UNAM con sede en el Instituto 
de Fisiología Celular, UNAM. 
 
Servicios: 
 

 Manejo de bancos y cepas. 

 Amplificación de genes y purificación de plásmidos. 

 Fabricación de microarreglos de ADN. 

 Marcaje de sondas e hibridización de microarreglos de ADN. 

 Lectura de microarreglos de ADN. 

 Análisis de microarreglos de ADN. 
 

Actividades realizadas durante el año 2019 
 

 Fabricación de microarreglos del genoma completo de levadura. 

 Fabricación de microarreglos del genoma completo de E. coli.  

 Fabricación de microarreglos del genoma completo de H. pylori. 

 Fabricación de microarreglos de cáncer humano 2K genes. 

 Fabricación de microarreglos de hígado de rata 2K genes. 

 Fabricación de microarreglos de ratón 22K genes. 

 Fabricación de microarreglos de humano 10K genes. 

 Fabricación de microarreglos del genoma humano completo 35K genes. 

 Fabricación de microarreglos del genoma completo de A. thaliana 30K genes. 

 Fabricación de microarreglos del genoma completo de c. elegans 20K genes. 

 Fabricación de microarreglos de una colección de mini RNAs. 

 Diseño y fabricación de un chip para detección de organismos patógenos. 



 
 
 

162  INFORME DE LABORES 2019 

 Diseño y fabricación de un chip para detección de OGMs. 

 Diseño y fabricación de un chip para detección de polimorfismos. 
 
En 2019 se recibieron 42 solicitudes de trabajo, de las cuales se entregaron 21 proyectos 
terminados y pagados. Esto representó más de 180 marcados de sondas, hibridizaciones, 
lecturas y cuantificaciones de microarreglos para diferentes grupos de investigación de la 
UNAM y fuera de ella. También se recibieron agradecimientos en 3 trabajos publicados en 
revistas internacionales y en 1 tesis de doctorado y  se dictaron 7 cursos y 4 conferencias. 
 
Comisión de la Unidad de Microarreglos:    
 
Dr. Félix Recillas Targa      
Dra. Alicia González     
Dr. Luis Tovar y Romo 
Dr. Leonardo Peraza 
Dr. Gabriel del Río      
Secretario Ejecutivo: Dr. Jorge Ramírez 
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Laboratorio de investigación y desarrollo de Aplicaciones 
interactivas para la Neuro-Rehabilitación (LANR)  

 

Responsable: 
Dra. Herminia Pasantes    Investigadora Emérita   
M. en C. Ana María Escalante   Técnico Académico Titular C. PRIDE D 
 
El Laboratorio de Investigación y Desarrollo de Aplicaciones Interactivas para la  Neuro-
rehabilitación (LANR) comenzó a funcionar en junio de 2014, en un espacio asignado por la 
entonces Directora del Instituto de Fisiología Celular (IFC), la Dra. Marcia Hiriart, y con el 
apoyo decidido de la Dra. Herminia Pasantes, investigadora emérita del IFC, en el edificio de 
Neurociencias del mismo instituto. La motivación para establecer este laboratorio surge del 
proyecto de creación de la Licenciatura en Neurociencias en la UNAM, como un espacio para 
diversificar la preparación de los egresados, en este caso en la línea de la innovación 
tecnológica para la salud.  
 
El LARN contempla el diseño y el uso de tecnologías en apoyo de las terapias de 
rehabilitación de pacientes con algún tipo de discapacidad de origen neurológico, congénita o 
adquirida. En su primera etapa, se ha enfocado a la utilización de sensores de posición y 
movimiento, conectados a computadoras, tabletas o teléfonos inteligentes, que puedan guiar 
al paciente en la realización de ejercicios de rehabilitación física, sin requerir el 
acompañamiento constante de un especialista en rehabilitación. Se trata de desarrollos en lo 
que se conoce como ―juegos serios‖, que son interfaces gr ficas semejantes a los 
videojuegos, pero con una finalidad terapéutica y con movimientos y objetivos 
cuidadosamente trazados. 
 
Hasta el momento se han desarrollado aplicaciones enfocadas a la rehabilitación de pacientes 
con daño ocasionado por un accidente cerebro vascular  (ACV). Se han concluido los 
prototipos de seis aplicaciones para rehabilitación de extremidad superior y uno para 
rehabilitación de cabeza y cuello y coordinación ojo-mano. También se han desarrollado  
prototipos de hardware para un guante de datos, un mouse ergonómico y sensores de 
posición y movimiento para los pies. Se cuenta ya con el registro de diez de estos programas 
ante el INDAUTOR y se iniciará el proceso para el registro de al menos otras tres aplicaciones 
que están en sus etapas finales de elaboración. 
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Se ha establecido  un acuerdo de colaboración entre el IFC con la Unidad de Rehabilitación 
del Instituto Nacional de Neurología y Neurocirugía Manuel Velasco Suárez de la Ciudad de 
México, mismo que estamos en el proceso de formalizar mediante un convenio. A través de 
esta colaboración se llevará a cabo la validación de los beneficios de las aplicaciones 
desarrolladas en el LANR, así como los ajustes que el personal de salud del INNN considere 
necesarios, para aplicarlos a los pacientes. Tomando en cuenta la prevalencia del ACV y sus 
secuelas, y la precariedad de los recursos humanos en salud para atender este problema, 
creemos que el tipo de aplicaciones elaboradas por el LARN, actualmente y en el futuro, 
beneficiará a un número grande de pacientes. 
 
Se finalizó el diseño de un guante interactivo y se registraron los diseños de 2 versiones de 
mouse ergonómico. Se enriqueció la plataforma de juegos a cinco terminados y otros cinco 
con un avance importante. 
 
Con 4 programas de Servicio Social registrados, contamos con una composición 
multidisciplinaria: ingenieros en computación, electrónicos, mecatrónicos, diseñadores 
gráficos, industriales, psicólogos,  terapeutas físicos y físicos biomédicos. 
 
Una tesis de licenciatura concluida y 15 estudiantes terminaron el Servicio Social. 

 

                                                                        

                            
 
 

Página web del LARN: https://lanr.ifc.unam.mx/colaboradores.html 
 
 

 
 

https://lanr.ifc.unam.mx/colaboradores.html
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Unidad de Bioinformática y Manejo de la Información (UBMI) 
 

 

 

 

 

 
Responsable:  
César Augusto Poot Hernández, Dr.    Técnico Académico Asociado C. PRIDE B 

 
Esta Unidad tiene como objetivo el apoyo a la investigación y a la docencia que se realizan en 
el Instituto. Se llevan a cabo actividades como la administración continua de los servidores de 
análisis de la Unidad. También se da asesoría continua y seguimiento a estudiantes en temas 
de manejo y procesamientos de datos de secuenciación masiva en paralelo, análisis y 
visualización de datos, estadística y métodos de aprendizaje automático. Se colabora con 
grupos de investigación recomendando métodos alternativos de visualización y análisis de 
datos fundamentados en el campo de la ciencia de datos. Se asesora al personal académico 
del IFC, en el manejo de sistemas operativos GNU/Linux y en la conexión remota con los 
servidores de análisis.  
 
En 2019 se trabajó en la creación de la Unidad de Bioinformática y Manejo de la Información 
del IFC (UBMI-IFC). En un principio, la Unidad asumió la responsabilidad de la administración 
y manejo de los dos servidores de análisis del IFC. Posteriormente, se gestionó la migración e 
instalación de ambos equipos al Site 2 del Edificio Anexo del Instituto y se gestionó la compra 
de un tercer servidor de análisis. En conjunto, los 3 equipos suman 192 cores de 
procesamiento y 576 GB de RAM. Durante este periodo, los servidores fueron usados en 
aproximadamente entre un 40 a 50% de la capacidad sumada total. Adicionalmente se 
adquirió un sistema de almacenamiento en red (NAS) con 42 TB de almacenamiento 
redundante para uso interno de la Unidad. 
 
Concomitantemente, se comenzó el desarrollo de un Sistema Estandarizado de Instalación de 
Software (SEIS) científico basado en la distribución de software Anaconda, el cual está 
dirigido a sistemas operativos GNU/Linux. El objetivo de este sistema es generar un ambiente 
de trabajo robusto y de fácil instalación que favorezca la implementación de pipelines de 
análisis y la reproducibilidad de resultados. 
 
En tema de servicios, la Unidad prestó servicios de asesoría y/o colaboración con 
aproximadamente 15 estudiantes de 8 laboratorios de investigación en temas variados como: 
análisis de datos de secuenciación masiva en paralelo, programación, visualización de datos, 
aprendizaje de máquina y estadística. 
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En tema de la docencia, participé como profesor invitado en 2 cursos de la Licenciatura en 
Neurociencias, en 1 curso del Posgrado de Ciencias Bioquímicas y cómo titular en 2 cursos 
del posgrado en Ciencias de la Computación del IIMAS, UNAM. Finalmente, se organizó el 1er 
Simposio de Bioinformática y Biología Computacional del IFC. 
 
 

 
 

 

 

 

 

 

 

 

 
Comisión de la Unidad de Bioinofrmática y Manejo de la Información (UBMI): 
 
Dra. Mayra Furlan Magaril 
Dr. Julián Valdés 
Dr. Marcelino Arciniega 
Dr. Gabriel del Rio 
Dr. Román Rossi 
Secretario Ejecutivo: Dr. Félix Recillas 
 

Página web de la UBMI: https://sites.google.com/ifc.unam.mx/ubmi-ifc 

 

 

 

 

 

 

 

  

https://sites.google.com/ifc.unam.mx/ubmi-ifc
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Unidad de Edición Genética y Criopreservación 
  

 

 

 

 

 

 
Responsable: 
Paula Licona Limón, Dra.    Investigador Titular A. PRIDE B. SNI nivel I.  
Ariadna Aparicio Juárez, Dra.   Técnico Académico Asociado “C” 
 
Las actividades realizadas en la Unidad de Edición Genética y Criopreservación el año 2020 
son las siguientes: 
 
Actualmente la Unidad de Edición Genética y Criopreservación brinda soporte técnico y 
asesorías en el manejo de diferentes colonias de ratones transgénicos en el Instituto de 
Fisiología Celular de la Universidad Nacional Autónoma de México. 
 
Se realizaron los primeros ensayos con la técnica de criopreservación de esperma en las 
líneas de ratones CD1, C57/BL6 y 4 Get.  Se evaluó la descongelación de esperma 
criopreservado por medio del conteo de viabilidad espermática y los porcentajes de 
supervivencia. Se realizaron 2 ensayos de descontaminación de cigotos murinos en la línea 
transgénica CHAT-CRE pertenecientes al laboratorio del Dr. Fatuel Tecuapetla. En la 
Vasectomización se utilizaron machos C57/BL6 para la obtención de machos estériles y 
poder usarlos en la estimulación de las hembras receptoras en la transferencia embrionaria. 
La súper ovulación de hembras murinas C57/BL6 y CD1 para la producción de ovocitos que 
nos permitieron calibrar el equipo de microinyección en pronúcleo. Se hicieron dos ensayos 
de rederivación, transferencia embrionaria e implantación de la línea transgénica CHAT-
CRE que se mantiene en heterocigosis y se encuentra contaminada por algún agente 
patógeno.  Ensayos de microinyección en pronúcleos de cigotos de ratón La Unidad de 
Edición Genética y Criopreservación junto con le Unidad de Bioterio organizó y participó en 4 
ocasiones, con el curso titulado ―Manejo de Animales de Laboratorio en Investigación 
Biomédica” para estudiantes, técnicos y académicos del IFC, UNAM con valor curricular de 
18 horas. 
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CONSTRUCCIÓN, REMODELACIÓN, AMPLIACIÓN, 
ADECUACIÓN DE ESPACIOS Y PROYECTOS 

ESPECÍFICOS 
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Anexo 1 
 

Alumnos 
 

Alumnos de Doctorado en Ciencias Biomédicas 
 
 

                  Alumno                         Tutor 

1 Achouna Angele Sorel Fernández de Miguel Francisco 

2 Agoitia Polo Andrés Bermúdez Rattoni Federico 

3 Aguilar Solis Eduardo Daniel Valdés Rodríguez Víctor Julián 

4 Alatriste León Héctor Tecuapetla Aguilar Fatuel 

5 Albert Garay Jesús Silvestre Salceda Sacanelles Rocío 

6 Álvarez Arce Erik Alejandro López Colomé Ana María 

7 Aparicio Juárez Ariadna Bargas Díaz José 

8 Arteaga Tlecuitl Rogelio Gómora Martínez Juan Carlos 

9 Arzate Mejía Rodrigo Gacel Recillas Targa Félix 

10 Avilés Rosas Víctor Hugo Bargas Díaz José 

11 Ayhllon Osorio Carlos Alberto Hernández Muñoz Rolando Efraín 

12 Bahena Alvarez Daniel Hernández Cruz Arturo 

13 Benítez Angeles Miguel Rosenbaum Emir Tamara Luti 

14 Cabrera Ruiz Elizabeth Lemus Sandoval Luis 

15 Cáceres Chávez Verónica Alejandra Bargas Díaz José 

16 Calderon Ortiz Bladimir Melecio Bargas Díaz José 

17 Campero Romero Aura Nirva Tovar y Romo Luis Bernardo 

18 Cárdenas Rivera Alfredo Tovar y Romo Luis Bernardo 

19 Carmona Aldana Francisco Javier Recillas Targa Félix 

20 Carmona Rosas Gabriel García Sáinz Jesús Adolfo 

21 Carranza García Emilio Navarro González Rosa Estela 

22 Cerecedo Castillo Angel Josué Recillas Targa Félix 

23 Chávez Maldonado Juan Pablo Hiriart Urdanivia Marcia 

24 Collazo Navarrete Omar Drucker Colin René/Guerra Crespo 

25 Contreras López Rubén Darío Tecuapetla Aguilar Fatuel 

26 Cortés Fernández de Lara Josué Daniel  Recillas Targa Félix 

27 Damián  Zamacona Salvador  Mas Oliva Jaime 

28 Díaz de León Benbow Gabriel Romo Trujillo Ranulfo 

29 Diaz Hernández Edgar Arturo Tecuapetla Aguilar Fatuel 

30 Díaz Mazariegos Selma Pérez Montfort Ruy 
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31 Díaz Osornio Jaime Héctor Romo Trujillo Ranulfo 

32 Duhne Ramírez Mariana Bargas Díaz José 

33 Equihua Benítez Ana Clementina Drucker Colí René 

34 Fuentes Ramírez Emma Oliva González Halphen Diego 

35 García Hernández Brenda Vianey Morán Andrade Julio 

36 García Patiño María Guadalupe Licona Limón Paula 

37 García Vilchis Ana Brisa Galarraga Palacio Elvira 

38 Garza Domínguez Ramiro Torres Quiroz José Francisco 

39 Gil Lievana Elvi Bermúdez Rattoni Federico 

40 Gómez Paz Alejandra Liliana Drucker Colín René 

41 González García Sergio Diego Pérez de la Mora Miguel 

42 Gorostieta Salas Gently Elisa Castro Obregon Susana 

43 Guerrero Celis Nuria Chagoya Hazas Victoria 

44 Gutiérrez Terrazas Sammy Israel Hansberg y Torres Wilhelm Ludwig 

45 Guzmán Vázquez Khalil Drucker Colin René 

46 Heras Romero Yessica Rosalinda Tovar y Romo Luis Bernardo 

47 Hernández Espinosa Diego Rolando Morán Andrade Julio 

48 Hernández Jaramillo Alejandra Aidaly Sotres Bayón Francisco Xavier 

49 Hernández Jiménez Ana María Chagoya Hazas Victoria 

50 Hernández Mondragón Juan Carlos Pérez de la Mora Miguel 

51 Illescas Huerta Elizabeth Sarahi Sotres Bayón Francisco Xavier 

52 Lara González Esther Bargas Díaz José 

53 Lara Rodarte Ernesto José Rolando Velasco Velázquez Jaime Iván 

54 Lazo Gómez Rafael Esaid Tapia Ibargüengoytia Ricardo 

55 Mata Herrera Miguel Ángel Lemus Sandoval Luis 

56 Maya Espinosa  María Guadalupe  Drucker Colin René 

57 Melchor Hernández Jonathan Lemus Sandoval Luis 

58 Méndez Rodríguez Beatríz Sarahí Galarraga Palacio Elvira 

59 Morales García Norma Lilia Uribe Carvajal Salvador 

60 Morán Martínez Isaac Lemus Sandoval Luis 

61 Noguez Garrido Paula Leticia  Fernández de Miguel Francisco 

62 Núñez Martínez Hober Nelson Recillas Targa Félix 

63 Padilla Orozco Montserrat Bargas Díaz José 

64 Palacios Lagunas Daniel Alejandro Pérez de la Mora Miguel 

65 Parada Parra Oscar Javier Hernández Cruz Arturo 

66 Parra Sánchez Sergio Romo Trujillo Ranulfo 

67 Peláez Coyotl Erika Alejandra Del Río Guerra Gabriel 

68 Peña Del Castillo Johanna Guadalupe Hernández Cruz Arturo 

69 Peralta Alvarez Carlos Alberto Recillas Targa Félix 

mailto:pnoguez@ifc.unam.mx
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70 Ramírez López María Fernanda Drucker Colin René 

71 Ramírez Vidal Lizbeth Rocío López Casillas Fernando 

72 Reyes Chapero Rosa María Galarraga Palacio Elvira 

73 Rosendo Pineda Margarita Jacaranda Vaca Domínguez Luis Alfonso 

74 Ruvalcava Gracia Medrano Diana González Halphen Diego 

75 Sánchez Fuentes Asaí Tecuapetla Aguilar Fatuel 

76 Sánchez Sugia María Celeste Fernández de Miguel Francisco 

77 Sánchez Zavaleta Minerva Salceda Sacanelles Rocío 

78 Serrano Reyes Miguel Bargas Díaz José 

79 Solís González Karina Helivier García Sáinz Jesús Adolfo 

80 Torres Esquivel María del Carmen Massieu Trigo María de Lourdes 

81 Valencia Sánchez Salvador Drucker Colín René 

82 Vázquez Vázquez Héctor Aarón Galarraga Palacio Elvira 

83 Velázquez Hernández Leon Gerónimo Sotres Bayón Francisco Xavier 

84 Vergara de la Fuente José Romo Trujillo Ranulfo 

85 Zepeda Cervantes Jesús Vaca Domínguez Luis Alfonso 

86 Zizumbo Colunga Gerónimo Rossi Pool Román 
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Alumnos de Doctorado en Ciencias Bioquímicas 
 
 

                  Alumno                         Tutor 

1 Acevo Rodríguez Pilar Sarah Castro Obregón Susana 

2 Angel Lerma Lidia Esmeralda Georgellis Dimitris 

3 Avendaño Monsalve María Clara Funes Argüello María Soledad 

4 Bastian Eugenio Carlos Ernesto Vaca Domínguez Luis Alfonso 

5 Bernal Vicente Berenice Nohemi Tovar y Romo Luis Bernardo 

6 Campos Martínez Gisselle Angélica Navarro González Rosa Estela 

7 Castillo Casaña Yaisa Coria Ortega Roberto 

8 Cid Castro Carolina Morán Andrade Julio 

9 Contreras Castillo Eugenio Licona Limón Paula 

10 De la Fuente León Rosa Luz López Casillas Fernando 

11 De las Peñas Rincón Ana Paulina Sotres Bayón Francisco Xavier 

12 Díaz  Guerrero Miguel Ángel  González Pedrajo Bertha 

13 Espinosa Molina Gabriela Salceda Sacanelles Rocío 

14 Espinosa Simon Emilio Uribe Carvajal Salvador 

15 Flores Mireles Daniel Pérez Martínez Xochitl 

16 Flores Ponce Xochitl Natalia Velasco Velázquez Jaime Iván 

17 Franco Juárez Berenice Castro Obregón Susana 

18 Fuentes Jiménez Daniel Alberto Navarro González Rosa Estela  

19 Gálvez Márquez Donovan Kevin Bermudez Rattoni Federico 

20 García Chávez Diana María Coria Ortega Roberto 

21 González Rangel Alan Anuart Navarro González Rosa Estela  

22 Guzmán Flores José Enrique Georgellis Dimitris 

23 Guzmán Silva Alejandro García Sáinz Jesús Adolfo 

24 Hernández Araiza Ileana Raquel Rosenbaum Emir Tamara Luti 

25 Hernández Elvira Mariana Coria Ortega Roberto 

26 Hernández Espinosa David Alejandro García Sáinz Jesús Adolfo 

27 Jiménez Suárez Alejandra González Halphen Diego 

28 López Niño Janintzitzic Bargas Díaz José 

29 Lozano Rosas María Guadalupe Chagoya Hazas Victoria 

30 Luna Reyes Ismael Mas Oliva Jaime 

31 Madrigal Carrillo Ezequiel Alejandro Torres Larios Alfredo 

32 Marcos Vilchis Arely Ivonne González Pedrajo Bertha 

33 Márquez Gutiérrez Dariel González Manjarrez María Alicia 

34 Martínez Morales Juan Carlos García Sáinz Jesús Adolfo 

35 Martínez Pastor David Macias Silva Marina 

mailto:madiaz@ifc.unam.mx
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36 Mendoza Martínez Ariann Elizabeth Aguirre Linares Jesús 

37 Molina Villa Tonatiuh López Casillas Fernando 

38 Montane Romero Martha Elizabeth  Escalante Alcalde Diana 

39 Mora Zenil Janeth Morán Andrade Julio 

40 Morales Tarré Orlando Torres Quiroz José Francisco 

41 Moreno Blas Daniel Castro Obregón Susana 

42 Muciño Hernández Gabriel Castro Obregón Susana 

43 Muñoz Paleta Ofelia Licona Limón Paula 

44 Nava Ramírez Teresa Beatriz Hansberg y Torres Wilhelm Ludwig 

45 Nieto Panqueva Christian Felipe González Halphen Diego 

46 Olguín Martínez Enrique Licona Limón Paula 

47 Ortiz Huidobro Rosa Isela Hiriart Urdanivia Marcia 

48 Penagos Puig Andrés Furlán Magaril Mayra 

49 Pérez Hernández Eréndira Guadalupe  Mas Oliva Jaime 

50 Pérez Molina Rosario Recillas Targa Félix 

51 Ramírez Armenta Kathia Itzel Tecuapetla Aguilar Fatuel 

52 Ramírez Mejía Gerardo Bermudez Rattoni Federico 

53 Rendón Ochoa Ernesto Alberto Bargas Díaz José 

54 Reyes Hernández Mario Alberto Guerra Crespo Magdalena 

55 Ríos López Diana Grisel Macias Silva Marina 

56 Rodríguez Aguilera Jesús Rafael Chagoya Hazas Victoria 

57 Rodríguez Bolaños Mónica Pérez Montfort Ruy 

58 Rodríguez Chamorro Daniel Eduardo Torres Larios Alfredo 

59 Rodríguez González  Miriam Beatriz  Coria Ortega Roberto 

60 Rojo Rodríguez Juliana Berenice Coria Ortega Roberto 

61 Román Figueroa Abraham Furlán Magaril Mayra 

62 Romo Casanueva Hernán Funes Argüello María Soledad 

63 Salas Delgado Griselda Edith Coria Ortega Roberto 

64 Sánchez Sánchez Norma Silvia Peña Díaz Antonio 

65 Sánchez Sandoval Ana Laura Gómora Martínez Juan Carlos 

66 Tapia Urzúa Gustavo Recillas Targa Félix 

68 Terán Melo Juan Luis Georgellis Dimitris 

68 Toledo Ibelles Paola Mas Oliva Jaime 

69 Urias Contreras Silvia Fernanda Georgellis Dimitris 

70 Urrego Morales Oscar Giovanny Bermúdez Rattoni Federico 

71 Vázquez Ciros Oscar Jair Georgellis Dimitris 

72 Vazquez Ibarra Araceli Berenice Coria Ortega Roberto 

73 Vega  García Vanessa  Hansberg y Torres Wilhelm Ludwig 

74 Villalobos García Daniel Hernández Muñoz Rolando Efraín 

mailto:vanessavega@correo.unam.mx
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75 Wilson Verdugo Marti David Valdés Rodríguez Víctor Julián 

76 Zaragoza Campillo Marco Antonio Morán Andrade Julio 
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Alumnos de Doctorado en Ciencias Biológicas 
 
 

                          Alumno                         Tutor 

1 Alejandre García Maria Mildred  Tzitzitlini Hernández Cruz Arturo 

2 Garrido Bazán Verónica Aguirre Linares Jesús 

3 Jacome López Karina  Furlan Magaril Mayra  

4 Medina Ruiz Gabriela Itzel Morán Andrade Julio 

5 Méndez Maldonado Karla M. del Carmen Velasco Velázquez Jaime Iván 

6 Perera Murcia Gerardo Ramiro Cortés Yazmín 

7 Salgado Bernabe Manuel Eduardo Hiriart Urdanivia Marcia 

8 Samario Román Jazmin Selene Hiriart Urdanivia Marcia 

9 Zepeda Córdova Nadia  Molinari Soriano José Luis 

 
 
 

Alumnos de otro Doctorado 
 
 

                           Alumno                         Tutor 

1 Cruz Reséndiz Adolfo Vaca Domínguez Luis Alfonso 

2 Hernández Mendoza Guillermo  Fernández de Miguel Francisco 

3 Levario Ramírez Elvia Noemí Pérez de la Mora Miguel 
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Alumnos de Maestría en Ciencias Bioquímicas 
 
 

                         Alumno                         Tutor 

1 Aguilar Lomas Oscar Amaury Furlán Magaril Mayra 

2 Álvarez Esquinca María Fernanda Arciniega Castro Marcelino 

3 Álvarez Sánchez Melisa Selene Peraza Reyes Carlos Leonardo  

4 Amancio Rojas Pamela Peraza Reyes Carlos Leonardo 

5 Amezola Chávez Francisco Manuel Arciniega Castro Marcelino 

6 Anaya Rubio Angélica Isabel Macías Silva Marina 

7 Aparicio Cadena Alejandro Rusbel Chagoya Hazas Victoria 

8 Bahena Cerón Roberto Alexander Torres Larios Alfredo 

9 Balbuena Olvera Andrea Joselin Guerra Crespo Magdalena 

10 Becerra Velez José Fernando Velasco Velázquez Jaime Iván 

11 Bellido Vargas Citlali Belen Tecuapetla Aguilar Fatuel 

12 Bernal Conde Luis Daniel Guerra Crespo Magdalena 

13 Bernate Obando Germán Alonso Velasco Torres Myrian 

14 Busto García Brandon Valdés Rodríguez Víctor Julián 

15 Calixto Tlacomulco Sandra Daniela Mas Oliva Jaime 

16 Campiño Arias Daniela Aguirre Linares Jesús 

17 Campos Martínez Gisselle Angélica Navarro González Rosa Estela  

18 Castillo González David Alejandro Del Rio Guerra Gabriel  

19 Castillo Hernández Kevin Antonio Coria Ortega Roberto 

20 Castillo Huitrón Humberto Rafael Gómora Martínez Juan Carlos 

21 Catalán Bello Ana Isabel  Escalante Alcalde Diana María 

22 Ceballos Martínez Laura Georgina Vaca Domínguez Luis Alfonso 

23 Claudio Galeana Giovana Sherlyn Furlan Magaril Mayra 

24 Colín Martínez Diana Elizabeth Tapia Ibargüengoytia Ricardo 

25 Contreras Castillo Eugenio Licona Limón Paula 

26 Cruz Cruz Iskra Anai Velasco Torres Myrian 

27 Cruz Ramos Juan Eduardo Macías Silva Marina 

28 Dámazo Hernández Ángel Armando Navarro González Rosa Estela  

29 Del Ángel Muñoz Carlos Miguel  Castro Obregón Susana 

30 Delgado Herrera Deborah de la Caridad Gómora Martínez Juan Carlos 

31 Dimas Torres Jorge Uriel Torres Larios Alfredo 

32 Esquivel López Ayerim Alma Furlan Magaril Mayra 

33 Flores Reyes Josiff Samuel Del Río Guerra Gabriel 

34 Franco Cea Luz Areli Dreyfus Cortés Georges 

35 Gálvez Márquez Donovan Kevin Bermúdez Rattoni Federico 
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36 Gomez Ceja Karla Ameyali Macías Silva Marina 

37 Gómez Ilescas Ameyalli Recillas Targa Félix 

38 Gómora García Juan Carlos Massieu Trigo María de Lourdes 

39 González López  Minerva Igrein Aguirre Linares Jesús 

40 González Núñez Bruno Axel Torres Quiroz José Francisco  

41 Granados Davalos Estefany  González Manjarrez María Alicia 

42 Gutiérrez Alejandre Ana Paulina Pérez Martínez Xochitl 

43 Gutiérrez Chávez Laura Gabriela Valdés Rodríguez Víctor Julián 

44 Hernández Ortíz Jorge Eduardo Bermúdez Rattoni Federico 

45 Hernández Ponce Itzel Velasco Velázquez Jaime Iván 

46 Hernández Rojas Diana Iris Coria Ortega Roberto 

47 Herrera Ruiz Rodolfo Emilio Álvarez Adrián Fernando 

48 Hersch González Jaqueline González Manjarrez María Alicia 

49 Isaias Tizapa Raúl Augusto García Sáinz Jesús Adolfo 

50 Jara Servín Angélica Mariana González Manjarrez María Alicia 

51 Juárez González Emmanuel Rosenbaum Emir Tamara Luti 

52 López del Carpio Juárez Kevin Coria Ortega Roberto 

53 López Durán Brian Saidel Torres Larios Alfredo 

54 López Fuentes Antonio de Jesús  Peraza Reyes Carlos Leonardo 

55 López Romero Ana Elena Rosenbaum Emir Tamara Luti 

56 Luna Leal Aldo Bargas Díaz José 

57 Luna Leal Angélica Escalante Alcalde Diana María 

58 Luna Reyes Ismael  Mas Oliva Jaime 

59 Maldonado Guerrero María Fernanda Licona Limón Paula 

60 Martínez Becerril Hilda Angélica Tecuapetla Aguilar Fatuel 

61 Martínez Flores Daniel Vaca Domínguez Luis Alfonso 

62 Martínez Sandoval Emilio Alonso Aguirre Linares Jesús 

63 Meléndez Ramírez César Daniel Velasco Velázquez Jaime Iván 

64 Mendoza Cabrera Sofía Natali Del Río Guerra Gabriel 

65 Merino Vázquez Luis Javier Uribe Carvajal Salvador 

66 Minguer Uribe Alan Gerardo Sotres Bayón Francisco Xavier 

67 Montes Ortega Luis Ángel Massieu Trigo María de Lourdes 

68 Morales Castelán Nestor Ricardo Del Río Guerra Gabriel 

69 Morales Oliva Enrique Navarro González Rosa Estela 

70 Morán Torres Rafael Ubaldo Del Río Guerra Gabriel 

71 Muñoz Montero Said Alejandro Pérez Montfort Ruy 

72 Nava Lara Rodrigo Andrés Del Río Guerra Gabriel 

73 Nebreda Corona Adriana Morán Andrade Julio 

74 Ojeda Bello Juan Amado Tapia Ibargüengoytia Ricardo 



 
 
 

186  INFORME DE LABORES 2019 

75 Olivares Resendis Abiram Eliab  Coria Ortega Roberto 

76 Omaña Guzmán Tania Verónica Recillas Targa Félix  

77 Ortega Gurrola Alonso Velasco Velázquez Jaime Iván 

78 Ortiz Renteria Miguel Morales Lazaro Sara Luz 

79 Ostolga Chavarría Marcos González Halphen Diego 

80 Pacheco Martínez María Elena Hansberg Torres Wilhelm 

81 Pedroza Dávial Ulrik Hiram Uribe Carvajal Salvador 

82 Penagos Puig Andrés Furlán Magaril Mayra 

83 Pérez López José Luis Tecuapetla Aguilar Fatuel 

84 Pommer Alba Alexander Michael Castro Obregón Susana 

85 Ponce Arias Alfredo Isacc Tovar y Romo Luis Bernardo 

86 Poot Vélez Albros Hermes Del Río Guerra Gabriel 

87 Ramirez Reyes Josué Miguel Julián Funes Argüello María Soledad 

88 Ramos Acevedo Rodrigo Guerra Crespo Magdalena 

89 Reza Noyola Marlene Recillas Targa Félix 

90 Rodríguez Hernández Adriana Macías Silva Marina 

91 Rodríguez Sibrian Luis Antonio Tecuapetla Aguilar Fatuel 

92 Rojo Rodríguez Juliana Berenice Coria Ortega Roberto 

93 Roldan Blancas Alan Gerardo Mas Oliva Jaime  

94 Romo Casanueva Hernán  Funes Argüello María Soledad 

95 Ruelas Ramírez Hilario Funes Argüello María Soledad 

96 Ruiz Flores Jesús Torres Quiroz José Francisco  

97 Sabido Barrera Jean Imanol Hiriart Urdanivia Marcia 

98 Salazar Salgado Alejandro Valdés Rodríguez Víctor Julián 

99 Salgado Menez Mildred  Bermúdez Rattoni Federico 

100 Sánchez Contreras Juan Manuel Uribe Carvajal Salvador 

101 Sánchez Durán Alejandro Hiriart Urdanivia Marcia 

102 Sánchez Hernández Raúl Rosenbaum Emir Tamara Luti 

103 Sánchez Salazar Zyanya Saraí Hiriart Urdanivia Marcia 

104 Sandoval Hernández José Antonio Macías Silva Marina 

105 Soltero Echauri Cintia Macías Silva Marina 

106 Soto Beltran Ana María Coria Ortega Roberto 

107 Steinemann Hernández Lidia Georgellis Dimitris 

108 Stephenson Gussinye Aura  Furlan Magaril Mayra 

109 Toca de Muga Paulina Del Río Guerra Gabriel 

110 Torres Morales Erika Monserrat Hernández Cruz Arturo 

111 Torres Reyes María del Pilar González Pedrajo Bertha 

112 Trejo Hernández Diana Laura  Recillas Targa Félix 

113 Urrieta Chávez Beetsi Eugenia Velasco Velázquez Jaime Iván 
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114 Velázquez Delgado Cintia Bermúdez Rattoni Federico 

115 Vergara Gerónimo Cristian Alberto Pérez Martínez Xochitl 

116 Villafuerte Peralta Rafael Sotres Bayón Francisco Xavier 

117 Vivar Cortés Israel César Bargas Díaz José 

118 Wilson Verdugo Marti David Valdés Rodríguez Víctor Julián 

119 Zavala  Sánchez José Hugo Hiriart Urdanivia Marcia 

120 Zepeda Gutiérrez Paula  Macías Silva Marina 

 
 

 
Alumnos de Maestría en Ciencias Biológicas 

 
 

                        Alumno                         Tutor 

1 Cortés Escamilla Cicilia Estrella  Gómora Martínez Juan Carlos  

2 Garcia Ramos Mariela Dreyfus Cortés Georges  

3 Jiménez Marquez Emiliano Ramiro Cortés Yazmín 

4 Juárez Contreras Rebeca Morales Lazaro Sara Luz 

5 Landa Navarro Lucía Bermúdez Rattoni Federico  

6 Linares Garcia Carlos Iván Tecuapetla Aguilar Fatuel 

7 Ortiz Cruz Carlos Alberto Ramiro Cortés Yazmín  

8 Perera Murcia Gerardo Ramiro Cortés Yazmín  

9 Verma Rodríguez Anil Kumar  Tecuapetla Aguilar Fatuel 

 
 
 
 

Alumnos de otra Maestria 
 
 

                           Alumno                         Tutor 

1 Albor Ramírez Efraín Vaca Domínguez Luis Alfonso 

2 Mejía López Adriana Aguilar Roblero Raúl 

3 Sánchez Evangelista Grecia Morán Andrade Julio 
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Alumnos Tesistas de Licenciatura 
 
 

                   Alumno                         Tutor 

1 Abarca Magaña Julio Cesar Massieu Trigo María Lourdes 

2 Abelar Cámara Abelardo Picones Medina Arturo 

3 Acevedo Huerta Cecilia Gabriela Bermúdez Rattoni Federico 

4 Acosta Galeana Maria Isabel Tapia Ibargüengoytia Ricardo Jorge 

5 Aguilar Cámara Abelardo Picones Medina Arturo 

6 Aguilar Quiroz Diana Mitzi Hernández Cruz Arturo 

7 Amezola Chávez Francisco Manuel Torres Quiroz José Francisco 

8 Arenas Navarro Andrés Castro Obregón Susana 

9 Beltrán Calderón Yesica Torres Larios Alfredo 

10 Bernal Servín Aida Hernández Cruz Arturo 

11 Bustamante Carrera Manuel Alejandro Escalante Gonzalbo Ana 

12 Bustos Vázquez Cinthya Dafne Bermúdez Rattoni Federico 

13 Caballero Escamilla Brenda Aurora González Manjarrez Alicia 

14 Campos Ortega Rendón Sergio Arciniega Castro Marcelino 

15 Cruz Mendoza Leticia Dreyfus Cortés Georges 

16 Cruz Montesinos Luis Ángel Pérez de la Mora Miguel 

17 De los Santos Cocotle Gustavo Garcia Sainz Jesús Adolfo 

18 Delgado Gómez Giselle Alexa Guerra Crespo Magdalena 

19 Elias López Diana Lizbeth Gómora Martínez Juan Carlos 

20 Enciso Pablo Oscar Morales Lazaro Sara Luz 

21 Escudero Reyes Juan Raúl González Manjarrez Alicia 

22 Estrada Rosales Ana Lilia Escalante Gonzalbo Ana 

23 Felipe González Víctor Martín Aguilar Roblero Raúl 

24 García Cordero Itzel Abil Pérez Martínez Xochitl 

25 García Fidencio Víctor Alejandro Arciniega Castro Marcelino 

26 García Mata Martín Bargas Díaz José 

27 Gasca Aguilera Luis Enrique Navarro González Rosa Estela 

28 Godinez López Victoria Torres Larios Alfredo 

29 Gómez Martínez Cecilia Gabriela Ramiro Cortés Yazmín 

30 González Ríos Axel Rubén López Huerta Violeta Gissell 

31 González Ruiz Karla Daniela Garcia Sainz Jesús Adolfo 

32 Gutierrez Castañeda Oscar Eduardo Arciniega Castro Marcelino 

33 Gutiérrez López Ernesto Saúll Bermúdez Rattoni Federico 

34 Hernández Matias Arturo Osorio Gómez Daniel 

35 Herrera Xithe Gabriela Bermúdez Rattoni Federico 
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36 Jaimes Cabrera José Osorio Gómez Daniel 

37 Linares Caballero Brenda Osorio Gómez Daniel 

38 Martínez Cruz Jadir Isaí Tapia Ibargüengoytia Ricardo Jorge 

39 Martínez Velasco Rosario Paulina Torres Quiroz José Francisco 

40 Meza González Viridiana Belén Escalante Alcalde Diana María 

41 Meza Razo Rodrigo López Casillas Fernando 

42 Morales Moreno Ishbelt Denisse Guerra Crespo Magdalena 

43 Moreno de la Rosa Dinorah Ileana Torres Quiroz José Francisco 

44 Navarro Espindola Raful Peraza Reyes Carlos Leonardo 

45 Nieto Zaragoza Elias Torres Quiroz José Francisco 

46 Padilla Garfias Francisco Javier Peña Díaz Antonio 

47 Pérez Rivera Iván Dessaeu Escalante Gonzalbo Ana 

48 Pérez Velázquez Diego Licona Limón Paula 

49 Polanco Maldonado Ángel Lizandro Velasco Velázquez Jaime Iván 

50 Portillo Pérez Luisa María  Gómora Martínez Juan Carlos 

51 Pulido Arteaga Rafael Romo Trujillo Ranulfo 

52 Ramirez Rivera Viridiana Guadalupe Pérez de la Mora Miguel 

53 Reyes Becerril Luis Uriel Hansberg Torres Wilhelm Ludwig 

54 Ríos Vázquez Mariana González Pedrajo Bertha 

55 Rodríguez Pié Adrian Antonio Arciniega Castro Marcelino 

56 Romero Enriquez Kébek Dreyfus Cortés Georges 

57 Ruiz Juárez Mariana Sotres Bayón Francisco Xavier 

58 Salazar Ortiz Claudia Pérez Montfort Ruy 

59 Salazar Rios Iván Moisés Escalante Gonzalbo Ana 

60 Salcido Gómez Ashley Michel Massieu Trigo María Lourdes 

61 Sánchez Castillo Gloria Ixchel Escalante Gonzalbo Ana 

62 Sánchez Ramos Arizbeth Ramiro Cortés Yazmín 

63 Soriano Rosales Eric Dilan Recillas Targa Félix 

64 Vázquez Ayala Uriel de Jesus Gómora Martínez Juan Carlos 

65 Zambrano Trejo Daniela González Manjarrez Alicia 
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Alumnos de Estancia de Investigación 
 
 

                   Alumno                         Tutor 

1 Álvarez Carreño Claudia Arciniega Castro Marcelino 

2 Bernal Reza Mauricio Fernández de Miguel Francisco 

3 Campos Oliver Brisa Aranzanzú González Manjarrez Alicia 

4 Cancino Bello Amairani Chagoya Hazas Victoria Eugenia 

5 Cárdenas Rodríguez Mauricio Funes Argüello María Soledad 

6 Chaverri Herrera Miriam Rivera Cerecedo Claudia 

7 Escutia Macedo Ximena Ameyalli Escalante Gonzalbo Ana 

8 Eslava Torres Viridiana Guadalupe Escalante Gonzalbo Ana 

9 Florentino Moreno Alejandra Fernández de Miguel Francisco 

10 Franco Castro Paulina Escalante Gonzalbo Ana 

11 Gutiérrez García María Fernanda Escalante Gonzalbo Ana 

12 Juárez Segura Lizbeth Rivera Cerecedo Claudia 

13 Llanos Mis Jessica Klauzeen Escalante Gonzalbo Ana 

14 Loeza Loeza Jacqueline  Recillas Targa Félix 

15 Martínez Cervantes Juan Carlos López Huerta Violeta Gissell 

16 Olmos Ojeda Paola Gabriela Escalante Gonzalbo Ana 

17 Pérez Estrada José Raúl Castro Obregón Susana 

18 Pérez Herrera Carlos Alexis Escalante Gonzalbo Ana 

19 Ramírez Cordero Belén Ernestina Gómora Martínez Juan Carlos 

20 Ramírez Guzmán Sergio Sebastián Escalante Gonzalbo Ana 

21 Robles Hernández Eva María  Escalante Gonzalvo Ana  

22 Rodríguez González Mario Raúl Morán Andrade Julio Eduardo Roque 

23 Rodríguez Muñoz Diana Laura López Huerta Violeta Gissell 

24 Rodriguez Plaza Jonathan Gabriel Del Río Guerra Gabriel 

25 Rojas Pacheco Erick Antonio López Huerta Violeta Gissell 

26 Román Carraro Fiordaliso Cardina Morán Andrade Julio Eduardo Roque 

27 Salcedo Tello Pamela Bermúdez Rattoni Federico 

28 Schroder Sara Peraza Reyes Carlos Leonardo 

29 Tapia Vieyra Juana Virginia Mas Oliva Jaime 

30 Torres Zavaleta José Manuel Hernández Muñoz Rolando Efraín 

31 Vazquez Abundes Sandra Elizabeth Escalante Gonzalbo Ana 
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Alumnos de Taller 
 
 

                   Alumno                         Tutor 

1 Avila Tapia Sara Iram  Bermúdez Rattoni Federico 

2 Balbuena García Brenda Valeria Bermúdez Rattoni Federico 

3 Canizales Ontiveros Alejandro Salceda Sacanelles Rocío 

4 Carrillo Lorenzo José Alberto Bermúdez Rattoni Federico 

5 González Urzúa Erika Vianey Bermúdez Rattoni Federico 

6 Hernandez Mojica Jorge Efren Peraza Reyes Carlos Leonardo 

7 Jesús Valencia Sanchez Katherine Alide Georgellis Dimitris 

8 Jiménez Negrete Celina 
Georgellis Dimitris/Adrian Alvarez 
Fernando 

9 Manzanita Quintero Katya López Colomé Ana María 

10 Mendoza Rodríguez Edgar López Colomé Ana María 

11 Montiel Alcazar Andrea López Colomé Ana María 

12 Rogerio Rios Jaime Emiliano Tovar y Romo Luis Bernardo 

13 Saenz Rodríguez Fernando Salceda Sacanelles Rocío 

14 Tenorio Hernández Luis Ramiro Cortés Yazmín 

15 Torres Torralba Erick Nicolas Salceda Sacanelles Rocío 

 
 
 

Alumnos de Rotación de LIBB 
 
 

                   Alumno                         Tutor 

1 Blanco Salazar María José Recillas Targa Félix 

2 Bravo Arevalo José Ernesto Funes Arguello María Soledad 

3 Campos Chávez Eduardo Torres Larios Alfredo 

4 Cristino Miranda Arianne Melisa Castro Obregón Susana 

5 Flores Espinosa Emannuel Garcia Sainz Jesús Adolfo 

6 Marroquin Rodríguez Montserrat Navarro González Rosa Estela  

7 Moreno Yllescas Christopher Levitt 
Alejandro 

González Halphen Diego 

8 Nava García Marintia Mayola Furlan Magaril Mayra 

9 Peredes Chiquini Yamilé González Manjarrez Alicia 

10 Soriano Rodríguez Carla Itzel Velasco Velázquez Jaime Iván 
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Alumnos de Licenciatura en Neurociencias 
 
 

                   Alumno 

1 Abrego Islas Iván de Jesús 

2 Acevedo Garduño Nuri 

3 Albanes Sánchez Cesar Ulises 

4 Andrade Ortega Bernardo 

5 Avilez Poblador Karla Gabriela 

6 Barreras Maldonado José Carlos 

7 Batiz Slazak Pola Luz 

8 Bautista Galicia Ramssés Jair 

9 Becerril Huerta Bibiana Carolina 

10 Bravo Lanz Carolina 

11 Buendía Sánchez Luis Antonio 

12 Cabrera Castro Maricela 

13 Campos Pérez Andrea Fernanda 

14 Cano Gómez Montserrat 

15 Casas Rosas Karla Patricia 

16 Castañeda Ferrer Lolbe 

17 Castilla Jiménez Jaiver Francisco 

18 Chávez Blancas Isaac 

19 Cruz Sánchez Oscar Apolinar 

20 Cuellar Torres José Manuel 

21 De La Cruz Magaña Mauricio 

22 Del Río Castro Camila 

23 Diaz Zarate Xarenny Yazmin 

24 Espinosa Rodríguez Andrea 

25 Figueroa Cruz Julio Cesar 

26 Franceschi Jiménez Luis Arturo 

27 García Kroepfly Aidee Lashmi 

28 García López Paulina 

29 Garduño Almaraz Angel 

30 Gómez García Ozmar Saul 

31 Gómez Mendoza Juan Carlos 

32 Gómez Villatoro Johana Paulina 

33 González Martínez Salvador Eduardo 

34 Hernández Real Fernando 
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35 Herrera Zahar Daniela Michelle 

36 Jiménez Gallardo Alejandro 

37 Jiménez Pérez Angela Renata 

38 Linares García Ana Paola 

39 Lombardi Martínez Daniel 

40 Lora Marín Obed Ricardo 

41 Manriquez Cejudo Alejandra 

42 Martínez Guadarrama Andrea 

43 Martínez Mata Karina 

44 Martínez Pérez Michelle 

45 Mejía Ortiz Regina Andrea 

46 Mendoza Madrigal Rodrigo 

47 Montes Montiel José María 

48 Montiel González Valeria 

49 Navarrete Hernandez Vania Lizeth 

50 Navarro Magallón Javier 

51 Novela Maciel Ana Teresa 

52 Núñez García Diana 

53 Ocampo Romero Ana Gabriela 

54 Quintero Hernández Dariana Guadalupe 

55 Rico Becerra Allan Irasek 

56 Rocha Estrada Karla Patricia 

57 Rodríguez López Blanca Estela 

58 Rodríguez Vera Andrea 

59 Rodríguez Vertiz Fatima Itzel 

60 Rubio Galicia Angel 

61 Ruiz Alanis Emilio 

62 Ruiz Antonio Diana Lizeth 

63 Ruiz Ortega Montserrat 

64 Salazar Castro Marelly 

65 Sánchez Calderon Eder Raziel 

66 Sánchez Cortes Flor Erendira 

67 Sánchez Velázquez Alan 

68 Sandoval González Cesar 

69 Santana Roman Estefanía 

70 Santiago Bustos Ángel Eduardo 

71 Silvas Baltazar Diana Monserrat 

72 Torres Leyva Itzel Beatriz 

73 Treviño Juárez Denisse Monserrat 
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74 Tripp Avalos Joseph Marino 

75 Trujillo Carreno Santiago 

76 Valencia Morales Arisbeth Citlali 

77 Vázquez Lechuga Arenski Sugel 

78 Vázquez Zuloeta Samantha 

79 Velasco Orozco Miguel 

80 Vilchis Macias Erik Hazel 

81 Zavaleta Zamora Carlos Rafael 
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Alumnos Graduados 
 

Graduados de Doctorado en Ciencias Biomédicas 
 
 

                          Alumno                         Tutor 

1 Aparicio Juárez  Ariadna  Bargas Díaz José 

2 Arteaga Tlecuitl Rogelio  Gómora Martínez Juan Carlos 

3 Cáceres Chávez Verónica Alejandra Bargas Díaz José 

4 Cárdenas Rivera Alfredo Tovar y Romo Luis Bernardo 

5 Carmona Aldana Francisco Javier Recillas Targa Félix 

6 Carmona Rosas Gabriel García Sáinz Jesús Adolfo 

7 Carranza García Emilio Navarro González Rosa Estela  

8 Díaz Hernández Edgar Arturo Tecuapetla Aguilar Fatuel 

9 Hernández Espinosa Diego Rolando Morán Andrade Julio 

10 Maya Espinosa  María Guadalupe  Drucker Colin René 

11 Ruvalcava Gracia Medrano Diana  González Halphen Diego 

12 Zepeda Cervantes Jesús Vaca Domínguez Luis Alfonso 

 

 
Graduados de Doctorado en Ciencias Bioquímicas 

 
 

                        Alumno                         Tutor 

1 Guzmán Flores José Enrique Georgellis Dimitris 

2 Hernández Araiza Ileana Raquel Rosenbaum Emir Tamara Luti 

3 Hernández Elvira Mariana Coria Ortega Roberto 

4 Juárez Arellano Vladimir Del Río Guerra Gabriel 

5 Mendoza Martínez Ariann Elizabeth Aguirre Linares Jesús 

6 Rendón Ochoa Ernesto Alberto Bargas Díaz José 

7 Rodríguez Bolaños Mónica Pérez Montfort Ruy 

8 Rodríguez González  Miriam Beatriz  Coria Ortega Roberto 

9 Terán Melo Juan Luis Georgellis Dimitris 

10 Vazquez Ibarra Araceli Berenice Coria Ortega Roberto 

11 Zaragoza Campillo Marco Antonio Morán Andrade Julio 
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Graduados de Doctorado en Ciencias Biológicas 
 
 

                              Alumno                         Tutor 

1 Alejandre García Maria Mildred  Tzitzitlini  Hernández Cruz Arturo 

2 Méndez Maldonado Karla M. del Carmen Velasco Velázquez Jaime Iván 
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Graduados de Maestría en Ciencias Bioquímicas 
 
 

                              Alumno                         Tutor 

1 Bahena Cerón Roberto Alexander Torres Larios Alfredo 

2 Campos Martínez Gisselle Angélica Navarro González Rosa Estela 

3 Castañeda Arroyo Aurora Angélica Hernández Muñoz Rolando 

4 Contreras Castillo Eugenio Licona Limón Paula 

5 Cruz Ramos Juan Eduardo Macías Silva Marina 

6 Del Ángel Muñoz Carlos Miguel Castro Obregón Susana 

7 Dimas Torres Jorge Uriel Torres Larios Alfredo 

8 Gálvez Márquez Donovan Kevin * Bermúdez Rattoni Federico 

9 Jara Servín Angélica Mariana González Manjarrez Alicia 

10 López Fuentes Antonio de Jesús Peraza Reyes Leonardo 

11 López Romero Ana Elena Rosenbaum Emir Tamara Luti 

12 Luna Reyes Ismael Mas Oliva Jaime 

13 Montes Ortega Luis Ángel Massieu Trigo María de Lourdes 

14 Morán Torres Rafael Ubaldo Del Río Guerra Gabriel 

15 Nava Lara Rodrigo Andrés Del Río Guerra Gabriel 

16 Olivares Reséndiz Abiram Eliab Coria Ortega Roberto 

17 Ortega Gurrola Alonso Velasco Velázquez Jaime Iván 

18 Ortiz Renteria Miguel Morales Lazaro Sara Luz 

19 Pacheco Martínez María Elena Hansberg Torres Wilhelm Ludwig 

20 Penagos Puig Andrés * Furlán Magaril Mayra 

21 Ramírez Reyes Josué Miguel Julián Funes Argüello Soledad 

22 Rodríguez Sibrian Luis Antonnio Tecuapetla Aguilar Fatuel 

23 Rojo Rodríguez Juliana Berenice Coria Ortega Roberto 

24 Romo Casanueva Hernán * Funes Argüello Soledad 

25 Salgado Ménez Mildred Bermúdez Rattoni Federico 

26 Stephenson Gussinye Aura Furlán Magaril Mayra 

27 Torres Morales Erika Montserrat Hernández Cruz Arturo 

28 Vergara Gerónimo Cristian Alberto * Pérez Martínez Xochitl 

29 Wilson Verdugo Marti David * Valdés Rodríguez Víctor 

 
* Alumnos que se graduaron por defensa de proyecto. 
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Graduados de Maestría en Ciencias Biológicas 
 
 

                              Alumno                         Tutor 

1 Alejandre García María Mildred Tzitzitlini Hernández Cruz Arturo 

2 García Ramos Mariela Dreyfus Cortés Georges 

3 Juárez Contreras Rebeca Morales Lazaro Sara Luz 

4 Landa Navarro Lucía Bermúdez Rattoni Federico 

5 Linares García Carlos Iván Tecuapetla Aguilar Fatuel 

6 Perera Murcia Gerardo Ramiro Cortés Yazmín 

7 Verma Rodríguez Anil Kumar Tecuapetla Aguilar Fatuel 
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Graduados de Licenciatura 
 
 

                               Alumno                         Tutor 

1 Arenas Navarro Andrés Celis Sandoval Heliodoro 

2 Bravo Arévalo José Ernesto Funes Argüello María Soledad 

3 Calixto Tlacomulco Sandra Daniela Mas Oliva Jaime 

4 Campos-Ortega Rendón Sergio Arciniega Castro Marcelino 

5 Gutiérrez Jaber Inés Fernanda Bermúdez Rattoni Federico 

6 Jiménez Marquez Emiliano Ramiro Cortés Yazmín 

7 Llanos Moreno Argelia Itzel Tecuapetla Aguilar Fatuel 

8 Morales Ramírez Elena Salceda Sacanelles Rocío 

9 Padilla Garfias Francisco Javier Peña Díaz Antonio 

10 Pérez Vázquez Diego Licona Limón Paula 

11 Ricardez García Carolina Celis Sandoval Heliodoro 

12 Ríos Vázquez Mariana González Pedrajo Bertha 

13 Rodríguez Pié Adrian Antonio Arciniega Castro Marcelino 

14 Serrano Solis David Michel Fernández de Miguel Francisco Rafael 
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Anexo 2 

Docencia 

Cursos de Licenciatura 

Miembros del IFC como responsables 

 
1. Bases moleculares del dolor. Taller  

Responsable: Rosenbaum Emir Tamara. 
Facultad de Ciencias, UNAM. 
 
Participantes: 
Morales Lázaro Sara Luz 
Llorente Gil Itzel Alejandra 
 

2. Biofísica 
Responsable: Hernández Cruz Arturo. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Tecuapetla Aguilar Fatuel 
Picones Medina Arturo 
 

3. Biología celular  
Responsable: Castro Obregón Susana. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Gómora Martínez Juan Carlos 
Valdés Rodríguez Víctor Julián 
Peraza Reyes Leonardo 
 

4. Biología molecular de la célula III  
Responsable: Salceda Sacanelles Rocío. 
Facultad de Ciencias, UNAM. 
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5. Bioquímica 
Responsable: García Sáinz Jesús Adolfo. 
Lic. IBB.  
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Peña Díaz Antonio 
López Casillas Fernando 
 

6. Comunicación neuronal 
Responsable: Tecuapetla Aguilar Fatuel.  
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Tovar y Romo Luis Bernardo 
Massieu Trigo Lourdes 
Morales Lázaro Sara Luz 
Velasco Torres Myrian 
Ramiro Cortés Yazmín 
Fernández De Miguel Francisco 
 

7. Curso de Bioquímica y biología molecular  
Responsable: Pérez de la Mora Miguel.  
Facultad de Medicina, UNAM. 
 

8. Epigenética  
Responsable: Recillas Targa Félix. 
Centro de Ciencias Genómicas, UNAM. 
 

9. Fisiología humana  
Responsable: Hiriart Urdanivia Marcia.  
Facultad de Medicina, UNAM. 
 

10. Fisiología 
Responsable: Aguilar Roblero Raúl. 
Lic. IBB.  
Instituto de Fisiología Celular, UNAM. 
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11. Histología y microscopía  

Responsable: Escalante Alcalde Diana. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Ramiro Cortés Yazmín 
Martínez Silva Ana Valeria 
Paredes Díaz Rodolfo 
Rincón Heredia Ruth 
Rosas Arellano Abraham 
Rodríguez Montaño Sandra Daniela 
Montiel Montes Teresa 
 

12. Introducción a las neurociencias  
Responsable: Bargas Díaz José.  
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Sotres Bayón Francisco 
Velasco Velázquez Iván 
Tecuapetla Aguilar Fatuel 
Zainos Rosales Antonio Paulino 
 

13. Neurobiología 
Responsable: Morán Andrade Julio.  
Facultad de Ciencias, UNAM. 
 
Participantes: 
Tapia Ibargüengoytia Ricardo 
Tecuapetla Aguilar Fatuel 
Ramiro Cortés Yazmín 
Velasco Velázquez Iván 
 

14. Bioquímica y biología molecular 
Responsable: Uribe Carvajal Salvador. 
Facultad de Medicina, UNAM. 
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15. Taller Diferenciación celular en hongos  

Responsable: Aguirre Linares Jesús.  
Facultad de Ciencias, UNAM. 
 
Participantes: 
Coria Ortega Roberto 
Wilhelm Hansberg 
Kawasaki Watanabe Laura 
Sánchez González Alma Olivia 
 

16. Taller de Fisiología de canales iónicos  
Responsable: Hernández Cruz Arturo.   
Facultad de Ciencias, UNAM. 
 
Participantes: 
Picones Medina Arturo 
 

17. Taller, Transducción de señales y quimiotaxis microbiana 
Responsable: Dreyfus Georges. 
Responsable: Georgellis Dimitris.  
Facultad de Ciencias, UNAM. 
 
Participantes: 
Álvarez Adrián Fernando 
 

18. Taller: Mecanismos de muerte neuronal  
Responsable: Morán Andrade Julio. 
Facultad de Ciencias, UNAM. 
 

19. Taller: Neurobiología sensorial  
Responsable: Salceda Sacanelles Rocío. 
Facultad de Ciencias, UNAM. 
 

20. Epistemología 
Responsable: Bargas Díaz José.  
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 

21. Modelos computacionales 
Responsable: Rossi Pool Román.  
Lic. Neurociencias. 
Facultad de Medicina, UNAM. 
 
Participantes: 
Poot  Hernández Augusto César 
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22. Neuropatología 
Responsable: Massieu Trigo Lourdes. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Velasco Torres Myrian 
Velasco Velázquez Iván 
 

23. Neuroplasticidad 
Responsable: Sotres Bayón Francisco. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Ramiro Cortés Yazmín 
Ramírez Lugo Leticia 
Rodríguez Durán Luis Francisco 
 

24. Psicofisiología 
Responsable: Osorio Gómez Daniel. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Sotres Bayón Francisco 
 

25. Técnicas y herramientas I 
Responsable: López Huerta Violeta Gisselle. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Tovar y Romo Luis Bernardo 
Valdés Rodríguez Víctor Julián 
Osorio Gómez Daniel 
Escalante Alcalde Diana 
Jiménez Pérez Nicolás 
Palomero Rivero Marcela 
Montiel Montes Teresa 
 

26. Bioética 
Responsable: Tapia Ibargüengoytia Ricardo. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
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27. Técnicas y herramientas II 
Responsable: Ongay Larios Laura. 
Lic. Neurociencias. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
López Casillas Fernando 
Coria Ortega Roberto 
Tovar y Romo Luis Bernardo 
Códiz Huerta Guadalupe 
Velasco Loyden Gabriela 
Poot  Hernández Augusto César 
 

28. Introducción a la Biofísica 
Responsable: Álvarez López Jesús Manuel.  
Facultad de Ingeniería, UNAM. 
 

29. Laboratorio de fundamentos de instrumentación Biomédica 
Responsable: Álvarez López Jesús Manuel.  
Responsable: Díaz Osornio Jaime Héctor. 
Facultad de Ingeniería, UNAM. 
 

30. Laboratorio de medición e instrumentación  
Responsable: Barbosa Castillo Juan Manuel. 
Facultad de Ingeniería, UNAM. 
 

31. Biología de Hongos 
Responsable: Cano Domínguez Nallely. 
Facultad de Ciencias, UNAM. 
 

32. Algebra lineal 
Responsable: Díaz Osornio Jaime Héctor. 
Facultad de Ingeniería, UNAM. 
 

33. Proyecto de ingeniería 
Responsable: Escalante Gonzalbo Ana María 
División de Ingeniería mecánica e industrial, licenciatura en mecatrónica, UNAM. 
 

34. Biología III 
Responsable: Escobedo Ávila Itzel.  
Colegio de Ciencias y Humanidades, Plantel Sur, UNAM. 
 

35. Biología IV 
Responsable: Escobedo Ávila Itzel.  
Colegio de Ciencias y Humanidades, Plantel Sur, UNAM. 
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36. Biología molecular de la célula I  
Responsable. Guzmán León Simón.  
Facultad de Ciencias, UNAM. 
 

37. Curso de biotecnología I  
Responsable: Kawasaki Watanabe Laura.  
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
 

38. Biología molecular de la célula I  
Responsable: Lara María Teresa. 
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
 

39. Biología y técnicas de animales de laboratorio  
Responsable: Malagón Rivero Héctor Alfonso. 
Facultad de Ciencias, UNAM. 
 

40. Biología celular e histología médica  
Responsable: Millán Aldaco Diana Alicia. 
Carrera de Médico Cirujano. 
Facultad de Medicina, UNAM. 
 

41. Práctica de Medicina zootecnia en animales de laboratorio 
Responsable: Rivera Cerecedo Claudia Verónica.  
Facultad de Medicina Veterinaria y Zootecnia, UNAM. 
 

42. Informática biomédica I 
Responsable: Moncada Hernández Sandra 
Departamento de Informática Biomédica 
Facultad de Medicina, UNAM. 
 

43. Informática biomédica II 
Responsable: Moncada Hernández Sandra 
Departamento de Informática Biomédica 
Facultad de Medicina, UNAM. 
 

44. Biofísica 
Responsable: Picones Medina Arturo. 
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
 

45. Biología Molecular de la Célula II 
Responsable: Ramírez Jarquín Josué Orlando. 
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
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46. Biología de animales II 
Responsable: Ramírez Jarquín Josué Orlando. 
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
 

47. Fisiología animal 
Responsable: Ramírez Jarquín Josué Orlando. 
Licenciatura en Biología. 
Facultad de Ciencias, UNAM. 
 

48. Curso-taller de Neurobiología del aprendizaje y la memoria 
Responsable: Rodríguez Durán Luis Francisco. 
Departamento de Biología celular. 
Facultad de Ciencias, UNAM. 
 

49. Prácticas de Psicobiología 
Responsable: Zainos Rosales Antonio Paulino. 
Licenciatura en Psicología. 
Facultad de Psicología, UNAM. 
 

50. Neurocognición 
Responsable: Zainos Rosales Antonio Paulino. 
Licenciatura en Psicología. 
Facultad de Psicología, UNAM. 
 

51. Neurociencias Cognoscitivas 
Responsable: Zainos Rosales Antonio Paulino. 
Licenciatura en Psicología. 
Facultad de Psicología, UNAM. 
 

52. Taller de Psicofisiología 
Responsable: Zainos Rosales Antonio Paulino. 
Licenciatura en Psicología. 
Facultad de Psicología, UNAM. 
 

53. Temas selectos en  Psicobiolgía III 
Responsable: Zainos Rosales Antonio Paulino. 
Licenciatura en Psicología. 
Facultad de Psicología, UNAM. 
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Con participación de miembros del IFC 
 
1. Fisiología microbiana 

Participa: González Pedrajo Bertha. 
Facultad de Química, UNAM. 
 

2. Genómica funcional 2 
Participa: Furlan Magaril Mayra. 
Centro de Ciencias Genómicas, UNAM. 
 

3. Taller de Ciencias: Astroglia y el cerebro: funciones y enfermedades 
Participa: López Huerta Violeta Gisselle. 
Luis Baltazar Enoch. 
Hernández Cruz Arturo. 
Picones Medina Arturo. 
Facultad de Ciencias, UNAM. 
 

4. Genética 
Participa: Furlan Magaril Mayra. 
Álvarez Adrián Fernando. 
Facultad de Medicina, UNAM. 
 

5. Taller de Neurobiología del aprendizaje y la memoria 
Participa: Osorio Gómez Daniel. 
Facultad de Ciencias, UNAM. 
 

6. Aplicaciones de bioquímica y biología molecular 
Participa: Valdés Rodríguez Víctor Julián. 
Torres Quiroz Francisco. 
González Pedrajo Bertha. 
Facultad de Química, UNAM. 
 

7. Inmunología 
Participa: Licona Limón Paula. 
Instituto de Investigaciones Biomédicas, UNAM. 
 

8. Mecanismos que participan en la regulación de la traducción de proteínas 
Participa: Martínez Silva Ana. 
LBB, UNAM. 
 

9. Taller de Titulación Biofísica de células excitables 
Participa: Jiménez Pérez Nicolás. 
Licenciatura en Biología de la Facultad de Ciencias, UNAM. 
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10. Métodos computacionales I: Métodos numéricos 

Participa: Laville Conde Antonio. 
Facultad de Medicina, UNAM. 
 

11. Taller introductorio al análisis de la actividad eléctrica cerebral  
Participa: Méndez Ambrosio Bruno. 
Facultad de Psicología, UNAM. 
 

12. Métodos en Neurociencias 
Participa: Méndez Ambrosio Bruno. 
Facultad de Psicología, UNAM. 
 

13. Farmacología 
Participa: Moncada Hernández Sandra. 
Facultad de Medicina, UNAM. 
 

14. Curso teórico-práctico: Técnicas en Sistemática Molecular de Plantas 
Participa: Ongay Larios Laura. 
Instituto de Biología, UNAM. 
 

15. Taller Nivel III y IV. Caracterización de las Pirofosfatasas de proteobacterias 
Participa: Peña Segura Claudia. 
Facultad de Ciencias, UNAM. 
 

16. Taller Neurobiología Sensorial  
Participa: Sánchez Chávez Gustavo. 
Licenciatura en Biología.  
Facultad de Ciencias, UNAM. 
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Cursos de Posgrado 

Miembros del IFC como responsables 

 

1. Bases moleculares de la síntesis de proteínas 
Responsable: Pérez Martínez Xochitl.  
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 

2. Biofísica de la actividad eléctrica celular 
Responsable: Gómora Martínez Juan Carlos. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Sotres Bayón Francisco 
Velasco Torres Myrian 
Hernández Cruz Arturo 
Galarraga Palacio Elvira 
Fernández de Miguel Francisco 
Méndez Ambrosio Bruno  
Laville Conde Juan Antonio 
 

3. Biología estructural de las membranas celulares 
Responsable: González Halphen Diego. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Funes Soledad 
 

4. Biología molecular 
Responsable: Recillas Targa Félix. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Torres Larios Alfredo 
Álvarez Adrián Fernando 
Furlan Magaril Mayra 
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5. Biología molecular 
Responsable: Funes Soledad. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Valdés Rodríguez Víctor Julián 
 

6. Biología molecular 
Responsable: González Pedrajo Bertha. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Coria Ortega Roberto 
Aguirre Linares Jesús 
Ongay Larios Laura María 
De la Mora Bravo Francisco Javier 
Georgellis Dimitris 
 

7. Biología molecular de la célula eucarionte 
Responsable: Castro Obregón Susana. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Silva Marina Macías 
Funes Soledad 
Torres Quiroz Francisco 
Escalante Alcalde Diana 
Peraza Reyes Leonardo 
Mas Oliva Jaime   
Hansberg Torres Wilhelm 
 

8. Bioquímica 
Responsable: Torres Larios Alfredo. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Licona Limón Paula   
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9. Bioquímica 
Responsable: García Sáinz Jesús Adolfo. 
Posgrado en Ciencias Bioquímicas. 
Facultad de Química, UNAM. 
 
Participantes: 
Macías Silva Marina 
 

10. Bioquímica 
Responsable: Pérez Martínez Xochitl.  
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Torres Quiroz Francisco 
Pérez Montfort Ruy 
 

11. Canales iónicos: Máquinas moleculares 
Responsable: Rosenbaum Emir Tamara. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Llorente Gil Itzel Alejandra 
Morales Lázaro Sara Luz 
Arciniega Marcelino 
 

12. Células troncales: repercusiones en biomedicina 
Responsable: Velasco Velázquez Iván. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Navarro González Rosa 
Valdés Rodríguez Víctor Julián 
Furlan Magaril Mayra 
 

13. Tópico Selecto: Bases conceptuales de la epigenómica 
Responsable: Recillas Targa Félix. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Furlan Magaril Mayra 
Poot Hernández Augusto César 
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14. Optogenética: conceptos y aplicaciones  

Responsable: Tecuapetla Aguilar Fatuel. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
López Huerta Violeta Gisselle 
Velasco Torres Myrian 
Ramírez Jarquín Josué Orlando 
 

15. Papel de los rearreglos genómicos como generadores de diversidad genética 
Responsable: González Manjarrez Alicia. 
Posgrado en Ciencias Biomédicas. 
Instituto de Investigaciones Biomédicas, UNAM. 
 

16. Fisiopatología del síndrome metabólico y la diabetes  
Responsable: Velasco Torres Myrian. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 

17. Neurobiología del aprendizaje y la memoria 
Responsable: Osorio Gómez Daniel. 
Posgrado en Ciencias Biológicas. 
Instituto de Fisiología Celular, UNAM. 
 

18. Modulación de la transmisión sináptica en sistema nervioso central  y periférico 
Responsable: Hernández Cruz Arturo. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 

19. Neuroquímica básica 
Responsable: Massieu Trigo Lourdes. 
Morán Andrade Julio. 
Posgrado en Ciencias Biomédicas/Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Velasco Velázquez Iván 
Tecuapetla Aguilar Fatuel 
Sotres Bayón Francisco 
Bargas Díaz José 
Ramiro Cortés Yazmín 
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20. Técnicas selectas de biología molecular  
Responsable: Torres Quiroz Francisco. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Coria Ortega Roberto 
Arciniega Castro Marcelino 
Licona Limón Paula 
Ongay Larios Laura María 
Furlan Magaril Mayra 
Moreno Alvarez Paola   
 

21. Uso e interpretación de la información tridimensional de macromoléculas, 
modelado y dinámica molecular 
Responsable: Arciniega Castro Marcelino. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM. 
 
Participantes: 
Torres Larios Alfredo 
 

22. Comunicación nerviosa 
Responsable: Fernández de Miguel Francisco. 
Posgrado en Ciencias Biomédicas. 
Instituto de Fisiología Celular, UNAM. 
 

23. Diplomado en  Biología molecular.  
Responsable: Contreras Zentella Martha Lucinda. 
Posgrado en Ciencias Médicas Odontológicas y de la Salud.  
Facultad de Odontología, UNAM. 
 

24. Biología molecular I 
Responsable: Contreras Zentella Martha Lucinda. 
Posgrado en Ciencias Médicas Odontológicas y de la Salud.  
Facultad de Odontología, UNAM. 
 

25. Biología molecular II 
Responsable: Contreras Zentella Martha Lucinda. 
Posgrado en Ciencias Médicas Odontológicas y de la Salud.  
Facultad de Odontología, UNAM. 
 

26. Curso  Algoritmos Bioinspirados y Bioinformática. 
Responsable: Poot  Hernández Augusto César. 
Posgrado en Ciencia e Ingeniería de la Computación.  
Instituto de Investigaciones en Matemáticas Aplicadas y en Sistemas, UNAM. 
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Con participación de miembros del IFC 
 
 
1. Bioenergética mitocondrial 

Participa: Uribe Carvajal Salvador. 
Pérez Martínez Xochitl. 
Posgrado en Ciencias Biomédicas. 
Facultad de Medicina, UNAM. 
 

2. Biología molecular 
Participa: Peraza Reyes Leonardo. 
Torres Quiroz Francisco. 
Furlan Magaril Mayra. 
Posgrado en Ciencias Bioquímicas.  
Instituto de Investigaciones Biomédicas, UNAM. 
 

3. Biología molecular aplicada para el estudio de la regulación genética en 
eucariontes 
Participa: Morales Lázaro Sara Luz. 
Escalante Alcalde Diana. 
Posgrado en Ciencias Biológicas. 
Instituto de Fisiología Celular, UNAM. 
 

4. Bioquímica avanzada 
Participa: Pérez Martínez Xochitl. 
Posgrado en Ciencias Biológicas.  
Facultad de Ciencias, UNAM. 
 

5. Creadores de la ciencia moderna 
Participa: González Halphen Diego. 
Posgrado en Ciencias Biomédicas.  
Instituto de Neurobiología, UNAM. 
 

6. Cristalografía de macromoléculas 
Participa: Torres Larios Alfredo. 
Posgrado en Ciencias Biomédicas.  
Instituto de Química, UNAM 
 

7. Fundamentos de células troncales, ingeniería tisular y medicina regenerativa 
Participa: Velasco Velázquez Iván. 
Maestría y Doctorado en Ciencias de la Producción y de la salud animal. 
Facultad de Medicina Veterinaria y Zootecnia, UNAM. 
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8. Inmunología avanzada: Moléculas de la respuesta inmune 
Participa: Torres Quiroz Francisco. 
Posgrado en Ciencias Biomédicas.  
Facultad de Medicina, UNAM. 
 

9. Neurobiología celular y neurodesarrollo 
Participa: Massieu Trigo Lourdes. 
Instituto de Neurobiología, UNAM. 
 

10. Neurodegeneración y deterioro cognitivo 
Participa: Osorio Gómez Daniel. 
Posgrado en Ciencias Biológicas.  
Instituto de Fisiología Celular, UNAM. 
 

11. Proteínas: Estructura, estabilidad y función 
Participa: Torres Larios Alfredo. 
Posgrado en Ciencias Biomédicas.  
Instituto de Química, UNAM. 
 

12. Regulación de la expresión génica en bacterias 
Participa: Georgellis Dimitris. 
Posgrado en Ciencias Biomédicas. 
Centro de Ciencias Genómicas, UNAM. 
 

13. Relación de estructura-función de proteínas de membrana 
Participa: González Halphen Diego. 
Posgrado en Ciencias Biomédicas.  
Instituto de Neurobiología, UNAM. 
 

14. Respuesta a proteínas mal plegadas en cáncer 
Participa: Massieu Trigo Lourdes. 
Posgrado en Ciencias Biológicas.  
Instituto de Investigaciones Biomédicas, UNAM. 
 

15. Sistemas globales de regulación génica en bacterias 
Participa: Georgellis Dimitris. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Fisiología Celular, UNAM 
 

16. Temas selectos: Biología del envejecimiento 
Participa: Licona Limón Paula. 
Posgrado en Ciencias Biológicas. 
UNAM 
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17. Fundamentos de Biología Molecular 

Participa: Martínez Silva Ana Valeria. 
Posgrado en Ciencias Biomédicas.   
Instituto de Investigaciones Biomédicas, UNAM. 
 

18. Bioinformática y Biología Molecular de la Expresión Genética de un Organismo 
Extremófilo 
Participa: Ongay Larios Laura. 
Posgrado en Ciencias Biológicas. 
Instituto de Fisiología Celular, UNAM. 
 

19. Canales Iónicos: Bases y Metodologías para su Estudio 
Participa: Picones Medina Arturo. 
Posgrado en Ciencias Bioquímicas. 
Instituto de Biotecnología, UNAM. 
 

20. Biomembranas y Bioenergética, dentro del curso obligatorio de Bioquímica 
Participa: Sánchez Sánchez Norma. 
Posgrado en Ciencias Bioquímicas.  
Facultad de Medicina, UNAM. 
 

21. Bioenergética Mitocondrial 
Participa: Sánchez Sánchez Norma. 
Posgrado en Ciencias Biomédicas.  
Facultad de Medicina, UNAM. 
 

22. Introducción a las Neurociencias Cognitivas 
Participa: Zainos Rosales Antonio Paulino. 
Posgrado en Ciencias Biomédicas.  
Instituto de Fisiología Celular, UNAM. 
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Cursos de Licenciatura impartidos fuera de la UNAM 

Con participación de miembros del IFC 
 
1. Transducción de señales 

Participa: García Sáinz Jesús Adolfo  
Facultad de Medicina, Universidad Autónoma de San Luis Potosí. 
 

2. Seminarios para la Licenciatura en Ciencias 
Participa: Castro Obregón Susana 
Centro de Dinámica Celular, Universidad Autónoma del Estado de Morelos.  
 

3. Técnicas de Biología Molecular 2 

Participa: Mendoza Martínez Ariann Elizabeth. 
Universidad Autónoma Metropolitana (UAM)-Cuajimalpa. 
 

4. Curso- Taller Tópicos Selectos de Histotecnología 
Participa: Rodríguez Montaño Sandra Daniela. 
Facultad de Ciencias Químicas. 
Universidad Autónoma Benito Juárez de Oaxaca U.A.B.J.O. 

 
 
 

Cursos de Posgrado impartidos fuera de la UNAM 

Miembros del IFC como responsables 

 
1. I Curso Internacional NeuroSur-CYTED “Nuevas Rutas de Señalización en 

Neurodegeneración” 
Responsable: Castro Obregón Susana. 
Instituto de Investigaciones Científicas y Servicios de Alta Tecnología-AIP, Ciudad del 
Saber, Panamá. 
 

2. Taller. Fijación por perfusión para roedores 
Responsable: Rosas Arellano Abraham. 
CINVESTAV- Instituto Politécnico Nacional. 
 

3. Curso  Computación 
Responsable: Poot  Hernández  Augusto César. 
Posgrado en Fisiología y Neurobiología Celular y Molecular. 
Departamento de Fisiología Biofísica y Neurociencias. 
CINVESTAV- Instituto Politécnico Nacional. 
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Con participación de miembros del IFC 
 
 
1. 4º Diplomado de Bioética “Humanismo, cimiento de la salud”. Interrupción legal 

del embarazo  
Participa: Tapia Ibargüengoytia Ricardo. 
Hospital General Xoco, CDMX. 
 

2. Diplomado Bioética y Bioderecho, Estatus del embrión humano, células troncales 
y clonación  
Participa: Tapia Ibargüengoytia Ricardo. 
Poder Judicial del Estado de Chihuahua y Colegio de Bioética. Chihuahua, Chih. 
 

3. Biología Molecular de Eucariontes  
Participa: Recillas Targa Félix. 
Centro de Investigaciones de Estudios Avanzados (CINVESTAV) del IPN, Departamento 
de Biomedicina Molecular. 
 

4. Bioquímica Avanzada, con el tema cadena respiratoria y fosforilación oxidativa  
Participa: González Halphen Diego. 
Departamento de Bioquímica, Escuela Nacional de Ciencias Biológicas, IPN. 
 

5. Cuso pre-congreso de la Rama de Transducción de Señales de la SMB. Clase: La 
citocina TGF-beta y la plasticidad celular 
Participa: Macías Silva Marina. 
CINVESTAV-IPN y Sociedad Mexicana de Bioquímica, IPN. 
 

6. IBRO Course in Neuroscience  
Participa: Fernández de Miguel Francisco. 
Universidad de Antioquía, Colombia.  
 

7. Neurociencias  
Participa: Morán Andrade Julio. 
Universitat Autónoma de Barcelona. 
 

8. Biología Celular y Molecular 
Participa: Chiquete Félix Natalia. 
ENCB-Instituto Politécnico Nacional. 
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9. Bioinformatica 
Participa: Guzmán León Simón. 
Programa de Maestría en Biología Molecular del Departamento de Genética y Biología 
Molecular del Centro de Investigación y de Estudios Avanzados del Instituto Politécnico 
Nacional. 
 

10. Regulación de la Expresión Genética  
Participa: Funes Argüello  Soledad. 
Departamento de Biología Celular del CINVESTAV-Zacatenco. 
 

11. Curso de Microscopia 
Participa: Rincón Heredia Ruth 
Maestría en Ciencias del Departamento de Fisiología, Biofísica y Neurociencias del 
CINVESTAV- Instituto Politécnico Nacional. 
 

12. Microscopia (Teoría y Práctica) 
Participa: Rosas Arellano Abraham. 
CINVESTAV- Instituto Politécnico Nacional. 
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Anexo 3 

Ponencias 

Participación en Congresos Nacionales 

 

1. 2nd Epigenomics Meeting, 2019. Epigenetic Regulation in Human Disease. Instituto 
de Investigaciones Biomédicas, UNAM. 26-27 de septiembre 2019. 
 
Ponencia: 
 
Valdés, Juli n. ―Epidermal Stem cell Differentiation‖.  27-septiembre-2019. 
 
Cartel: 
 
Rodríguez Aguilera, J. R; Ecsedi, S; Goldsmith, C; Cros, M.P; Domínguez López, M; 
Guerrero Celis, N; Pérez Cabeza de Vaca, R; Chemin, R; Recillas Targa, F; Chagoya de 
S nchez, V; Hern ndez Vargas, H. ―Genome-wide 5-hydroxymethylcytosine emerges at 
early stage of in vitro hepatocyte differentiation‖. 26-septiembre-2019. 
 

2. CEMUS XIV. Congreso de estudiantes de medicina del noroeste. Neurociencias. 
Universidad de Sonora. 
30 de septiembre-4 de octubre 2019.  
 
Ponencia: 
 
Romo, Ranulfo. ―Neurociencia y su impacto en las neuroprótesis‖. 3-octubre-2019. 
 

3. III Neurobiology Meeting of the Mexican Society for Biochemistry. SMB. Guanajuato, 
México. 22-26 de septiembre 2019. 
 
Ponencia: 
 
Alatriste León, Hector; Verma, Anil K; Ramírez Jarquín, Josué O; Tecuapetla Aguilar, 
Fatuel. ―Perturbations in the Activity of Cholinergic Interneurons in the Dorsomedial Striatum 
Impairs the Encoding of an Instrumental Contingency Change‖. 25-septiembre-2019. 
 
Escalante Alcalde, D; Cotzomi Ortega, I; Rivera Álvarez, J; Castro Hernández, R; Gómez 
López, S; Martínez Silva, V; Luna Leal, A. ―Phospholipid phosphatase-3, a novel marker of 
neural stem cells, participates in the ventricular system remodeling and adult neurogenesis 
in mice‖. 23-septiembre-2019. 
 
Romo, Ranulfo. ―The neural code‖. 25-septiembre-2019. 
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Montes Oca Balderas, Pavel; Gómora García, Juan Carlos; Massieu Trigo, Lourdes; 
Hernández Cruz, Arturo. ―Effects of Anti-NMDA receptor antibodies on NMDA-induced 
intracellular Ca2+ rise: possible implications for anti-NMDAR encephalitis‖. 23-septiembre-
2019. 
 
Violeta G. Lopez Huerta, Yinqing Li, Xian Adiconis, Kirsten Levandowski, Soonwook Choi, 
Mario A. Arias Garcia, Annie Y. Yao, Ralf D. Wimmer, Tomomi Aida, Alex Atamian, Tina 
Naik, Xuyun Sun, Dasheng Bi, Diya Malhotra, Marcos Gomes, Eunjin Hwang. ―Integrated 
single-cell analysis reveals coupled molecular gradient and functional subnetworks in the 
thalamic reticular nucleus‖. 24-septiembre-2019. 
 
Mor n, J; Cid Castro, C. ―Role of ROS produced by mitochondria and NADPH-oxidase 
(NOX) in the apoptotic death of cerebellar granule neurons‖. 22-septiembre-2019. 
 
Sotrés Bayon, F. ―Prefrontal "brake during conflict choice behavior‖. 25-septiembre-2019. 
 
Cartel: 
 
Acevo Rodríguez, Pilar Sarah; Cabrera Benítez, Sandra; Escalante Alcalde, Diana; Castro 
Obregón, Susana. ―The role of the autophagy during the early nervous system 
development‖. 22-septiembre-2019. 
 
Gómora García, Juan Carlos; Massieu Trigo, Lourdes. ―Friend or Foe? Participation of IRE1 
in the unfolded protein response induced by glucose deprivation in cortical neurons‖. 23-
septiembre-2019. 
 
Gorostieta Salas, Elisa;  Moreno Blas, Daniel; Domínguez Bautista, Jorge; Cisneros Vega, 
Bulmaro; Bermúdez Rattoni, Federico; Castro Obregón, Susana. ―Autophagy induction 
reduces features of cellular senescence in the hippocampus of old rats‖. 22-septiembre-
2019. 
 
Hüttenrauch, Melanie; Camberos Luna, Lucy Anita; Massieu Trigo, Lourdes; Castro 
Obregón, Susana. ―Investigation of the therapeutic potential of autophagy induction in a 
mouse model of Alzheimer’s disease‖. 23-septiembre-2019. 
 
Jiménez Márquez, E; Ramiro Cortés, Y. ―Neuronal activity in the primary visual cortex of 
SHANK3+/- in response to an over-specificity visual task‖. 24-septiembre-2019. 
 
Moreno Blas, Daniel; Gorostieta Salas, Elisa G; Muciño Hernández, Gabriel; Pommer Alba, 
Alexander M; Castro Obregón, Susana. ―Neuronal Senescence is promoted by 
Dysfunctional Autophagy‖. 22-septiembre-2019. 
 
Ortiz Cruz, C.A; Ramiro Cortés, Y. ―Behavioral correlates of atypical V1 neurons activity in a 
genetic mouse model of autism (SHANK3)‖. 24-septiembre-2019. 
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Perera Murcia, G.R; Ramiro Cortés, Y. ―Synaptic long-term depression mediated by mGlu 
and NMDA receptors in individual dendritic spines from SHANK3 mice‖. 24-septiembre-
2019. 
 
Torres Esquivel, Carmen; Montiel Montes, Teresa; Flores Méndez, Marco; Massieu Trigo, 
Lourdes. ―The Ketone body beta-hydroxybutyrate restores autophagic degradation in the 
brain of hypoglycemic rats‖. 23-septiembre-2019. 
 
Lara Gonz lez. E; Duhne,  M; Laville,  A; Bargas, J. ―Comparison of actions between L-
DOPA and different dopamine agonists in striatal DA-depleted microcircuits in vitro: pre-
clinical insights‖. 24-septiembre-2019. 
 
Duhne, M; Lara González, E;  Laville,  A; Padilla Orozco, M; Ávila Cascajares, F; Arias 
García, M; Galarraga, E; Bargas, J. ―Activation of parvalbumin expressing neurons 
reconfigures neuronal ensembles in murine striatal microcircuits‖. 24-septiembre-2019. 
 
Alejandra Liliana Gómez Paz; Marcela Palomero Rivero;  Diana Millán Aldaco; René 
Drucker Colín; Jose Bargas Diaz. ―Allosteric modulation of nicotinic receptors reduces L-
DOPA induced dyskinesias in parkinsonian mice‖. 23-septiembre-2019. 
 
Prior Gonz lez, Mara; Lazo Gómez, Rafael; Tapia, Ricardo. ―Inhibition of HDAC4 with 
sodium butyrate does not prevent AMPA-induced excitotoxic degeneration of spinal 
motoneurons in vivo‖. 24-septiembre-2019. 
 
Acosta Galeana, Isabel; Prior Gonz lez, Mara; Tapia, Ricardo. ―4-Aminopyridine protects 
against motor alterations in a chronic excitotoxic model of spinal motor neuron 
degeneration‖. 24-septiembre-2019. 
 
Díaz Hernández, Edgar Arturo; Sánchez Fuentes, Asaí; Ramírez Armenta, Kathia; Ramírez 
Jarquín, Josué Orlando; Tecuapetla Aguilar, Fatuel. ―Thalamo-striatal contribution to switch 
between actions sequences‖. 22-septiembre-2019. 
 
Alatriste León, Héctor; Ramírez Jarquín, Josué Orlando; Tecuapetla Aguilar, Fatuel. 
―Striatal sub-circuits and cholinergic interneurons activity in behavioral flexibility‖. 23-
septiembre-2019. 
 
Llanos Moreno, Argelia; Cuevas Vicente, Nisa;  Alatriste León, Héctor; Valdez Fernández, 
Yiatzir; Ramírez Jarquín, Josué Orlando; Tecuapetla, Fatuel. ―Optogenetic inhibition of the 
dorsomedial versus dorsolateral striatum‖. 24-septiembre-2019. 
 
Sánchez Fuentes, Asai; Ramírez Armenta, Kathia; Díaz Hernández, Edgar; Ramírez 
Jarquín, Josué Orlando; Tecuapetla, Fatuel. ―Cortico–striatal contribution to execution of a 
chain of sequences‖. 25-septiembre-2019. 
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Contreras López, Rubén Darío; Días Hernández, Edgar Arturo; Ramírez Jarquín, Josué 
Orlando; Tecuapetla, Fatuel. ―Cerebellum–basal ganglia interactions circuits‖. 26-
septiembre-2019. 
 
Emiliano Tesoro Cruz, Norma Oviedo De Anda, Leticia  Manuel Apolinar, Sandra  Orozco 
Suárez, Carolina Bekker Méndez, Gloria Martínez Pérez, Francisco Guerra Castillo, 
Chamina Aguirre Alvarado, Minerva Crespo Ramírez, Miguel Pérez de la Mora. ―Ophthalmic 
administration of a DNA plasmid harboring the murine Tph2 gene: evidence for exogenous 
recombinant Tph2.FLAG in brain structures‖. 22-septiembre-2019. 
 
Hernández Mondragón Juan Carlos, Crespo Ramírez Minerva, Apolinar Manuel Leticia, 
Tesoro Cruz Emiliano, Pérez de la Mora Miguel. ―Neuro-inmuno-endocrine changes induced 
by high-fat diet are associated with increased anxiety-like behavior in Wistar rats‖. 22-
septiembre-2019. 
 
Medina Ruiz Gabriela Itzetl, Mor n Julio. ―Regulation of actin cytoskeleton by p47 
overexpression in cerebellar granule neurons‖. 23-septiembre-2019. 
 
Diego Rolando Hern ndez Espinosa, Lourdes Massieu, Julio Mor n. ―Role of NADPH 
oxidase-2 in the progression of the inflammatory response secondary to striatum excitotoxic 
damage‖. 24-septiembre-2019. 
 
E. Colín, R. Tapia. ―Chronic administration of glutamate decarboxylase inhibitors in the rat 
spinal cord induces motor alteration and motor neuron death‖. 23-septiembre-2019. 
 

4. LXII Congreso Nacional de la Sociedad Mexicana de Ciencias Fisiológicas A.C. 
Universidad Autónoma de Querétaro. 12-15 de agosto 2019. 
 
Ponencia: 
 
Bermúdez Rattoni, F. ―Avances recientes en el estudio del aprendizaje y la memoria‖. 
 14-agosto-2019. 
 
Guzmán Ramos, K; Osorio Gómez, D; Rodríguez, F; Velasco, M; Bermúdez Rattoni, F; 
Hiriart, M. ―Rescate de las alteraciones hipocampales asociadas al síndrome metabólico: 
participación dopaminérgica‖. 13-agosto-2019. 
 
Cartel: 
 
Milo Rocha, Edgar Gerardo; Loza Huerta, Arlet; Lara Figueroa, Cesar Oliver; Picones, 
Arturo; Hernández Cruz, Arturo; Enoch, Luis. ―Nuevos inhibidores del canal oncogénico de 
potasio Kv10.1‖. 14-agosto-2019. 
 
Cruz Cruz, Iskra Anai; Sánchez Zavala, José Hugo; Hiriart, Marcia; Velasco Torres, Myrian. 
―Efecto del síndrome metabólico en rata sobre el funcionamiento del canal KATP‖. 12-
agosto-2019.  
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Bernate Obando, Germán Alonso; Barajas Olmos, Francisco; Hiriart Urdanivia, Marcia; 
Velasco Torres, Myrian. ―Los canales Kv2.1 y Kv2.2 y su regulación transcripcional en 
célula beta durante el desarrollo‖. 12-agosto-2019. 
 
Sánchez Soto, Carmen; Velasco, M; Chávez Maldonado, Juan Pablo; Hiriart Urdanivia, 
Marcia. ―EL NGF plasm tico aumenta durante el síndrome metabólico y viaja unido a sus 
dos receptores‖. 12-agosto-2019. 
 
Zavala Sánchez, José Hugo; Hiriart Urdanivia, Marcia; Sánchez Soto, María del Carmen; 
Velasco Torres, Myrian; Zambrano González, Elena. ―El receptor soluble de insulina se 
encuentra aumentado en enfermedad de hígado graso no alcohólico‖. 12-agosto-2019. 
 
Cortes Escamilla,  Cecilia Estrella; Sánchez Sandoval, Ana Laura; Gómora Martínez, Juan 
Carlos. ―Participación de la subunidad NaVβ3 en la apoptosis de líneas celulares de 
c ncer‖. 12-agosto-2019. 
 
Elías López, Diana Lizbeth; Hernández Plata, Everardo; Gómora Martínez, Juan Carlos. 
―Evaluación electrofisiológica de antagonistas del canal NaV1.6 con potencial anti-
metastásico en el cáncer cervico-uterino‖. 12-agosto-2019. 
 

5. Taller Multidisciplinario de Redes. Taller de análisis de señales neurofisiológicas. 
Hotel Hacienda Cocoyoc, Morelos. 6-8 de noviembre 2019.  

 
Ponencia: 
 
Miguel Serrano, Brisa García, Rosa María Reyes, Alejandra Cáceres, Elvira Galarraga, 
José Bargas. ―Reconfiguración de ensambles neuronales durante eventos epileptiformes en 
la corteza motora del ratón‖. 8-noviembre-2019. 
 
 
Vladimir Calderón, Aldo Luna, Alejandra Gómez, Fernanda Ramírez, Elvira Galarraga, Jose 
Bargas. ―Acciones de amantadina y clozapina en el microcircuito estriatal del ratón 
discinético‖. 6-noviembre-2019. 
 
Rossi Pool, R; Romo, R. ―Código neuronal en la corteza somatosensorial secundaria (S2): 
dualidad sensorial y categórica‖ 7-noviembre-2019. 
 
Montes Oca Balderas, Pavel; Gómora García, Juan Carlos; Massieu Trigo, Lourdes; 
Hern ndez Cruz, Arturo. ―Efectos de anticuerpos anti-NMDA sobre la señal de iCa2+ 
inducida por NMDA: implicaciones para la encefalitis autoinmune por anticuerpos anti-
NMDAR‖. 8-noviembre-2019. 
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6. XLI Congreso Nacional de Microbiología y VI Congreso de Bioquímica y Biología 
Molecular de Bacterias. Oaxaca, México. 27-31 de octubre 2019. 
 
Ponencia: 
 
Vazquez Ciros, O. J; Rodríguez Rangel, C; Alvarez, A. F; Georgellis,  D. ―ZMP dependent 
activation of response regulators in Escherichia coli‖. 29-octubre-2019. 
 
Hernández Valle, José; Sánchez Flores, Alejandro;  Poggio, Sebastian; Dreyfus, Georges; 
Camarena, Laura. ―The CtrA regulon of Rhodobacter sphaeroides favors adaptation to 
particular life styles‖. 27-octubre-2019. 
 
Cartel: 
 
Urias Contreras, F. A; Pannuri, A; Romeo, T; Alvarez, A. F; Georgellis, D. ―Spatiotemporal 
regulation of the BarA/UvrY two component signaling system‖. 29-octubre-2019. 
 
Marcos Vilchis, A.I;  Espinosa Sánchez, N;  González Pedrajo, B. ―Substrate recognition by 
the sorting platform in the injectisome‖. 29-octubre-2019. 
 
Vega Baray, B; Poggio, S; Dreyfus, G; Camarena, L.  ―Outer membrane vesicles from 
Rhodobacter sphaeroides‖. 29-octubre-2019. 
 
Rodríguez Méndez, D; Domenzain, C; Poggio, S; Osorio, A; Dreyfus, G; Camarena, 
L. ―Analysis of the FlgT-MotF interaction in the flagellar system 1 of Rhodobacter 
sphaeroides‖. 28-octubre-2019. 
 
Vélez González, F; Vega Baray, B; Poggio, S; Dreyfus, G; Camarena, L. ―Characterization 
of the open reading frame rsp_1315 present in the flagellar set 2 of Rhodobacter 
sphaerodes‖. 29-octubre-2019. 
 
Benítez, J. M;  Gonz lez Vera, M; Poggio, S; Dreyfus, G; Camarena, L. ―Expression of the 
Fla2 flagellin in R. sphaeroides: analysis of the control mechanisms‖. 28-octubre-2019. 
 
Cruz Mendoza, L; de la Mora, F. J; Dreyfus, G. ―Study of the motility of bacteria of the genus 
Vibrio under different salinity conditions‖. 29-octubre-2019. 
 
Domenzain, C; Gómez César, E; Dreyfus, G; Poggio, S; Camarena, L. ―CtrA regulation 
mediated by ClpXP in Rhodobacter sphaeroides‖. 29-octubre-2019. 
 
Reyes Nicolau, J; Osorio, A; Domenzain, C; Poggio, S; Dreyfus, G; Camarena, 
L. ―Evaluation of the open reading frame RSWS8N_09490 in the function of Fla2 of 
Rhodobacter sphaeroides‖. 29-octubre-2019. 
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7. VII Congreso de Especies Reactivas del Oxígeno en Biología y Medicina SMB. 
Instituto de Investigaciones Biomédicas, UNAM. 9-11 de septiembre 2019. 
 
Ponencia: 
 
Chagoya de S nchez, Victoria. ―Especies reactivas de oxígeno y nitrógeno en 
hepatotoxicidad: Cirrosis y Carcinoma hepatocelular‖. 9-septiembre-2019. 
 
Wilhelm Hansberg, Elisa Domínguez-Hüttinger . “Dioxygen Avoidance Theory: An 
experimentally validated mathematical model for the conidiation process in Neurospora 
crassa‖. 11-septiembre-2019. 
 

8. VII Congreso Nacional de la Rama de Transducción de Señales de la Sociedad 
Mexicana de Bioquímica. Centro Académico Cultural. Campus UNAM Juriquilla, 
México. 4-7 de noviembre 2019. 

 
Ponencia: 

 
Ríos López, Diana; Ortega Domínguez, Bibiana; Aranda López, Yuli; Martínez Pastor, 
David; Macías Silva, Marina. ―El contexto celular en la regulación transcripcional‖.  5-
noviembre-2019. 
 
Cartel: 
 
Martínez Pastor, D; Ríos López, D; Macías Silva, M. ―El eje Rho/Rock/F-actina promueve la 
estabilidad del co-regulador transcripcional SnoN‖. 5-noviembre-2019. 
 
Anaya Rubio, I. A; Ávila Rodríguez, D.G;  González Espinosa, C; Ibarra Sánchez, A; Sosa 
Garrocho, M; Vázquez Victorio, G; Macías Silva, M. ―La secreción de TGF-beta en células 
de melanoma y su comunicación con células cebadas‖. 5-noviembre-2019. 
 
 
Gómez Ceja, K. A;  Sosa Garrocho, M; Macías Silva, M. ―Regulación de la estabilidad de 
las proteínas Ski y SnoN por el antibiótico puromicina‖. 5-noviembre-2019. 
 
Díaz Bello, B; Serna Márquez, N; Macías Silva, M; Vázquez Victorio, G; Hautefeuille, 
M. ―Efecto de la rigidez del sustrato y el factor TGF-beta en la TEM y la senescencia en 
hepatocitos primarios de rata‖. 5-noviembre-2019. 
 
Rodríguez Hernández, A;  García Vargas, A.G; Macías Silva, M; Hautefeuille, M; Vázquez 
Victorio, G. ―Respuesta de los hepatocitos primarios de hígado de rata a la rigidez en 
hidrogeles de poliacrilamida‖. 5-noviembre-2019. 
 
Gustavo de los Santos Cocotle, Juan Carlos Martínez Morales, María Teresa Romero Ávila, 
Jesús Adolfo García S inz. ―Interacción del receptor α 1A adrenérgico con proteínas Rab 
durante la desensibilización‖. 4-noviembre-2019. 
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Emmanuel Flores Espinoza, Aldo Meizoso Huesca, Sócrates Villegas Comonfort, María 
Teresa Romero Ávila, Guadalupe Reyes Cruz, Jesús Adolfo García Sainz. ―FFA4 receptor 
association with endocytic Rab proteins by homologous and heterologous receptor 
desensitization‖. 5-noviembre-2019. 
 
Guzmán Silva, Alejandro; Romero Ávila, Tere; Solís, Karina Helivier; Villegas Comonfort, 
Sócrates; Medina, Luz del Carmen; Martínez Morales, Juan Carlos; García Sainz, J. Adolfo. 
―Regulación del receptor para  cidos grasos tipo 1, FFA1‖. 5-noviembre-2019. 

 
9. XIII Congreso de Posgrado en Psicologia UNAM 2019. Facultad de Estudios 

Superiores Iztacala, UNAM. 9-10 de octubre 2019. 
 
Ponencia: 
 
Hernández Álvarez, Dailett; Pérez de la Mora, Miguel; Prospero García, Oscar; González 
García, Nadia. ―Menor eficiencia en la conectividad cerebral funcional en adolescentes 
consumidores de inhalables‖. 9-octubre-2019. 
 

10. XIII Congreso Nacional de Biología Molecular y Celular de Hongos. Centro de 
Investigación Científica y de Educación Superior de Ensenada. CICESE, Baja 
California, México. 1-5 de octubre 2019. 

 
Ponencia: 
 
Peraza Reyes, L; López Fuentes, A; Álvarez Sánchez, M; Suaste Olmos, F; Mendieta 
Romero, A; Meizoso Huesca, A. ―Endoplasmic reticulum-mitochondria dynamics and 
interactions during growth and development in Podospora anserina‖. 2-octubre-2019. 
 
González Manjarrez, Alicia. ―Transcriptional reprogramming: a major mechanism shaping 
paralogous subfunctionalization‖. 3-octubre-2019. 
 
Saldaña de la Cruz, Daisy Ali; Osnaya, Vincent G; Camacho Villasana, Yolanda; Altman, 
Michael;  Pérez Martínez, Xochitl; Hernández Ramírez, Greco. ―Med9: A new eIF4E-
interacting protein in Saccharomyces cerevisiae‖. 3-octubre-2019. 
 
Cano Domínguez, Nallely; Bowman, Barry; Peraza Reyes, Leonardo; Aguirre, Jesús. 
―Neurospora crassa NADPH Oxidase NOX-1 is localized in the vacuolar system and the 
plasma membrane‖. 3-octubre-2019. 
 
Aguirre Linares, Jesús; Ramos Balderas, José Luis; Sánchez, Olivia; Martínez Sandoval, 
Emilio Alonso. ―The homologs of Cps1 double adenylation domain protein regulate growth 
and development in Aspergillus nidulans and Neurospora crassa‖. 3-octubre-2019. 
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Cartel: 
 
Suaste Olmos, F; Peraza Reyes, L. ―Cell dynamics of the peroxisomal protein Pex13 of 
Podospora anserine‖. 2-octubre-2019. 
 
Amancio Rojas, P; Peraza Reyes, L. ―The role of Hok1 in intracellular dynamics during 
development of the filamentous fungus Podospora anserina‖. 3-octubre-2019. 
 
Álvarez S nchez, M.S; Peraza Reyes, L. ―The role of the Endoplasmic Reticulum-
Mitochondria Encounter Structure in the sexual development of the fungus Podospora 
anserina‖. 2-octubre-2019. 
 
Navarro Espíndola, R; Suaste Olmos, F; Peraza Reyes, L. ―Proper development in the 
fungus Podospora anserina depends on organelle dynamics regulated by fission protein 
DNM1‖. 2-octubre-2019. 
 
Moreno Álvarez, P; Cándido López, A. A; Torres Quiroz, F. ―Effect of hydrogen sulfide on 
yeast autophagy‖. 2-octubre-2019. 
 
Trejo Zambrano, D. ―Subcellular relocalization of proteins as a divergence mechanism of 
paralogous proteins Bat1 and Bat2 in Saccharomyces cerevisiae‖. 4-octubre-2019. 
 
Aguirre, B; Márquez, D; Martínez de la Escalera, X; Scazzocchio, C; El-Hafidi, M; Riego, L; 
Gonz lez, A. ―Analysis of the subfunctionalization pathway followed by Kluyveromyces lactis 
paralogous KlLEU4 and KlLEU4BIS which originated from a Small Scale duplication event‖. 
4-octubre-2019. 
 
Hersch Gonz lez, J. ―Impact of subcellular localization on LEU4 and Leu9 paralogous 
proteins subfunctionalization in the yeast Saccharomyces cerevisiae‖. 4-octubre-2019. 
 
M rquez, D. ―GABA shunt: the importance of the ALT1-encoded alanine transaminase in 
oxidative stress control‖. 4-octubre-2019.  
 
Gutiérrez Alejandre, P;  Camacho Villasana, Y;  García Villegas, R; Flores Herrera, O; De 
Luna, A; Pérez Martínez, X. ―Effect of the regulation of Cox1 biogenesis in yeast phenotype 
and mitochondrial function‖. 4-octubre-2019. 
 
Garrido Baz n, V; Aguirre Linares, J. ―DnmA and FisA regulate mitocondrial and 
peroxisomal dynamics and development in Aspergillus nidulans‖. 2-octubre-2019. 
 
Sánchez, O; Aguirre, J. ―The Aspergillus nidulans poly (A) binding protein FabM roles in 
RNA binding, polar growth and development‖. 3-octubre-2019. 
 
Rojo Rodríguez, J; Kawasaki, L; Coria, R. ―Effect of endoplasmic reticulum stress induction 
on the yeast mating pathway‖. 1-octubre-2019. 
 



 
 
 

230  INFORME DE LABORES 2019 

Hernández Rojas, I; Olivarez Resendiz, A; Kawasaki, L; Coria, R. ―Transcriptional regulation 
of FKS2, PMC1 and GDT1 genes by Crz1 and Skn7 transcriptional factors under ER stress 
conditions‖. 1-octubre-2019. 
 
Gutiérrez Terrazas, S. I; Hansberg Torres, W. ―cAMP, ergosterol, and deposition of cell wall 
components‖. 3-octubre-2019. 
 
Nava Ramírez, T; Hansberg Torres, W. ―Chaperone function of the C-terminal domain of 
large-subunit catalases‖. 3-octubre-2019. 
 

11. XXI Congreso de Bioenergética y Biomembranas de la SMB. San Luis Potosí, SLP, 
México. 10-14 de noviembre 2019. 

 
Ponencia: 
 
V zquez Acevedo, M; Gonz lez Halphen, D. ―Structure of the mitochondrial ATP synthase 
of the colorless alga Polytomella sp‖. 11-noviembre-2019. 
 
Fuentes Ramírez, E.O; Vázquez Acevedo, M; Guerrero Castillo, S; Cabrera Orefice, A; 
Gonz lez Halphen, D. ―Characterization of the amyloplasts of the Structure of the colorless 
alga Polytomella parva‖. 13-noviembre-2019. 
 
Peña, A; Sánchez, N. S; Calahorra, M. ―The use of thioflavin T to estimate and measure the 
plasma membrane potential in Saccharomyces cerevisiae‖. 14-noviembre-2019. 
 
Ruelas Ramírez, Hilario; Funes, Soledad. ―Mitochondrial network dynamics during Slm35-
mediated mitophagy in Saccharomyces cerevisiae‖. 13-noviembre-2019. 
 
Pedroza Dávila, Ulrik; Uribe Alvarez, Cristina; Morales García, Lilia; Espinosa Simón, 
Emilio; Muhlia Almazán, Adriana; Chiquete Felix, Natalia; Uribe Carvajal, Salvador. 
―Staphylococcus epidermidis metabolic adaptation and biofirm formation in respone to 
varying oxygen‖. 12-noviembre-2019. 
 
Morales García, Lilia; Chiquete Felix, Natalia; Uribe Carvajal, Salvador. ‖The ScMUC as a 
cellular protection system but not as an inducer of cell death‖. 11-noviembre-2019. 
 
Cartel: 
 
Padilla Garfias, F; S nchez, N. S; Calahorra, M; Peña, A. ―Effects of ε-poly-L-lysine on 
Candida albicans and Saccharomyces cerevisiae‖. 12-noviembre-2019. 
 
María Concepción José Núñez, Silvia Laura Salinas Velázquez, Rosa Estela Navarro 
González, Marietta Tuena Sangri. ―Validation of a simple method to analyze the content of 
monomers and dimers of F1F0 -ATP synthase in mitochondria of the complete worm 
C.elegans‖. 11-noviembre-2019. 
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Ostolga Chavarría, M; V zquez Acevedo, M; Gonz lez Halphen, D. ―Purification and 
characterization of the F1 sector of the F1Fo-ATP mitochondrial synthase of the colorless 
alga Polytomella sp.‖ 13-noviembre-2019. 
 
Nieto Panqueva, F; Rubalcava Gracia, D; García Rincón, J; Gonz lez Halphen, D. ―Crucial 
factors may enhance import of subunit II of cytochrome c oxidase into mitochondria‖. 14-
noviembre-2019. 
 
Yolanda Camacho Villasana, Rodolfo García Villegas, Xochitl Pérez Martínez. ―Has Mss51 
a conserved function in mitocondria?‖. 12- noviembre-2019. 
 
Natalia Chiquete Felix, Ulrik Pedroza Dávila, Lilia Morales García, Carolina Ricardez 
García, Salvador Uribe Carvajal. ―Meeting the respiratory chain from Rhodotorula 
mucilaginosa, ―gifted yeast‖‖. 11-noviembre-2019. 
 

12. XXVII Congreso Mexicano de Psicología. Sociedad Mexicana de Psicología y el 
Instituto de Neurociencias de la Universidad de Guadalajara. Guadalajara, Jalisco, 
México. 16-18 de octubre 2019.  

 
Ponencia: 
 
Fernández de Miguel, F. ―¿Qué nos enseñan los murales prehispánicos acerca de nuestra 
percepción visual?‖. 17-octubre-2019. 
 

13. XVIII Congreso Nacional de Biotecnología y Bioingeniería. León, Guanajuato, 
México. 23-28 de junio 2019. 

 
Cartel: 
 
Martínez Morales, Luis Javier; Martínez Martínez, María de los Ángeles; Soto Urzúa, Lucía; 
Gonz lez Pedrajo, Bertha; Dreyfus, Georges. ―El papel de PhaP1 en la síntesis de 
bioplástico por Azospirillum brasilense Sp7‖. 24-junio-2019. 
 

14. XXXIV Reunión Anual de Investigación. Instituto Nacional de Neurología y 
Neurocirugía "Manuel Velasco Suárez". Ciudad de México. 16-17 de mayo 2019. 

 
Cartel: 
 
Karla Méndez Maldonado, Guillermo Vega López, Sara Caballero Chacón, Manuel J. 
Aybar, Iván Velasco. ―Células troncales embrionarias de ratón que expresan MSX1 y HES1 
incrementan la diferenciación a derivados de cresta neural‖. 17-mayo-2019. 

 
Rosaura Debbie Saldaña Salinas, Karla Cristina Razón Hernández, Alejandro Corzo Cruz, 
Marina Martínez Vargas, Iván Velasco Velázquez, Karla Berenice Sánchez Huerta, Jesús 
Enrique Estudillo Hern ndez. ―Efecto del consumo de sacarosa en la neurogénesis del giro 
dentado ventral en ratas adultas‖. 16-mayo-2019. 
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Beetsi Urrieta Chávez, Oscar Carballo Molina, Verónica Cáceres Chávez, Adolfo López 
Ornelas, Yazmín Ramiro Cortés, José Bargas Díaz, Iván Velasco Velázquez. ―Uso de un 
hidrogel biocompatible para el direccionamiento de axones de neuronas dopaminérgicas 
humanas‖. 17-mayo-2019. 
 

15. VI Latin American Protein Society Meeting (LAPSM). VII Congreso de Fisicoquímica, 
Estructura y Diseño de Proteínas. Ciudad de México. 20-23 de octubre 2019. 

 
Ponencia: 
 
Rosenbaum, Tamara. ―TRPV1: a flexible ion channel‖. 21-octubre-2019. 
 
Torres Larios, Alfredo. ―Thoughts on the evolution of an ancestral protein‖. 20-octubre-2019. 
 
Cartel: 
 
Moreno Álvarez, Paola; Díaz Salazar, Alma Jessica; Garza Ramos, Georgina; Ríos Castro, 
Emmanuel; Torres Quiroz, Francisco. ―Effect of hydrogen sulfide (H2S) on the activity of 
glycolytic enzymes from Saccharomyces cerevisiae‖. 20-octubre-2019. 
 
Adelaida Díaz Vilchis, Vanessa Vega García, Enrique Rudiño Piñera, Wilhelm 
Hansberg. ―Crystal structure of catalase-peroxidase (CAT-2) from Neurospora crassa‖. 21-
octubre-2019. 
 
Teresa Nava Ramirez, Wilhelm Hansberg. ―Chaperone function of the large size-subunit 
catalases‖. 21-octubre-2019. 
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Participación en Congresos Internacionales 

 

1. 37 SMYTE (Small Meeting on Yeast Transport and Energetics). Nove Hrady, Czech 
Republic. 11-15 de septiembre 2019. 
 
Ponencia: 
 
Peña, A; S nchez, N. S; Calahorra, M. ―The use of thioflavin T to estimate and measure the 
plasma membrane potential in Saccharomyces cerevisiae‖. 15-septiembre-2019. 
 

2. 1er Congreso Internacional de Ciencias Químico Biológicas. Cd. Juárez.  
4-6 de noviembre 2019. 
 
Cartel: 
 
Arzate Vázquez, Dulce María;  Valencia García, Concepción;  Guerra Crespo, Magdalena;  
Covarrubias, Luis. ―Inducción de neurogénesis típica y atípica en la sustancia nigra de 
roedores adultos‖. 4-noviembre-2019. 
 

3. 27th Meeting of the International Society for Neurochemistry.  Montréal.  
4-8 de Agosto 2019.  
 
Ponencia: 
 
Luis B. Tovar y Romo, Isaac Ponce. ―DNA methylation and gene expression of astroglia 
before, during and after oxygen and glucose deprivation‖. 4-agosto-2019. 
 
Lourdes Massieu, Teresa Montiel, Cristian Geronimo, Susana Flores, Berenice Bernal, 
Yessica Heras, Luis Tovar y Romo. ―Beta-hydroxybutyrate attenuates the unfolded protein 
response and stimulates the autophagic flux after cerebral ischemia‖ 7-agosto-2019. 
 
Cartel: 
 
Campero Romero, A; Ríos Castro, E; C rdenas Rivera, A; Tovar y Romo, L. B. ―Proteomic 
profiling of exosomes derived from brain microvascular endothelial cells under hypoxia: 
potential role in remyelination‖. 4-agosto-2019. 
 
 
 
 
 
 
 
 



 
 
 

234  INFORME DE LABORES 2019 

4. 30th Fungal Genetics Conference. Pacific Grove, CA. 12-17 de marzo 2019. 
 
Ponencia: 
 
Aguirre Jesús. Co-Chair/Organizer of Concurrent Session "Fungal Stress". 14-marzo-2019. 
 
Peraza Reyes, L; Lopez Fuentes, A; Suaste, Olmos, F; Nachon Garduño, K; Mendieta 
Romero, A; Meizoso Huesca, A. ―Meiotic development in Podospora anserina requires the 
endoplasmic reticulum shaping protein RTN1‖. 15-marzo-2019.  
 
Cartel: 
 
V. Garrido, R. Jaimes, O. Sánchez, F. Lara, J. Aguirre. ―Stress activated MAP kinases SakA 
and MpkC interact and show opposite functions on stress responses and development in 
Aspergillus nidulans‖. 12-marzo-2019. 
 

5. 63 Annual Meeting of the Biophysical Society. Baltimore, Maryland. 2-6 de marzo 
2019.  

 
Ponencia: 
 
Natalia Chiquete Felix, Cristina Uribe Alvarez, Ulrik Pedroza Dávila, Isareli Cruz Cruz, 
Salvador Uribe Carvajal. ―Wolbachia Pipientis colonizes S. Cerevisiae with high yields, 
Effects on the Host‖. 5-marzo-2019. 
 
Cartel: 

 
Lilia Morales García, Salvador Uribe Carvajal, Natalia Chiquete Felix, Emilio Espinoza 
Simon. ―The reversible opening SCMUC demostrates a high potential as a cellular protection 
system‖. 6-marzo-2019. 
 

6. 7th International Urogenital Science Meeting. Universidad de Tlaxcala, Tlaxcala.  5-7 
de noviembre 2019. 

 
Ponencia: 
 
Adolfo López Ornelas, Itzel Escobedo Avila, Gabriel Ramírez García, César Meléndez 
Ramírez, Tonatiuh Barrios, Beetsi Urrieta, Rolando Lara Rodarte, Verónica A. Cáceres 
Chávez, Francia Carmona, Leticia Verdugo, Luisa Rocha Arrieta, Víctor Treviño. ―Human 
neuron transplants in an animal model of Parkinson disease‖. 7-noviembre-2019. 
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7. FASEB-The Lysophospholipid and Related Mediators Conference: from bench to 
clinic. Lisbon, Portugal. 28 de julio-2 de agosto 2019.  
 
Ponencia: 
 
Escalante Alcalde, D; Cotzomi Ortega, I; Rivera Álvarez, J; Castro Hern ndez, R; Gómez 
López, S;  Martínez Silva, V; Luna Leal, A. ―Of lipids and adult neurogenesis: The role of 
phospholipid phosphatase-3‖. 30-julio-2019. 
 

8. Humboldt Kolleg “Rompiendo Paradigmas: Hacia una Ciencia Multi, Inter y 
Transdisciplinaria. Ibarra, Ecuador. 22-24 de febrero 2019. 

 
Ponencia: 
 
Castro Obregón, Susana. ―Role of autophagy during nervous system develoment and 
aging‖. 24-febrero-2019. 
 
Gabriel del Río. ―Designing selective polypharmacological cell-penetrating peptides‖. 24-
febrero-2019. 
 

9. Humboldt Kolleg: Symposium on Natural Science. Cayo Santa María, Cuba. 30 de 
junio-2 de julio 2019. 
 
Ponencia: 
 
Castro Obregón, Susana. ―Autophagy in the development and aging of the nervous system‖. 
2-julio-2019. 
 

10. III International Congress of Psychobiology. ETS Arquitectua, Granada, España. 29-
31 de mayo 2019. 

 
Ponencia: 
 
Bermúdez Rattoni, Federico. ―The Role of Dopaminergic Activity on Recognition Memory: 
Implications fos Alzheimer´s Disease‖. 29-mayo-2019. 
 

11. III International Symposium on Fungal Stress. São José dos Campos, SP, Brazil. 20-
23 de mayo 2019. 

 
Ponencia: 
 
Ariann E. Mendoza Martínez, Verónica Garrido Bazán, Rafael Jaimes Arroyo, Fernando 
Lara Rojas, Olivia Sánchez, Jesús Aguirre. ―Ros detoxification and sensing during fungal 
growth and differentiation‖. 20-mayo-2019. 
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12. XIII International Basal Ganglia Meeting. IBAGS. Biarritz. 28 de abril-2 de mayo 2019. 

 
Ponencia: 
 
B. S. Méndez Rodríguez, D. Tapia, M. A. Arias García, J. Bargas, E. Galarraga. ―Firing 
properties of intralaminar thalamic neurons‖.  28-abril-2019. 
 
V.H. Avilés Rosas, E.A. Rendón Ochoa, T. Hernandez Flores, A. Luna Leal, F. Hernández 
Vázquez , M. Flores León, E. Galarraga, C. Arias, J. Bargas. ―Ca2+ current decrease 
induced by muscarinic M4 receptors in DA-depleted direct striatal projection neurons is 
reversed by PP-1 inhibition‖.  28-abril-2019. 
 

13. 26th Meeting, Society for Redox Biology and Medcine. (SfRBM 2019). Las Vegas, NV, 
USA. 20-23 de noviembre 2019. 

 
Ponencia: 

 
Mina Königsberg, Stefanie Paola López Cervantes, Norma Silvia Sánchez, Martha 
Calahorra, Beatriz Mena Montes, Gibrán Pedraza Vázquez, David Hernández Álvarez, 
Mercedes Esparza Perusquia, Antonio Peña Díaz, Armando Luna López, Óscar Flores 
Herrera. “Moderate exercise and metformin treatment effect on mitochondrial bioenergetics 
and dynamics, in quadriceps muscle isolated from old wistar female rats. 21-noviembre-
2019. 
 

14. II Pan American Congress of Physiological Sciences - PANAM 2019. La Habana, 
Cuba. 27-31 de mayo 2019. 

 

Ponencia: 
 
Pérez de la Mora, M; Pérez Carrera, D; Crespo Ramírez, M; Fuxe, K; Borroto Escuela, D. 
―Signaling at D2R-Oxytocin heterocomplexes and their relevance for the anxiolytic effects of 
D2R-oxytocinR interactions in the amygdala of the rat‖. 27-mayo-2019. 
 

15. SGP 73 Annual Symposium/Sobla Annual Meeting. Reunión de la Sociedad Biofísica 
Latinoamericana y la Society for General Physiologists. Valparaíso, Chile. 4-7 de 
septiembre 2019.  

 
Ponencia: 
 
Rosenbaum Tamara. ―The modes of action of an endogenous TRPV1 activator‖.  6-
septiembre-2019. 
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16. 3er. Congreso Internacional de la Federación de Sociedades y Asociaciones 
Hispanas de América del Norte, Centroamérica y el Caribe de la Ciencia de los 
Animales de Laboratorio, A.C. (FeSAHANCCCAL). Antigua, Guatemala. 4-6 de 
septiembre 2019. 

 
Ponencia: 
 
López Casillas, F. ―Usos del Pez Cebra (Danio rerio) en investigación‖. 
 6-septiembre-2019. 
 

17. Federation of European Neuroscience Societies (FENS) 2019. Belgrade, Serbia. 10-
13 de julio 2019. 

 
Cartel: 
 
Pérez de la Mora, M; Pérez Carrera, D; Crespo Ramírez, M; Fuxe, K; Borroto Escuela, D. 
―Understanding the role of GPCR of heterorerceptor complexes in the neuronal networks of 
the brain both in health and disease" Signaling at D2R-Oxytocin heterocomplexes and their 
relevance for the anxiolytic effects of D2R-oxytocinR interactions in the amygdala of the rat‖. 
10-julio-2019. 
 

18. XXIX International Conference on Yeast Genetics and Molecular Biology. Göteborg, 
Sweden. 18-22 de agosto 2019. 

 
Cartel: 
 
Norma Silvia Sánchez, Martha Calahorra, Laura Kawasaki, Roberto Coria, Papon Nicolas, 
Defosse Tatiana, Peña Antonio. ―The role of MAPK HOG1 in the tolerance to saline stress in 
Debaryomyces hansenii‖. 22-agosto-2019. 
 
Alicia González, Beatriz Aguirre, Ximena Escalera, Claudio Scazocchio, Alexander DeLuna, 
Lina Riego, Dariel Márquez,  Mohammed El-Hafidi. ―Subcellular localization and leucine 
feedback control of equivalent paralogous Saccharomyces cerevisiae and Kluyveromyces lactis 
proteins play key functional roles in subfunctionalization‖. 19-agosto-2019. 
 

19. 20th International Symposium on Cells of the Hepatic Sinusoid (ISCHS). Sydney, 

Australia. 4-7 de septiembre 2019. 

 

Cartel: 
 

Guerrero Celis, N; Rodríguez Aguilera, J. R; Pérez Cabeza de Vaca, R; Arzate Mejía, R; 

Domínguez López, M; Velasco Loyden, G; Recillas Targa, F; Chagoya de Sánchez, V. 

―Could an Anti-fibrotic Adenosine Derivative Regulate the Wnt/β-catenin Pathway in Liver 

Cells, in vitro?‖. 4-septiembre-2019. 
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20. 21st European Congress of Endocrinology (ECE 2019). Lyon, France. 18-21 de mayo 
2019. 

 
Ponencia: 
 
Ortiz Huidobro, R. I; Velasco, M; Hiriart, M. ―Sexual dimorphism in the mechanism for insulin 
resistance‖. 21-mayo-2019. 
 

21. 22nd International C. elegans Conference. Los Angeles, CA. 20-24 de junio 2019. 
 
Ponencia: 
 
Campos Martínez, G; Navarro, R. E. ―Mitochondria aggregation could affect stress granules 
formation in the C. elegans gonad‖. 22-junio-2019. 
 
Gonz lez Rangel, A; Recillas Targa, F; Navarro, R. E. ―Regulation of lin-35/Rb gene 
expression during fasting in adult animals‖. 22-junio-2019. 
 

22. 50th Annual meeting Society for Neuroscience. Chicago, IL. 19-23 de octubre 2019. 
 
Ponencia: 
 
Hernández Matias,  A; Jaimes Cabrera, J; Guzmán Ramos, K; Bermúdez Rattoni, F;  Osorio 
Gómez, D. ―Optogenetic stimulation of BLA-IC projections induces long-term avoidance 
memories‖. 19-octubre-2019. 
 
Cartel: 
 
Salcedo Tello, P; Hernández Ramírez, S; Hernández Matias, A; Osorio Gómez, D; Perez, 
C. I; Gutiérrez, R; Bermudez Rattoni, F; Guzman Ramos, K. ―The metabolic changes 
induced by high-fat diet intake during adolescence affect spatial and odor long-term 
memories‖. 23-octubre-2019. 
 
Gutiérrez López, E. S; Rodríguez, L. F; Hernández Ramírez, S; Osorio Gómez, D; Salcedo 
Tello, P; Velasco, M; Hiriart, M; Bermúdez Rattoni, F; Guzm n Ramos, K. ―Increasing 
dopaminergic activity improves synaptic plasticity and memory performance in cognitively 
impaired animals due to chronic exposure to a high-sugar diet‖. 19-octubre-2019. 
 
Isaac Ponce, Ricardo Santana Martínez, Luis Tovar y Romo. ―DNA methylation inhibition 
promotes axonal growth and neuronal survival in a murine cerebral ischemia model‖. 19-
octubre-2019. 
 
Aura Campero Romero, Emmanuel Ríos Castro, Luis Tovar y Romo. ―Proteomic 
characterization and protective effect against brain ischemia by adult mouse neural 
progenitor cells-derived extracellular vesicles‖. 19-octubre-2019. 
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L. Landa Navarro, C. Velázquez Delgado, F. Bermúdez Rattoni. ―Intrahippocampal 
administration of amyloid beta 42 diminishes catecholaminergic axons and disrupts spatial 
contextual memory‖. 19-octubre-2019. 
 
O. Urrego Morales, I. Delint Ramírez, F. Bermúdez-Rattoni. ―Inhibition of cellular 
palmitoylation impairs the formation and maintenance of spatial memory and synaptic 
plasticity‖. 23-octubre-2019. 
 
L. Ayala Guerrero, F. Bermudez RattonI, K. Guzman Ramos. ―Impact of high-fat diet and 
aging on cognitive function: Relation with glial fibrillary acidic protein levels‖. 23-octubre-
2019. 
 
C. I. Pérez, A. I. Hernández Coss, M. G. Moreno, G. Ferreira, G. Pacheco López, F. 
Bermúdez Rattoni, R. Gutiérrez. ―Electrophysiological recording on basolateral amygdala 
and ventral hippocampus during memory tasks induced by high fat diet during 
adolescence‖. 23-octubre-2019. 
 
A. Gómez, M. Palomero Rivero, D.A. Millán Aldaco, R. Drucker-Colín, J. Bargas. ―Allosteric 
modulation of nicotinic receptors reduces L-DOPA induced dyskinesias in Parkinsonian 
mice‖. 22-octubre-2019. 
 

23. 5th International Meeting on Stem Cells and Regenerative Medicine. Organizado por 
la Sociedad Mexicana para la Investigación en Células Troncales y la International 
Society for Cell and Gene Therapy. Facultad de   Medicina, UNAM, Ciudad de 
México. 21-23 de octubre 2019.  

 
Ponencia: 
 
Adolfo López Ornelas, Itzel Escobedo Ávila, Gabriel Ramírez García, Rolando Lara 
Rodarte, Tonatiuh Barrios García, César Meléndez Ramírez, Beetsi Urrieta Chávez, 
Verónica A. Cáceres Chávez, Francia Carmona, Carlos Alberto Reynoso, Carlos Aguilar, 
Nora E. Kerik, Luisa Rocha, Leticia Verdugo Díaz, Víctor Treviño, José Bargas, Verónica 
Ramos Mejía, Juan Fernández Ruiz, Aurelio Campos Romo, Iván Velasco. ―Human 
embryonic stem cells-derived dopaminergic neurons transplanted in parkinsonian monkeys 
recover dopamine levels and motor behavior‖. 21-octubre-2019. 
 
Cartel: 
 
Sara Caballero, Daniel Cortés, Baldomero Esquivel, Linaloe Manzano, Israel Pérez, Carlos 
Ramírez, Iván Velasco. ―Antioxidant and neuroprotective effect of an extract rich in 
antocyanin derived of Hibiscus sabdariffa in a neurotoxicity oxidative stress model in rat 
(E17) primary neural cultures‖. 21-octubre-2019. 
 
Angel Polanco, Iván Velasco, Itzel Escobedo. ―Comparison of Two-Dimensional and Three-
Dimensional cell cultures for the generation of an in vitro model of ventral midbrain‖. 21-
octubre-2019. 
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César Meléndez, Raquel Cuevas, Tonatiuh Barrios, Víctor Treviño, Iván Velasco. 
―Expression paterns of CTCF and characterization of active enhancers during dopaminergic 
neuronal differentiation of human embryonic stem cells‖. 21-octubre-2019. 
 
Rolando Lara Rodarte, Daniel Cortés, Karla Itzel Soriano, Iván Velasco. ―Effects of 
transgenic gdnf on differentiation and survival of dopaminergic neurons produced from 
mouse embryonic stem cells‖. 22-octubre-2019. 
 
Beetsi Urrieta Chávez, Oscar Carballo Molina, Vladimir Calderón Ortíz, Verónica Cáceres 
Chávez, Adolfo López Ornelas, Yazmín Ramiro Cortés, José Bargas Díaz, Iván Velasco 
Velazquez. ―Use of a biocompatible hydrogel for directing axonal growth and assessing 
maturation of human dopaminergic neurons‖. 22-octubre-2019. 
 
Montané Romero, Martínez Silva, Escalante Alcalde. ―Phospholipid phosphatase 3 enables 
pluripotency escape during endodermal differentiation‖. 22-octubre-2019. 
 
Germán Atzin Mora Roldán, Dalia Ramírez, Diana Millan Aldaco, Rosana Pelayo, Karlen 
Gazarian, Arturo Hernández-Cruz. ―Delivered the talk: From blood to heart: a study of 
hematopoietic differentiation from human pluripotent stem cells using 2d and 3d cultures‖. 
22-octubre-2019. 
 

24. eGMD - Epigenetics in Metabolic Diseases // 3rd LIMIOR - Leipzig International 
Meeting for Interdisciplinary Obesity Research. 11-13 de diciembre 2019. 

 
Cartel: 
 
Rodríguez Aguilera, J. R; Guerrero Hernández, C. A; Pérez Molina, R; Cadena del Castillo, 
C. E; Pérez Cabeza de Vaca, R; Guerrero Celis, N; Domínguez López, M; Murillo de 
Ozores, A. R; Arzate Mejía, R; Ecsedi, S; Goldsmith, C; Cros, M. P; Hernández Vargas, H. 
―Epigenetic alterations in cirrhosis and how an adenosine derivative could revert liver 
fibrosis‖. 11-diciembre-2019. 
 
 

25. EMBO Workshop: Protein Synthesis and Translational Control. Heidelberg, 
Alemania. 4-7 de septiembre 2019. 

 
Cartel: 
 
Cristian Vergara, Yolanda Camacho Villasana, Lindsay Burwell, Thomas D. Fox, Xochitl 
Pérez Martínez. ―Defects on translation of the mitochondrial COX1 mRNA are bypassed by 
a nuclear suppressor‖. 6-septiembre-2019. 
 
Greco Hernandez, Vincent G. Osnaya, Xochitl Pérez Martínez. ―Diversification of the AUG 
codon context across eukaryotes‖. 6-septiembre-2019. 
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26. EMBO workshop Bridging cell and tissue mechanics to fate specification and 
development. Santiago de chile. 2-5 de abril 2019. 

 
Cartel: 
 
Pilar Sarah Acevo Rodríguez, Sandra Cabrera Benitez, Diana Esalante Alcalde, Susana 
Castro Obregón. ―How can autophagy contribute during mouse neural tube closure?‖ 2-
abril-2019. 
 

27. International Stroke Conference 2019. Honolulu, Hawaii. 6-8 de febrero 2019. 
 
Cartel: 
 
Ximena Castillo, Luis Tovar y Romo, Carmen Clapp, Gonzalo Martínez de la Escalera. 
―Vasoinhibins overexpression in the central nervous system leads to an increased damage 
after an ischaemic insult, while endogenous prolactin is neuroprotective‖. 6-febrero-2019. 
 

28. 3 rd. International Summer Symposium on Systems Biology. INMEGEN, Ciudad de 
México. 5-6 de Agosto 2019. 

 
Cartel: 
 
Bernate Obando, Germán Alonso; Barajas Olmos, Francisco; Hiriart Urdanivia, Marcia; 
Velasco Torres, Myrian. ―Kv2 Channels and their transcriptional regulation in beta cells 
throughout development‖. 6-agosto-2019. 
 
 

29. ISSCR 2019 Annual Meeting. Los Angeles, California. 26-29 de junio 2019. 
 
Cartel: 
 
Adolfo López Ornelas, Itzel Escobedo Ávila, Gabriel Ramírez García, César Meléndez 
Ramírez, Tonatiuh Barrios, Beetsi Urrieta, Rolando Lara Rodarte, Verónica A. Cáceres 
Chávez, Francia Carmona, Leticia Verdugo, Luisa Rocha Arrieta, Víctor Treviño. 
―Intracerebral transplantation of dopamine neurons differentiated from human embryonic 
stem cells to parkinsonian non-human primates promotes functional recovery‖. 
 27-junio-2019. 
 
 

30. Parasitic helminths new perspectives in biology and infection. Hydra, Greece. 1-6 de 
septiembre 2019. 

 
Cartel: 
 
Emmanuel Flores Espinoza, José Luis Ramos Balderas, Paula Licona Limón. ―Study of the 
role of IL-9 in basophil differentiation and function‖. 1-septiembre-2019. 
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31. VII Meeting of Reactive Oixgen Species in Biology and Medicine. septiembre 2019. 
 
Cartel: 
 
Cid Castro, C;  Mor n J. ―Role of ROS produced by mitochondria and NOX (N nadph-
oxidase) in the apoptotic death of cerebellar granule neurons‖.  
9-septiembre-2019. 
 

32. XIV European Meeting on Glial Cells in health and Disease. Portugal. 10-13 de julio 
2019. 

 
Cartel: 
 
J. Albert Garay, R. Salceda. ―High glucose concentrations induce oxidative stress in retinal 
Müller cells by altering Nrf2‖. 11-julio-2019. 
 
M. A. Castro, E. Papic, A. Covarrubias-Pinto, A. Rosas-Arellano, F. Court, A. Rojas-
Fernandez. ―Huntingtin and Rab27a are involved in the secretion of exosomes from 
astroglial cells‖. 10-julio-2019. 
 

33. BLAST XV. Bacterial, Locomotion and signal Transduction Meeting.New Orleans, 
USA. 20-25 de enero 2019. 

 
Cartel: 
 
Javier de la Mora, Mariela García Ramos, Teresa Ballado, Laura Camarena, 
Georges Dreyfus. ―Biochemical and phylogenetic study of Sltf, a flagellar lytic 
transglycosylase from Rhodobacter sphaeroides‖. 21-enero-2019. 
 
Mariela García Ramos, Javier de la Mora, Laura Camarena, Georges Dreyfus. ―The role 
and regulation of the flagellar lytic transglycosylase (SltF) during rod formation in 
Rhodobacter sphaeroides‖. 22-enero-2019. 
 

34. Association for Research in Vision and Ophthalmology (ARVO) Annual Meeting. 
Vancouver Convention Centre, Canadá. 28 de abril-2 de mayo 2019. 

 
Cartel: 
 
Irene Lee Rivera, Edith López Hernández, Ana María López Colomé. ―PAR1 activation 
induces Glutamate release from RPE cells that is Ca+2 and PKC-dependent‖. 29-abril-2019. 
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35. 6to Congreso Internacional RedBiot. Facultad de Ciencias Biológicas, UANL.  16-18 
de octubre 2019.   

 
Cartel: 
 
Margarita Linares Zapién, Fernando Suaste Olmos, Patricia González Alva, Vicente Garibay 
Febles, Diana María Escobar García, Héctor Eduardo Flores Reyes, José Arturo Garrocho 
Rangel, Marco Antonio Alvarez Pérez, Amaury de Jesús Pozos Guillén. ―Respuesta de 
células inmunes murinas a materiales met licos de uso biomédico‖. 16-octubre-2019. 
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Participación en simposios Nacionales 

 

1. 1er.  Encuentro de Biología Computacional del IFC. Auditorio “Antonio Peña Díaz”, 
Instituto de Fisiología Celular, UNAM. Ciudad de México. 9 de octubre 2019. 

 
Ponencia: 

 
Valdés Rodriguez, J. ―Mapeo de cromatina abierta mediante ATAC-seq para identificar 
din micas epigenéticas y scSEQ‖. 9-octubre-2019. 
 
Furlan Magaril, M. ―Explorando las conexiones genómicas de genes circadianos durante las 
24 horas‖. 9-octubre-2019. 
 
Del Río Guerra, G. ―Diseño bioinspirado de blockchains : De cómo la muerte es necesaria 
para la sobrevivencia de sistemas complejos‖. 9-octubre-2019. 
 

2. Avances Biomédicos en Cáncer y Enfermedades Crónico Degenerativas. Auditorio 
Unidad de Biomedicina. Facultad de Estudios Superiores Iztcala, UNAM. Ciudad de 
México. 18- 20 de junio 2019. 

 
Ponencia: 
 
Recillas Targa, F. ―De la genética a la epigenética en c ncer‖. 18-junio-2019. 
 

3. Ciclo de conferencias de investigación en neurociencias. auditorio “Dra. Silvia 
Macotela”, Licenciatura de Psicología en línea. UNAM. Ciudad de México. 26- 28 de 
noviembre 2019. 
 
Ponencia: 

 
López Huerta, V. G. ―Intervención genética para el estudio del cerebro‖. 26-noviembre-
2019. 
 

4. De la gran explosión al surgimiento de las civilizaciones. Colegio Nacional. 22-23 de 
abril 2019. 
 
Ponencia: 
 
Recillas Targa, F. ―La aparición de los seres multicelulares‖. 23-abril-2019. 
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5. Docencia, complejidad y prácticas transdisciplinarias. 25 de  junio 2019. 
 
Ponencia: 
 
Fernández de Miguel, F. “Experimenta: proyecto para vivir la ciencia desde adentro‖. 25-
junio-2019. 
 

6. Epigenetic Regulation in Human Disease. Instituto de Investigaciones Biomédicas, 
UNAM. Ciudad de México. 26- 27 de septiembre 2019. 
 
Ponencia: 
 
Penagos Puig Andres, Claudio Sherlyn, Stephenson Aura, Furlan Magaril Mayra. “Genome 
3D architecture during erythroid development‖. 26-septiembre-2019. 
 

7. Maquinas Moleculares, Luces y Comunicaciones Celulares. Anfiteatro Alfredo 
Barrera, Facultad de Ciencias, UNAM. 27-28 de agosto 2019. 

 
Ponencia: 
 
Del Río Guerra, G. ―Usos del aprendizaje de m quina en la biomedicina‖. 28-agosto-2019. 

 
8. Sesión General del Instituto Nacional de Cancerología. 5 de marzo 2019. 
 

Ponencia: 
 
 López Colomé, Ana María. “El camino de la mujer en las Ciencias Médicas‖. 5-marzo-2019. 
 
9. Simposio Teórico-Práctico de Edición Genética por CRISPR-CAs9. Auditorio 

“Antonio Peña Díaz”, Instituto de Fisiología Celular, UNAM. Ciudad de México. 28 de 
octubre 2019. 
 
Ponencia: 
 
Rosa Estela Navarro. ―Edición Genética por CRISPR-CAs9 para estudiar la función de 
genes en la gónada del C. elegans‖. 28-octubre-2019. 
 
Paula Licona,  Ariadna Aparicio Ju rez. ―Presentación de la Unidad de Edición Genética y 
Criopreservación del IFC‖. 30-octubre-2019. 
 
Félix Recillas, Rodrigo Arzate. ―Estudio de elementos regulatorios mediante el sistema 
CRISPR-Cas‖. 29-octubre-2019. 
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10. Taller Multidisciplinario 2019. CINVESTAV, Ciudad de México. 6-8 de noviembre 
2019. 

 
Ponencia: 

 
Sorel Achouna, Dilia Aguirre Olivas, Guillermo Hernández Mendoza y Francisco Fernandez 
de Miguel. ―Transporte y fusión de vesículas electrodensas estudiados con tomografía 
electrónica y ultramicroscopía‖. 6-noviembre-2019. 
 

11. XIV Congreso de Ciencias Naturales- IBQ.  Universidad de Aguascalientes. 11-13 de 
septiembre 2019. 

 
Ponencia: 

 
Alfredo Torres Larios.  
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Participación en simposios Internacionales 

 
 

1. 20 Aniversario del Instituto de Neurociencias. Alicante, España. 4-5 de julio 2019. 
 
Ponencia: 
 
Ranulfo Romo.  ―Constructing perceptual decision-making across cortex‖. 4-julio-2019. 
 

2. 26th American Peptide Symposium. Monterey, California, E.U. A. 22-27 de junio 2019. 
 
Ponencia: 
 
Jaime Mas Oliva. “Workshop. A Sustainable Synthetic Methodology for Peptides and 
Peptidomimetics‖. 22-junio-2019. 
 

3. 5th International Symposium on Adipobiology and Adipopharmacology. Merida, 
Yucatán. 1-5 de mayo 2019. 
 
Ponencia: 
 
Myrian Velasco, Rosa Isela Ortiz Huidobro, Larqué Carlos, Marcia Hiriart. ―Sexual 
dimorphism: a factor in the insulin resistance mechanism in metabolic syndrome model‖. 2-
mayo-2019. 
 
Marcia Hiriart. ―Organización del simposio. Academic opening session y Academic Closing 
Session‖. 1-mayo-2019. 
 
Cartel: 
 
Sánchez Zamora, Y. I; Velasco Torres, M; Hiriart, M. ―Sugar, metabolic syndrome and low-
grade inflammation: an unsweet combination‖ 3-mayo-2019. 
 
Ortiz Huidobro, Rosa Isela; Chávez Maldonado, Juan Pablo; Sabido Barrera, Jean; Larqué, 
Carlos; Velasco, Myrian; Hiriart, Marcia. ―Relevant role of sex in the molecular mechanism 
of physiological insulin resistance in adipose tissue‖. 3-mayo-2019. 
 
Sabido Barrera, Jean Imanol; Ortíz Huidobro, Rosa Isela; Velasco Torres, Myrian; Larqué 
Velázquez, Carlos; Hiriart Urdanivia, Marcia. ―Role of ADAM 10 and 17 in the release of 
soluble insulin receptor‖. 3-mayo-2019. 
 
Samario Roman, J. S; Sánchez Maldonado, J. P; Ortiz Huidobro,  R. I; Larque, C; Hiriart, 
M. ―NGF increases glucose uptake in pancreatic beta cells and adipose tissue of 20 day 
posnatal life‖. 2-mayo-2019. 
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4. Brainhack Non Human Primate Analysis Tools.  Londres, UK. 5-6 de septiembre 2019. 
 
Ponencia: 
 
Rossi Pool, R; Romo, R. ―Coding and Temporal signals during a cognitive process in the 
dorsal premotor cortex‖. 6-septiembre-2019. 
 

5. Chemical Transmission: the key to understand brain function. Facultad de Química, 
Instituto de Fisiología Celular, UNAM. 23-24 de abril 2019. 
 
Ponencia: 
 
Ricardo Tapia. ―From GABA to glutamate neurotransmission: excitotoxicity and 
neurodegeneration‖. 23-abril-2019. 
 
Iv n Velasco. ―Differentiation of stem cells to dopamine neurons: Relevance for Parkinson 
disease‖. 24-abril-2019.  
 
Lourdes Massieu. ―Unfolded protein response and autophagy during energy stress 
conditions‖. 24-abril-2019. 
 
Luis Tovar y Romo. ―Trophic regulation of neuronal survival‖. 24-abril-2019. 
 
Herminia Pasantes. ―Dr. Ricardo Tapia: scientist, university professor and my friend‖. 24-
abril-2019. 
 

6. Conferencia Internacional de Educación en Cambio Climático. Santiago de Chile. 6-7 
de mayo 2019. 
 
Ponencia: 
 
Alicia Gonz lez. ―Caso pr ctico: Biorremediacion y cambio clim tico‖. 6-mayo-2019. 
 

7. IBRO- ICPBR Summer School of Primate Neurobiology. Shanghai, China. 8-14 de julio 
2019. 
 
Ponencia: 
 
Ranulfo Romo. ―The primate somatosensory system as a model for studying cognitive 
functions‖. 8-julio-2019. 
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8. Mathematics and Computer Science in Modeling and Understanding of Structure and 
Dynamics of Biomolecules. 9-11 de Agosto 2019. 
 
Ponencia: 
 
Marcelino Arciniega, Fernanda Alvarez, Adrian Gutierrez. ―Pruning false positives from 
small molecule docking results using machine learning techniques‖. 10-agosto-2019. 
 
Cartel: 
 
Fernando Fontove, Gabriel Del Río. ―De novo Protein Structure Prediction using Residue 
Cluster Class‖. 10-agosto-2019. 
 

9. Molecular Biosystems Simposia. Puerto Varas, Chile. 30 de septiembre-4 de octubre 
2019. 
 
Ponencia: 
 
Mayra Furlan Magaril. ―Gene promoter long-range interaction dynamics during a circadian 
cycle‖. 4-octubre-2019. 
 

10. Pharmacological and nutritional targeting voltage-gated sodium channels in the 
treatment of epithelial cancers. Villa Rabelais, Francia. 4-8 de noviembre 2019. 

 
Ponencia: 
 
Juan Carlos Gomora. “Nav channels in cervical cancer and effect of potential anti-
metastatic compounds on Nav1.6 and Nav1.7 channels‖. 5-noviembre-2019. 
 
Juan Carlos Gomora. ―Non-canonical functions of voltage-gated sodium channels in the 
metastatic behavior of cervical cancer‖.  6-noviembre-2019. 
 

11. Reactive oxygen species and nontransmissible diseases.  
 
Ponencia: 
 
Julio Mor n. ―Role of reactive oxygen species and their sources in neuronal death‖. 11-
septiembre-2019. 
 
 

12. SciLifeLab Seminar Series. Karolinska Institute. Noviembre 2019. 
 
Ponencia: 
 
Furlan Magaril, Mayra. ―Circadian gene promoter chromatin contacts around the clock‖. 19-
noviembre-2019. 
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13. 14th Annual Peptide Therapeutics Symposium. The Salk Institute, La Jolla, CA. 

E.U.A. 24-25 de octubre 2019. 
 
Ponencia: 
 
Jaime Mas Oliva. “Participation in round table‖. 24-octubre-2019. 
 

14. The mistery of the mind. 
 

Ponencia: 
 
Ranulfo Romo. “Subjective sensory experience and uncertainty of perceptual decisions: 
where and how in the brain?‖. 17-septiembre-2019. 
 

15. 9th Bonn Humboldt Award Winners’ Forum. 16-20 de octubre 2019. 
 
Cartel: 
 
Gabriel Del Río. ―Anastasis: exploring the limits of cell death‖. 17-octubre-2019. 
 

16. Symposium on Translational Neuroscience. Instituto de Neurobiología, UNAM. 20-21 
de junio 2019. 

 
Cartel: 
 
Ramos Acevedo, R; Morato Torres, C. A; Bernal Conde, L. D; Palomero Rivero, M; 
Sánchez Argüero, R; Schüle, B; Guerra Crespo, M. ―In vivo characterization of 
dopaminergic potential of human embryonic and induced pluripotent stem cells in a model of 
Parkinson´s disease‖. 21-junio-2019. 
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Conferencias Nacionales 

 
 

1. Ciclo de conferencias de divulgación científica, Instituto Nacional de Investigaciones 
Nucleares, Centro Nuclear Dr. Nabor Carrillo Flores.  
 
Ponencia: 
 
Ricardo Tapia. ―El cerebro y la mente‖. 5-septiembre-2019. 
 

2. Fondo de Cultura Económica. En la XX Muestra bibliográfica de la ENP, Plantel 8 
“Miguel E. Schultz”, UNAM.  
 
Ponencia: 
 
Ricardo Tapia. Presentación del libro ―Las células de la mente‖. 7-febrero-2019. 
 

3. Foro sobre la regulación de la marihuana con fines lúdicos, médicos, ceremoniales y 
comerciales. Senado de la República.  
 
Ponencia: 
 
Ricardo Tapia. ―Marihuana y salud‖. 20-marzo-2019. 
 

4. Charlas con Premios Nacionales. Consejo Consultivo de Ciencias. Librería Octavio 
Paz, FCE.  
 
Ponencia: 
 
Ricardo Tapia. ―Las neurociencias y las drogas: ¿Por qué no deben estar prohibidas?‖. 28-
agosto-2019. 
 

5. Homenaje a Ruy Pérez Tamayo. Colegio de Bioética, Instituto de Fisiología Celular, 
UNAM. 
 
Ponencia: 
 
Ricardo Tapia. ―Diez razones para hacer Bioética‖. 3-junio-2019. 
 

6. Coloquio Estudiantil de Bioquímica, Facultad de Ciencias, UNAM.  
 

Ponencia: 
 
Ricardo Tapia. ―Mente y cerebro‖. 7-noviembre-2019. 
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7. VI Foro de la “La ética y la ley en Cirugía”. Academia Mexicana de Cirugía.  
 

Ponencia: 
 
Ricardo Tapia. ―Pérdida de la vida: una visión desde las neurociencias‖. 16-marzo-2019. 
 

8. Encuentro Internacional de Investigación en Ciencias de la Salud. Facultad de 
Medicina, UNAM. 
 
Ponencia: 
 
Ricardo Tapia. ―Neurociencias y drogas‖. 28-mayo-2019. 

 
9. 1era Conferencia interdisciplinaria de Cátedras CONACYT. 

 
Ponencia: 
 
Enoch Luis. ―Canales iónicos: funciones m s all  de la generación de potenciales de 
acción‖. 13-agosto-2019. 
 

10. Ciclo de seminarios en el Centro de Investigación Biomédica de Oriente (CIBIOR) 
del IMSS.  

 
Ponencia: 
 
Enoch Luis. ―El c ncer como oncocanalopatía: ¿pueden los canales iónicos ser blancos 
moleculares contra el c ncer?‖ 18-octubre-2019. 
 

11. 7° Reunión de Nutrición, UPAEP Puebla. 
 
Ponencia: 
  
Salvador Uribe Carvajal. ―La bioenergética en el tratamiento del c ncer‖. 29-octubre-2019. 
 

12. Bioenergética, Instituto de  Neurociencias, Juriquilla Querétaro. 
 
Ponencia: 
  
Salvador Uribe Carvajal. ―Bioenergética mitocondrial‖. 9-mayo-2019. 
 

13. Centro de Ciencias Genómicas de la UNAM. 
 
Ponencia: 
 
Félix Recillas Targa. ―Organización tri-dimensional del genoma en la expresión diferencial 
de los genes‖. 3-octubre-2019. 
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14. Instituto de Fisiología Celular, UNAM. 

 
Ponencia: 
 
Félix Recillas Targa. ―Participación de la estructura tri-dimensional del genoma en la 
regulación transcripcional‖. 15-noviembre-2019. 
 

15. Instituto Nacional de Medicina Genómica 
 
Ponencia: 
 
Félix Recillas Targa. ―Organización tri-dimensional del genoma en la expresión diferencial 
de los genes‖. 31-mayo-2019. 
 

16. De sinapsis, ensambles y sistemas dinámicos. 
 
Ponencia: 
 
Luis B. Tovar y Romo. ―Participación de las vesículas extracelulares en el proceso de 
recuperación después del infarto cerebral isquémico‖. 22-enero-2019. 
 

17. Conferencia Magistral del Premio en Investigación y Nutrición 2019, FUNSALUD, 
Nestlé, INCMNSZ . 

 
Ponencia: 

 
Marcia Hiriart Urdanivia. ―Diferencias en el desarrollo del metabolismo de acuerdo al sexo‖. 
8-octubre-2019. 
 

18. Construyendo el Futuro, Encuentro de Ciencia 2019, Academia Mexicana de 
Ciencias. 

 
Ponencia: 

 
Marcia Hiriart Urdanivia. ―La secreción y acciones de la insulina en la obesidad por exceso 
de azúcar en la dieta‖. 3-diciembre-2019. 
 
 
 

19. Congreso de Transducción de Señales de la SMB. 
 
Ponencia: 
 
Victoria Chagoya. ―Fisiopatología de la señalización celular‖. 30-julio-2019. 
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20. Conversatorios entre Filosofía y Ciencia. 
 
Ponencia: 
 
Violeta Gisselle López Huerta. ―Intervención genética para el estudio del cerebro‖. 2-mayo-
2019. 
 

21. Fiesta de las Ciencias y las Humanidades, Universum, UNAM. 
 
Ponencia: 
 
Adrian F. Alvarez. ―M s de cinco sentidos: cómo sienten las bacterias por medio de su 
membrana celular‖. 25-octubre-2019. 
 

Marieta Tuena Sangri. ―Conociendo las moléculas de la vida‖. 25-octubre-2019. 
 

22. Máquinas Moleculares, Luces y Comunicaciones Celulares, Jornada de 
Conferencias del Instituto de Fisiología Celular. 

 
Ponencia: 
 
Adrian F. Alvarez. ―¿Cómo sienten las bacterias? La membrana bacteriana y sus m s de 5 
sentidos‖. 27-agosto-2019. 
 

23. Métodos ópticos en el estudio de la liberación de transmisores en el cerebro. 
 
Ponencia: 
 
Francisco Fern ndez de Miguel. ―Métodos ópticos en el estudio de la liberación de 
transmisores en el cerebro‖. 10-septiembre-2019. 
 

24. Neurociencias y Arte. 
 
Ponencia: 
 
Francisco Fern ndez de Miguel. ―Neurociencia y Arte‖. 15-febrero-2019. 
 
 

25. Neurofest, UNIVERSUM, UNAM.  
 
Ponencia: 
 
Francisco Fern ndez de Miguel. ―Comunicación Nerviosa‖. 23-noviembre-2019. 
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26. Semana del Cerebro (CCDMX-SfN).  
 
Ponencia: 

 
Francisco Sotrés Bayon. ―¿Cómo el cerebro usa memorias emocionales para tomar 
decisiones?‖ 1-abril-2019. 
 

27. Seminario Institucional CICY, conmemorativo a 40 años. 
 
Ponencia: 

 
Gabriel del Río. ―Anastasis: explorando los límites de la muerte celular‖. 23-agosto-2019. 

 
28. Seminario Institucional Hospital General. Dr. M Gea Gonzalez. 

 
Ponencia: 

 
Juli n Valdés. ―Diferenciación de células troncales epidermales: una aproximación 
epigenética‖. 16-mayo-2019. 
 

29. Seminario Semanal de la Dirección de Investigación. Hospital Juárez de México.  
 
Ponencia: 

 
Juli n Valdés. ―Control epigenético de la diferenciación de células madre de la piel‖. 8-
febrero-2019. 
 

30. XXXIV Reunión Annual de Investigación. Instituto Nacional de Neurología y 
Neurocirugía Manuel Velasco Suárez.  

 
Ponencia: 
 
Lourdes Massieu. ―Mecanismos de daño neuronal‖. 16-mayo-2019. 
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Conferencias Internacionales 

 
 
1. Biblioteca Nacional, Valparaíso, Chile.  

 
Ponencia: 
 
Ranulfo Romo. ―La construcción de la realidad en el cerebro‖. 9-abril-2019. 
 

2. VI Festival de Ciencia, Puerto de Ideas, Antofagasta, Chile. 
 

Ponencia: 
 
Ranulfo Romo. ―El cerebro, arquitecto de realidades‖. Conferencia de apertura del festival. 
12-abril-2019. 
 

3. III Curso Internacional de Medicina del Sueño, Dr. Mario Skurovich Zaslavsky: “El 
sueño en la práctica médica”.  
 
Ponencia: 
 
Raúl Aguilar Roblero. ―Ciclo circadiano y sueño: Su influencia en la terapia farmacológica‖. 
8-octubre-2019. 
 

4. Latin American Training Program 2019 Enlightening the brain: light as a tool for 
understanding the function of the nervous system.  
 
Ponencia: 
 
Yazmin Ramiro Cortés. ―From spines to behavior using two-photon microscopy: an 
approach to study autism‖.  2-septiembre-2019. 
 

5. Segundo congreso Internacional CILCA, BUAP. 
 
Ponencia: 
 
Fatuel Tecuapetla Aguilar. ―Optogenetica: controlando la actividad neuronal con luz para 
entender las funciones del cerebro‖. 16-mayo-2019 
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Seminarios dictados en la UNAM 

 

1. Aguirre Linares Jesús. ―Las especies reactivas del oxígeno, como señales de 
diferenciación en los hongos‖. Facultad de Ciencias, UNAM. 31-octubre-2019. 
https://www.youtube.com/watch?v=OiUDYrY_IZY.  

 
2. Arciniega Marcelino. ―Aproximaciones al acoplamiento molecular desde el aprendizaje de 

m quina‖. Departamento de matem ticas, Facultad de ciencias, UNAM.  31-octubre-
2019. 

 
3. Coria Ortega Roberto. ―Estrés de retículo endoplásmico y autofagia en la amiba social 

Dictyostelium discoideum‖. Instituto de Fisiología Celular, UNAM. 16-agosto-2019. 
 

4. Del Río Guerra Gabriel. ―Introducción al robot Evo 150 Tecan‖. Instituto de Fisiología 
Celular, UNAM. 14-marzo-2019. 

 

5. Funes Soledad. ―Todos los caminos llevan a la mitocondria: estrés, autofagia y muerte 
celular‖. Facultad de Ciencias, UNAM. 27-agosto-2019. 

 

6. Funes Soledad. ―La proteína mitocondrial Slm35: una pieza del rompecabezas entre la 
autofagia y la longevidad en la levadura Saccharomyces cerevisiae‖. Facultad de 
Química, UNAM. 21-juni-2019. 

 

7. Funes Soledad. ―Relación entre mitocondrias, autofagia y longevidad‖. Facultad de 
Ciencias, UNAM. 7-noviembre-2019. 

 

8. Funes Soledad. ―Ética Científica‖. Instituto de Fisiología Celular, UNAM. 22-enero-2019 y 
29-julio-2019. 

 
9. Georgellis Dimitris. ―Bacterial two-component system signaling; Sensing and responding 

to the environment‖. Departamental de Bioquímica, Facultad de Química, UNAM. 20-
septiembre-2019. 

 

10. Gonz lez Halphen Diego. ―Cuando la subunidad II de la citocromo oxidasa entra a la 
mitocondria por la puerta de atr s‖. Departamento de Bioquímica, Facultad de Química, 
UNAM. 27-septiembre-2019. 

 

11. Gonz lez Halphen Diego. ―Cuando la subunidad II de la citocromo oxidasa entra a la 
mitocondria por la puerta de atr s‖. Instituto de Fisiología Celular, UNAM. 11-octubre-
2019. 
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12. Gonz lez Manjarrez Alicia. ―Reguladores híbridos: Una alternativa para provocar 
respuestas transcripcionales innovadoras en S. cerevisiae. ―Instituto de Fisiología 
Celular, UNAM. 22-noviembre-2019. 

 

13. Gonz lez Manjarrez Alicia. ―Impacto de la retención selectiva de genes paralogos en la 
adquisición del metabolismo facultativo en la levadura Saccharomyces cerevisiae‖ 
Whole-Genome Duplication and Yeast´s Fruitful Way of Life. Centro de Ciencias 
Genómicas. 4-abril-2019. 

 

14. Gonz lez Pedrajo Bertha. ―Regulación de la secreción de proteínas a través del 
inyectisoma‖. Instituto de Investigaciones Biomédicas, UNAM. 14-octubre-2019. 

 
15. López Huerta Violeta Gisselle. ―Integrated single-cell analysis reveals coupled molecular 

gradient and functional subnetworks in the thalamic reticular nucleus‖. Instituto de 
Neurobiología, Quéretaro. 11-junio-2019 

 

16. Navarro Gonz lez Rosa. ―Las aventuras de una célula germinales: cómo se forman los 
gametos del nematodo C. elegans‖. Facultad de Ciencias, UNAM. 27-agosto-2019. 

 

17. Peraza Reyes Leonardo. ―Orquestando la din mica intracelular durante el desarrollo 
sexual del hongo Podospora‖. Instituto de Fisiología Celular, UNAM. 29-marzo-2019. 

 

18. Peraza Reyes Leonardo. ―La din mica y las interacciones de los organillos durante el 
desarrollo celular‖. Facultad de Ciencias, UNAM. 28-agosto-2019. 

 

19. Peraza Reyes Leonardo. ―El crecimiento de la célula fungía‖. Facultad de Ciencias, 
UNAM. 05-noviembre-2019. 

 

20. Pérez Martínez Xochitl. ―Cómo es que la mitocondria acopla la síntesis de proteínas al 
ensamblaje de complejos respiratorios? El caso del complejo bc1‖. Facultad de Química, 
UNAM. 14-junio-2019. 

 

21. Pérez Martínez Xochitl. ―Efecto de la desregulación de la biogénesis de Cox1 en la 
función mitocondrial de la levadura Saccharomyces cerevisiae‖. Instituto de Fisiología 
Celular. 17-junio-2019. 

 

22. Ramiro Cortés Yazmín. ―Actividad sin ptica y neuronal en ratones SHANK3 como 
modelo genético de autismo: de las espinas a la conducta‖. Instituto de Fisiología 
Celular, UNAM. 15-febrero-2019. 

 

23. Rosenbaum Emir Tamara. ―Canales TRP: moléculas que exhiben fenómenos biofísicos 
novedosos‖. Instituto de Fisiología Celular, UNAM. 21-junio-2019. 

 

24. Rossi Pool Rom n. ―1er. Encuentro de Biología Computacional del IFC‖. Instituto de 
Fisiología Celular, UNAM. 9-octubre-2019. 
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25. Tecuapetla Aguilar Fatuel. ―To initiate actions, the dopaminergic and thalamus circuits 
are required‖. Center for complex sciences C3, UNAM. 22-enero-2019. 

 

26. Tecuapetla Aguilar Fatuel. ―How do we test the functions of the brain using light?‖. Latin 
American Training Program 2019. 10-septiembre-2019. 

 

27. Torres Quiroz Francisco. ―Papel del H2S durante la fermentación‖. Instituto de Fisiología 
Celular, UNAM. 24-mayo-2019. 

 

28. Tovar y Romo Luis Bernardo. ―Trophic regulation of neuronal survival‖. Auditorio Alfonso 
Caso. 24-abril-2019. 

 

29. Tovar y Romo Luis Bernardo. ―Participación de las vesículas extracelulares en el proceso 
de recuperación después del infarto cerebral isquémico‖. Centro de Ciencias de la 
Complejidad C3, UNAM. 22-enero-2019. 

 

30. Velasco Iv n. ―El nacimiento, la degeneración y el reemplazo de las neuronas 
dopaminérgicas‖. Departamento de Bioquímica, Facultad de Química, UNAM. 18-
septiembre-2019. 
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Seminarios dictados fuera de la UNAM 

 

1. Aguilar Roblero Raúl. ―Cronostasia: Regulación Fisiológica en el Tiempo‖. Instituto 
Nacional de Ciencias Médicas y Nutrición "Salvador Zubiran". 26-septiembre-2019. 

 
2. Aguirre Linares Jesús. ―Reactive oxygen species signaling and fungal cell differentiation, 

distinguished lectures in microbiology‖. Madison, Wisconsin, USA. 11-abril-2019. 
 
3. Arciniega Marcelino. ―Identificación de falsos positivos en resultados de acoplamiento 

molecular‖. Instituto de Física de la Universidad Autónoma de San Luis Potosí. 10-
octubre-2019. 

 
4. Castro Obregón Susana. ―El papel de la Autofagia en el desarrollo y envejecimiento del 

sistema nervioso de mamíferos‖. Seminario Interdisciplinario en Biomedicina en el 
Instituto Nacional de Ciencias Médicas y Nutrición ―Salvador Zubir n‖. 10-octubre-2019. 

 
5. Furlan Magaril Mayra. ―Chromatin state and 3D conformation during erythroid 

differentiation‖. Instituto de Medicina Genómica. 14-junio-2019. 
 

6. Furlan Magaril Mayra. ―La din mica circadiana de la organización 3D del genoma‖. 
UAEM, Cuernavaca Morelos. 29-marzo-2019. 

 

7. Gómora Martínez Juan Carlos. ―Funciones no canonicas de canales de sodio activados 
por voltaje en la metastasis del c ncer‖. Departamento de Bioquímica, Instituto Nacional 
de Cardiología. 13-junio-2019. 

 

8. Gómora Martínez Juan Carlos. ―Funciones no canonicas de canales de sodio activados 
por voltaje en la metastasis del c ncer‖. Facultad de Medicina, Universidad Autónoma de 
San Luis Potosí. 6-diciembre-2019. 

 

9. Gonz lez Halphen Diego. ―Cuando la subunidad 2 de la citocromo c oxidasa entra a la 
membrana interna mitocondrial por la puerta de atr s‖. Departamento de Biomedicina 
Cardiovascular, Instituto Nacional de Cardiología. 29-marzo-2019. 

 

10. López Huerta Violeta Gisselle. ―De los genes a la función: Disección de circuitos 
implicados en enfermedades psiqui tricas‖. Universidad Autónoma de San Luis Potosí. 
25-octubre-2019. 

 

11. Macías Silva Marina. ―Ski y SnoN: Cofactores Transcripcionales Negativos de la Señales 
de la Citocina TGF-beta‖. Departamento de Bioquímica del Instituto Nacional de 
Cardiología. 10-octubre-2019. 
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12. Navarro Gonz lez Rosa. ―La gónada del C. elegans como modelo para estudiar la 
formación de gr nulos de RNA por estrés‖. Instituto Nacional de Medicina Genómica.  

 

13. Ramiro Cortés Yazmín. ―Actividad sin ptica y neuronal en ratones SHANK3 como 
modelo genético de autismo: de las espinas a la conducta‖. Clínica de Trastornos del 
Sueño de la Universidad Autónoma Metropolitana, Unidad Iztapalapa.  25-junio-2019. 

 

14. Romo Trujillo Ranulfo. ―¿Est s seguro que tú tomas tus decisiones?‖. Centro de las Artes 
de San Luis Potosí, SLP, México. 21-febrero-2019. 

 

15. Romo Trujillo Ranulfo. ―El cerebro, arquitecto de realidades‖. Universidad de Sonora, 
Hermosillo, Sonora. 2-mayo-2019. 

 

16. Romo Trujillo Ranulfo. ―Constructing perceptual decision-making across cortex‖. Boston, 
MA, E.U.A. 22-mayo-2019. 

 

17. Rossi Pool Rom n. ―De las neuronas individuales a la dinámica poblacional: baja 
dimensionalidad en alta heterogeneidad de respuestas‖. Instituto Balseiro - San Carlos 
de Bariloche - Argentina. 17-diciembre-2019. 

 

18. Velasco Iv n. ―¿Cómo podemos producir neuronas de nuestro cerebro fuera del 
cuerpo?‖. Universidad Autónoma Metropolitana Iztapalapa, como parte del Programa de 
Divulgación Científica "Domingos en la Ciencia" de la Academia Mexicana de Ciencias. 
3-junio-2019. 

 

19. Velasco Iv n. ―Neuronas dopaminérgicas humanas diferenciadas de células troncales: 
Relevancia para la enfermedad de Parkinson‖. Facultad de Medicina de la Universidad 
Autónoma de Yucatán. Mérida, Yucatán. 22-mayo-2019. 

 

20. Velasco Iv n. Conferencia Magistral: ―Neuronas dopaminérgicas humanas diferenciadas 
de células troncales: Relevancia para la enfermedad de Parkinson‖. Universidad Marista. 
Mérida, Yucatán. 22-mayo-2019. 

 

21. Velasco Iván. ―La expresión transgénica en células troncales embrionarias de ratón dirige 
su diferenciación‖. Facultad de Química de la Universidad Autónoma de Yucat n. 
Mérida, Yucatán. 23-mayo-2019. 

 

22. Velasco Iván. ―Neuronas dopaminérgicas humanas diferenciadas de células troncales: 
Relevancia para la enfermedad de Parkinson‖. Hospital de Especialidades CMN ―Ignacio 
García Téllez‖, Mérida, Yucat n. 23-mayo-2019. 
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Abstract: Metabolic overload by saturated fatty acids (SFA), which comprises β-cell function, and
impaired glucose-stimulated insulin secretion are frequently observed in patients suffering from
obesity and type 2 diabetes mellitus. The increase of intracellular Ca2+ triggers insulin granule release,
therefore several mechanisms regulate Ca2+ efflux within the β-cells, among others, the plasma
membrane Ca2+-ATPase (PMCA). In this work, we describe that lipotoxicity mediated mainly by
the saturated palmitic acid (PA) (16C) is associated with loss of protein homeostasis (proteostasis)
and potentially cell viability, a phenomenon that was induced to a lesser extent by stearic (18C),
myristic (14C) and lauric (12C) acids. PA was localized on endoplasmic reticulum, activating arms of
the unfolded protein response (UPR), as also promoted by lipopolysaccharides (LPS)-endotoxins.
In particular, our findings demonstrate an alteration in PMCA1/4 expression caused by PA and LPS
which trigger the UPR, affecting not only insulin release and contributing to β-cell mass reduction,
but also increasing reactive nitrogen species. Nonetheless, stearic acid (SA) did not show these effects.
Remarkably, the proteolytic degradation of PMCA1/4 prompted by PA and LPS was avoided by the
action of monounsaturated fatty acids such as oleic and palmitoleic acid. Oleic acid recovered cell
viability after treatment with PA/LPS and, more interestingly, relieved endoplasmic reticulum (ER)
stress. While palmitoleic acid improved the insulin release, this fatty acid seems to have more relevant
effects upon the expression of regulatory pumps of intracellular Ca2+. Therefore, chain length and
unsaturation of fatty acids are determinant cues in proteostasis of β-cells and, consequently, on the
regulation of calcium and insulin secretion.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by dysfunction and
progressive loss of pancreatic β-cells, which are responsible for insulin synthesis, originating tissue
damage and several long-term complications [1]. This pathology could occur in conditions of obesity
accompanied with a decrease in cellular response of insulin-dependent tissues. Phenomena such
as β-cells proliferation and hyperinsulinemia seem to have a compensatory effect. However, these
conditions possibly lead to β-cell dysfunction [2]. Indeed, in obesity and insulin resistance, β-cells are
able to modulate the energetic metabolism in order to increase insulin synthesis and release [3].

Packaged in small granules, each β-cell has approximately 10,000 granules of insulin, of which
only a fraction is released in response to an increase in glycemia [4–6]. After translation, pre-proinsulin
polypeptides are translocated to the endoplasmic reticulum (ER) to acquire the native folding [7].
However, under conditions of high protein demand, ER stress is triggered. Therefore, the transducers
of the unfolded protein response (UPR), IRE1, ATF6α, and PERK, promote the transcription and
translation of target chaperones through XBPIs, ATF6α and CHOP transcription factors, respectively,
when unfolded proteins accumulate in the lumen [8,9]. The three branches of UPR are essential in
β-cells homeostasis to reduce ER stress and to ensure adequate synthesis of peptides such as insulin [6].

The key triggering factor for release of insulin granules is the increase of intracellular Ca2+,
associated with increased extracellular glucose [10]. Several mechanisms regulate the flux of Ca2+ in
cells, such as the plasma membrane Ca2+-ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) [11].
PMCA belongs to the P-type ATPases whose function is critical to maintain the concentration of
cytosolic calcium below 300 nM [12]; it is encoded by four different genes (ATP2B1-ATP2B4) and
the isoforms expressed differentially in excitable and non-excitable cells [13,14]. On the other hand,
the NCX uses the electrochemical Na+ gradient to export Ca2+ against gradient concentration [15].
Four isoforms have been identified for NCX (NCX1-4) and NCX1 is the most expressed in rat β-cells.
The role of PMCA and NCX1 in β-cells is critical; both contribute to the extrusion of Ca2+, therefore to
the regulation of insulin release.

Lipotoxicity is associated with deleterious effects due to an increase of circulating fatty acids when
the storage capacity of triglycerides in adipose tissue is overloaded. Indeed, lipotoxicity is related to
β-cell dysfunction, wherein the capacity of protein folding may be compromised [16]. Lipotoxicity
represses the protein trafficking from ER to the Golgi apparatus [17,18]. The palmitic (PA) and oleic
(OA) fatty acids have been reported to induce apoptosis of β-cells, but only palmitic acid activates the
PERK and IRE1 pathways [19]. Although the mechanism responsible for lipoapoptosis induced by ER
stress is complex, it could involve alterations in Ca2+ [20]. Dysfunction of pancreatic β-cells has been
associated with a low-grade inflammatory condition (meta-inflammation) associated with the excess
of white adipose tissue in obesity [21]. It has been proposed that lipopolysaccharides (LPS) activate a
signaling pathway mediated by TLR-4 [22], and this has been identified as a factor in obesity-associated
metabolic disorders [23]. Additional evidence suggests that patients with T2DM show an altered
intestinal microbiota in which Gram-negative bacteria predominate, then LPS, a critical component of
its outer membrane, might promote inflammation [24]. Accordingly, the gut microbiota may play a
role as a risk factor in the development of T2DM [25].

In this work, the effect of LPS on the UPR pathway in addition to free fatty acids was characterized,
which modifies several key processes related to insulin secretion. Specifically, the properties that
provide to fatty acids with their ER stress-inducing or protective role with a concomitant effect of
LPS were described, through modulation of specific targets that regulate homeostasis of proteins
(proteostasis), and then insulin secretion.
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2. Materials and Methods

2.1. Reagents

RPMI-1640 medium (Gibco, Waltham, MA, USA), fetal bovine serum (FBS), penicillin,
streptomycin, amphotericin B, palmitic acid (PA), oleic acid (OA), palmitoleic acid (PAO), stearic acid
(SA), myristic acid (MA), lauric acid (LA), fatty acid-free bovine serum albumin (BSA) (Fraction
V), lipopolysaccharides (from Escherichia coli O111:B4), trypsin, phosphate buffer saline (PBS),
(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) and tunicamycin (Tum) were
obtained from Sigma-Aldrich.

2.2. Cell Culture

The established rat β-cell line RIN-m5F (American Type Culture Collection, ATCC, Manassas, VA,
USA) was grown in RPMI-1640 medium supplemented with 10% FBS, 10 U/mL penicillin, 10 µg/mL
streptomycin and 25 µg/mL amphotericin B. Cultures were maintained at 37 ◦C in a humidified
atmosphere of 95% air and 5% CO2. The culture medium was changed every 3 to 4 days and also
passaged once per week, according to ATCC recommendations.

2.3. Fatty Acid and LPS Preparation

Stock solutions were prepared as follows: fatty acids were dissolved in ethanol:H2O (1:1, vol:vol)
at 60 ◦C at a final concentration of 75 mM. Stock solutions were complexed with fatty-acid-free BSA
(3 mM in H2O) by stirring for 1.5 h at 37 ◦C, then diluted in culture media and filtered by a 0.22-µm pore
membrane. The final molar ratio of fatty acid:BSA was 4:1 with a final concentration of 300 µM BSA.
LPS O111:B4 were dissolved in ultrapure water (1 mg/mL), and then diluted to a final concentration of
100 ng/mL, as previously reported [26].

2.4. Cell Viability Assays

Cell viability was evaluated using the MTT assay according to previous protocols [27]. Formazan
crystals were dissolved in a lysis buffer containing 20% SDS and 50% N,N-dimethylformamide (pH
3.7) for 12 h at 37 ◦C, and absorbance readings were acquired at 560/530 nm.

2.5. Western Blotting Analysis

Proteins were extracted from cell cultures under different conditions, using ice-cold protein
lysis buffer (150 mM NaCl, 10 mM Tris, pH 7.4, 1% Triton X-100, 0.5% NP40, 1 mM EDTA, 1 mM
EGTA, 0.2 mM sodium orthovanadate, 10 mM benzamidine, 10 µg/mL leupeptin, 10 µg/mL aprotinin,
and 250 µM PMSF). An average of 25 µg of protein samples from RIN-m5F cells were separated
on 10% SDS-PAGE electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% non-fat milk in Tris-buffered saline 0.1% Tween-20 (TBS-T)
for 1 h at 37 ◦C, and incubated at 4 ◦C overnight with primary antibody (anti-XBP1s, anti-c-Jun,
anti-ATF6α, anti-CHOP, anti-PMCA1/4, anti-Lamin-B, anti-β-adaptin, anti-BiP, anti-SPT, anti-SERCA2,
anti-PMCA3, anti-NCX1, and anti-β-actin). Following washing with TBS-T, the membranes were
further incubated for 1 h at 37 ◦C with the corresponding horseradish peroxidase-conjugated secondary
antibodies. Proteins were detected with the enhanced chemiluminescence reagent (Immobilon Western
from Millipore, Burlington, MA, USA).

2.6. Immunoprecipitations on Nucleus Extracts

Nuclei separation was carried out using a buffer containing sucrose (250 mM) and imidazole
(3 mM) pH 7.4, supplemented with protease and phosphatase inhibitors. Cells were scraped from
culture dishes and 21 passages were performed through a 22-G syringe. For the recovery of nuclei,
lysates were centrifuged at 3400 rpm for 15 min. Then, nucleus fractions (200µg) were incubated with
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an anti-c-Jun antibody (1:400) for 2 h at 4 ◦C. Immune complexes were precipitated with protein G
agarose Fast Flow (Millipore) 12 h at 4 ◦C. Immuno-precipitated proteins were washed 3 times and
suspended in Laemmli buffer, separated by SDS-PAGE gels and transferred to PVDF membranes for
Western-blot analysis. Protein detection was performed based on a previous protocol [26].

2.7. Insulin ELISA Assays

Cells were proliferated in 20 mm cell culture plates at a density of 2.3 × 105 cells/mL (2 mL). Cells
were maintained in proliferation for 72 h, and later different treatments were performed on a volume
of 1 mL. Cell culture medium was recovered, and centrifuged for 5 min at 5000 rpm. Supernatant
medium was recovered and diluted (1/3) in PBS. Insulin concentrations were quantified with the
Rat Ultrasensitive Insulin ELISA kit (80-INSRTU-E01, E10; ALPCO Diagnostics, Salem, NH, USA)
through several adaptations according to manufacturer recommendations. Absorbance readings were
performed at 450 nm, and results were reported as ng/mL.

2.8. Immunocytochemistry Assays

Treated cells were fixed in ethanol:acetone (1:1) at −20 ◦C and permeabilized with 0.01% Triton
X-100. Slides were processed for immunocytochemical detection of transcription factors XBP1s and
CHOP using the mouse/rabbit Polydetector HRP/DAB (BioSB, Santa Barbara, CA, USA). Slides were
blocked with a horseradish peroxidase-conjugated antibody for 5 min and 1% bovine serum for 20 min,
then incubated at 4 ◦C with the primary antibody. Following washing with PBS, the slides were
further incubated for 40 min at room temperature with the secondary antibody. Immunostaining
was performed with free-floating diaminobenzidine (DAB) for 2 min. After stopping the reaction,
sections were embedded in Entellan and analyzed with the Axiovert.A1 FL-LED Microscope (Carl Zeiss,
Oberkochen, Germany) and AxioCam ERc 5s (Carl Zeiss, Oberkochen, Germany). Image acquisition
software ZEN-Blue edition was employed for image processing (Carl Zeiss, Oberkochen, Germany).

2.9. Fractionation of Cultured Cells and Determination of Triglycerides

Cells were processed as elsewhere reported [28]. Briefly, cells were washed with PBS 1×, scraped
from the plate and transferred into a 2-mL tube, then centrifuged at 2000× g for 2 min. The pellet
was resuspended in 200 µL of 60% sucrose dissolved in lysis buffer (10 mM HEPES and 1 mM EDTA,
pH 7.4). After mixing, samples were incubated on ice for 10 min. Next, 800 µL of ice-cold lysis buffer
was added, and incubated on ice for another 10 min. Cells were lysed by 5 passes through a 27-G
needle and centrifuged at 100× g for 2 min. A mixture consisting of 2 µL of methylene blue mix per
mL of lysis buffer was prepared. Then, 600 µL of this mixture were carefully layered on top of the
cell homogenate and centrifuged at 20,000× g at 4 ◦C for 2 h. Tubes were frozen at −70 ◦C, the dye
layer containing lipids (floating layer) was recovered by cutting the tube and transferred to a new tube
where 100 µL of lysis buffer was added. Triglyceride content of fractions was measured using the
Triglyceride-LQ kit (Giorna, Spain).

2.10. Calcium Quantification

Cells were processed according to a previous protocol [29] and intracellular calcium levels were
calculated according to Patel et al. [30]. After treatments, cells were washed with PBS 1× and incubated
at 37 ◦C with Opti-MEM/1.5 µM Fura-2/AM (fluorescent Ca2+ indicator) for 75 min. Subsequently, cells
were washed with PBS 1× and incubated for 20 min at room temperature. Cells were washed with PBS
1×, and fluorescence measurements were carried out at 340 and 380 nm excitation wavelengths, and a
510 nm emission wavelength, employing a Cary Eclipse Fluorescence Spectrophotometer (Santa Clara,
CA, USA).
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2.11. Nitrite Assay

Nitrites were measured in the extracellular culture medium from treated cells as an index of
reactive nitrogen species (RNS) formation, using the Griess reaction (40 mg/mL). Absorbance readings
were performed at 450 nm in an ELISA plate.

2.12. Fluorescence-Probe Synthesis

Based in a methodology developed by our group, BODIPY (BDP) coupled to palmitic acid
(BDP-PA), BODIPY coupled to stearic acid (BDP-SA), and BODIPY coupled to myristic acid (BDP-MA)
were synthesized. Briefly, BODIPY-8-Ethylendiamine (0.436 mM) [31] in dichloromethane anhydrous
(8 mL) was added to N’-ethylcarbodiimide hydrochloride (0.524 mM), hydroxybenzotriazole (0.524 mm),
N-methylmorpholine (1.308 mM) and the corresponding fatty acid (0.48 mM). The mixture reaction
was stirred for 5 h under argon atmosphere at 25 ◦C. Solvent was eliminated under reduced pressure,
and the product was dissolved in water (20 mL) and extracted with dichloromethane. The combined
organic extracts were washed with brine and dried over anhydrous Na2SO4, and later the product was
concentrated. The crude product was purified by flash chromatography. All structures were confirmed
by mass spectroscopy and nuclear magnetic resonance (NMR).

2.13. Confocal Microscopy

A LEICA TCS-SP8 confocal scanning biological microscope (LEICA Microsystems Heidelberg
GmbH, Nussloch, Germany) was employed in order to characterize the BDP-MA, BDP-PA and
BDP-SA sub-cellular localization. After different experiments with BDP-fatty acids (10–100 µM), cells
were washed with PBS 1× 3 times, and then incubated with Aza-2-DBP for 30 min (0.8 µM). Later,
cells were washed extensively and fixed with cold paraformaldehyde, and mounted for observation.
Macroscopically different zones were recorded, preferentially at the center of the specimens, in order to
depict representative images. Images were recorded at excitation/emission wavelengths of 488/495-545
and 638/650–750 nm for detection of BDP-fatty acids (green) and AZA-2-BDP (red), respectively.

2.14. Colocalization of ER-Tracker Probe and BDP-SFA

RIN-m5F cells were proliferated to 90% of confluence, and treated with BDP-PA (5–25 µM) for
12 h. Later, culture cells were washed with HBSS buffer and then ER-tracker (1 µM) was added
and incubated for 25 min at 37 ◦C. Cells were washed once with HBSS buffer and fixed with 4%
formaldehyde, for 2 min at 37 ◦C. Finally, cells were washed twice with PBS 1×. Images were recorded
at excitation/emission wavelengths of 488/495-545 and 587/615 nm for detection of BDP-PA (green) and
ER-tracker (red), respectively.

2.15. Quantitative PCR Methods

Total RNA from RIN-5mF cells was obtained with Trizol following the supplier’s instructions.
cDNA was synthesized using 1 µg of RNA and the iScript RT Supermix from Bio-Rad
(Hercules, CA, USA). cDNA concentration was standardized to be used for qPCR with
the PowerUp Sybr Green Master Mix 2X (Applied Biosystems) according to manufacturer’s
instructions. Primer sequences were: RPL13fwd 5′-AAAGCCTGCCAGAATTTCTCT-3′, RPL13rev
5′-GGGCTCCAAGGACTCTCTG-3′, ATP2B1fwd: 5′-GCAATTGAAAATCGCAACAA-3′; ATP2B1rev:
5′-TTCAGAGGCTGCATCTCCAT-3′; ATP2B2fwd: 5′-CGGAGTGTGGACTAAC AGCA-3′, ATP2B2rev:
5′-CTAGGGACTGCGTGACCAAG-3′; ATP2B3fwd: 5′-CAATCTTTCTA CCCCTACTCACATC;
ATP2B3rev: 5′-GATGCAACTCTTGGATTCTGG; ATP2B4fwd: 5′-CTCTG AAAATCGCAACAAAGC-3′,
ATP2B4rev: 5′-AGTGGCTGGATTTCCAAGG-3′. qPCR reactions were performed in triplicate using an
ABI PRISM 7000. qPCR data were analyzed with the 2−∆∆Ct method with RPL13 (ribosomal protein
L13) as reference calibrator, and reported as fold change.
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2.16. Statistical Analysis

Data are expressed as mean ± SD. The statistical analyses were conducted with one-way ANOVA,
and differences among means were compared with the Bonferroni test using a level of significance of
p < 0.001 unless otherwise specified. The software used was GraphPad Prism version 6 (San Diego, CA,
USA). For the analysis of the expression of proteins by Western blot, a semiquantitative analysis was
performed using β-actin as loading control with the software ImageJ (Bethesda, MD, USA). Likewise,
ImageJ was employed in the processing of immunocytochemistry results.

3. Results

First, we examined the effects of LPS upon the UPR pathway in β-cells. Although increasing
concentrations of LPS did not modify cell viability (Figure 1A), LPS promoted an increase in the
expression levels of transcription factors associated with diminishing ER stress, such as XBP1s and
c-Jun. However, the ATF6α branch that showed a basal expression in the control condition showed a
diminished expression by effect of LPS treatment (Figure 1B). Upon proving that LPS cause ER stress
through the modification of the UPR pathway without affecting cell viability, we decided to evaluate
the effect of the most representative saturated fatty acids (SFA). The four main saturated fatty acids
(SFA) found in the phospholipid membranes and neutral lipids—lauric acid, myristic acid, palmitic
acid, and stearic acid—were studied in order to characterize the role of the fatty acid acyl-chain length
on β-cell physiology. In a first approach, we evaluated the effect of increasing concentrations of SFA
(0–600 µM) on cell viability, considering a ratio of albumin/SFA of 1/4, which is in the range of reported
plasmatic concentrations of fatty acids (350–500 µM) [32]. Results suggest PA as the most lipotoxic fatty
acid, followed by SA, as demonstrated by the cellular viability measured by the MTT assay (Figure 1C),
which is associated with mitochondrial activity. Although the UPR pathway was activated by the
three SFA tested (Figure 1D), palmitic acid showed the major effect on CHOP expression. In this case,
tunicamycin (Tun) was used as a positive control inducing ER stress, by inhibition of N-glycosylation
protein process [33].

In order to evaluate the intracellular distribution of SFA, our working group carried out the
chemical synthesis of three fluorescent probes to be tracked by confocal microscopy: BODIPY-PA
(referred to as BDP-PA), BODIPY-SA (referred to as BDP-SA) and BODIPY-MA (referred to as BDP-MA).
After the treatments, the internalization of BDP-PA (Figure 1F) was higher compared to detection with
BDP-MA or BDP-SA (Figure 1E,G). This phenomenon supports the results obtained for cell viability,
wherein PA was the most lipotoxic fatty acid.

PA is the most abundant SFA in the human body distributed in neutral lipids, the phospholipids
of plasma membrane, organelles such as ER, and as a free fatty acid bound to albumin in plasma.
Although the UPR activation by the three fatty acids was observed, PA treatment was more evident in
the activation of UPR. In the endoplasmic reticulum, one-third of cellular proteins are synthesized,
membrane and extracellular proteins are also folded, and, importantly, the ER is the main site of
calcium storage [34,35]. In order to characterize the cellular distribution of PA, we employed the
specific probe ER-tracker, performing the co-localization of ER-tracker (red channel) and BDP-PA
(green channel) (Figure 2A–E). Results show that BDP-PA is located in the endoplasmic reticulum. In a
complementary way, under a PA dose-dependent stimulus (0–600 µM), we corroborated the activation
of IRE1 branch of the UPR through XBP1s expression (Figure 2G), and concomitantly the effect on
insulin secretion function (Figure 2H). At 150 and 300 µM PA, the UPR activation was more evident,
which agrees with the drop of cell viability observed previously.
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Figure 1. Lipopolysaccharides (LPS) and saturated fatty acids (SFA) trigger the unfolded protein
response (UPR) pathway in β-cells, with 16C-pamitic acid (PA) the most lipotoxic. (A) Effect of
increasing concentrations of LPS (0.1–1000 ng/mL) on cell viability. (B) Under the same conditions,
expression of proteins XBP1s, c-Jun, and ATF6α analyzed by Western blot. (C) Effect of the treatment of
saturated PA, stearic acid (SA), myristic acid (MA) and lauric acid (LA) (0–600 µM) on cell viability.
(D) Effect of SFA treatment on CHOP expression. Tunicamycin (Tum) was used as a control. (E) Cellular
distribution of BODIPY (BDP)-MA probe (green channel) (E), BDP-PA (F) and BDP-SA (G) in β-cells.
Bars correspond to 20 µm. In panel B and D, β-actin was used as a loading control. In panel A and C,
mean values are presented (n = 6, mean ± SD), * p < 0.0005 with respect to control.
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Figure 2. BDP-PA probe colocalizes with endoplasmic reticulum (ER)-tracker, and UPR is activated.
(A,D) Confocal images of β-cells treated with BDP-PA (green channel). (B,E) Localization of ER-tracker
probe (1 µM) (red channel). (C,F) Images corresponding to the merge. Bars correspond to 20 µm.
(G) Under increasing concentrations of PA, UPR activation was evaluated through XBP1s activation, as
well as the insulin release (H). Mean ± SD are presented (n = 3), * p < 0.05, **** p < 0.005.

Aiming to elucidate the combined effect of saturated fatty acids and LPS on cell viability as
well as their intracellular location, which has not been described in the literature so far, β-cells were
treated with PA and LPS. Cell viability was evaluated after a 24-h incubation with 300 µM palmitic
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acid and 100 ng/mL LPS, and results show a significant decrease in cell viability, as compared to
controls (Figure 3A). In addition, we characterized the intracellular distribution of BDP-PA probe
and Aza-2-BODIPY (used as a counterstain; both were synthesized by our group). Interestingly, the
counterstain probe Aza-2-BODIPY showed a cytoplasmic localization within the β-cells. By contrast,
the BDP-PA signal was rather concentrated around the perinuclear area, wherein ER is localized,
a phenomenon that was slightly increased under the treatment with LPS (Figure 3B–G). These results
were corroborated, now employing the ER-tracker probe (Supplementary Figure S1).
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UPR pathway was significantly activated by this transcription factor (CHOP). In parallel, it also 
increases the expression of XBP1s and ATF6a, as well as c-Jun (Figure 3H), which might be a possible 
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Figure 3. The combined treatment of LPS and PA potentiate the UPR activation in β-cells. (A) Effect of
treatments with LPS and PA on cell viability (n = 6, mean± SD), * p < 0.05, **** p < 0.001. Confocal images
of β-cells treated with BDP-PA (B), Aza-2-BDP (D) and the merge (F). Under the same conditions, β-cells
treated with BDP-PA plus LPS (C), Aza-2-BDP plus LPS (E), and the merge (G). Bars correspond to
50 µm. (H) Expression of CHOP, c-Jun, XBP1s, and ATF6α under increasing concentrations of LPS and
PA (300 µM). β-actin was used as a loading control. (I,J) Detection of XBP1s by immunocytochemistry
in control cells (negative signal). (K,L) Detection of XBP1s on PA-treated cells, positive signal (++) is
determined by brown areas.

Although the LPS stimulus did not cause a decrease in cell viability, it slightly activated the
UPR pathway through CHOP. However, when LPS and PA treatments were evaluated together, the
UPR pathway was significantly activated by this transcription factor (CHOP). In parallel, it also
increases the expression of XBP1s and ATF6a, as well as c-Jun (Figure 3H), which might be a possible
response associated with the decrease in cell viability. Changes observed in cellular viability and
the increase in XBP1s expression induced by PA agree with the analysis by immunocytochemistry of
XBP1s (Figure 3I–L), where positive signals are observed as brown areas. Together, these data show
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the activation of the UPR branches induced by LPS and the SFA most abundant in neutral lipids, as
well as the ER localization of PA.

To assess if lipotoxicity could be extended to unsaturated fatty acids, the effect of oleic acid was
evaluated. Unlike palmitic acid treatment, the exposure to OA neither modified the cell viability nor
caused ER stress by activation of CHOP or XBP1s (Figure 4A,B). In this case, immunocytochemistry
for CHOP in the presence of LPS and PA evidenced an increase in their expression (Figure 4C–F).
Considering the stressor effect of palmitic acid and that OA did not produce ER stress, the possible
protective or restorative role of OA was assessed under cytotoxicity induced by palmitic acid. With both
fatty acids’ stimuli, the effect of palmitic acid is reversed and cell viability is maintained (Figure 4G,H).
Additionally, 12-h treatment with palmitic acid and followed by 12 h with OA alone, CHOP is not
activated, but cell viability decreases (Figure 4H). However, treatment with OA prior to palmitic acid
does not affect viability, but it activates CHOP, which may be a consequence of treatment with palmitic
acid. These data suggest that OA could play a partial protective role.
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Figure 4. Oleic acid (OA) treatment does not trigger UPR and shows a partial protective role on
lipotoxicity induced by PA. (A) MTT assay performed in β-cells exposed to different concentrations
of LPS in the presence of 300 µM of PA or OA. (B) Under the same conditions, expression of XBP1s
and CHOP. (C,D) Detection of CHOP by immunocytochemistry in control cells (negative signal). (E,F)
Immunocytochemistry for CHOP under LPS and PA stimuli, positive signal (+) corresponds to brown
areas. (G) Characterization of XBP1s, CHOP and ATF6α under a pre-treatment with fatty acids for
12 h, followed by the next treatment. (H) Under the same conditions, cell viability was characterized.
β-actin was used as a loading control. In panel (A) and (H), (n = 6, mean ± SD), **** p < 0.001 with
respect to control.
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Aiming to evaluate one of the most relevant functions of β-cells, the insulin release, as we reported
previously, we found a decrease in β-cell function with PA treatment, now using tunicamycin (Tum) as
a control (Figure 5A). This characterization was complemented with the evaluation of CHOP, ATF6α
and c-Jun in a time range (0–36 h), upon which a gradual activation was evidenced (Supplementary
Figure S2). Considering that an increase of cytoplasmic [Ca2+] in β-cells is the triggering factor for
insulin release, a slight modification in PMCA expression isoforms 1 and 4 (PMCA 1/4) was observed
(Figure 5B). Contrary to what was expected, the decrease in PMCA expression may favor an increase in
insulin release due to a rise in intracellular [Ca2+], however, other regulatory systems may be involved.
The decrease in insulin secretion induced by PA matches with the cell viability decrease (Figure 5C).
In order to broaden the effect of main saturated fatty acids, under a dose-dependent administration
of PA, the decrease of PMCA1/4 expression was confirmed (Figure 5D), however, this change was
not found in SA stimulus (Figure 5E). This phenomenon was supported through the UPR activation
mediated by IRE1 only with PA treatment as previously described (Figure 2G), and not with SA
treatment (Figure 5E).
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Expanding the characterization of this phenomenon, we found that stimulation with PA and 
LPS promotes the formation of RNS in the extracellular medium (Figure 6A). In a previous 
publication, we correlated the formation of RNS with the oxidative damage phenomenon and UPR 
activation in macrophages treated with LPS [36]. In our conditions, a drastic drop in insulin release 
was observed upon the treatment with palmitic acid and LPS (Figure 6B), associated with an 

Figure 5. Endoplasmic reticulum stress reduces insulin secretion modifying the expression of PMCA1/4
and nuclear complexes. (A) Effect of treatment with PA and Tum on insulin secretion (n = 3, mean
± SD) * p < 0.05, ** p < 0.01. (B) Western blot characterization of PMCA1/4 isoforms. (C) Cellular
viability assay, ** p < 0.001 with respect to control (n = 6, mean ± SD). Expression of PMCA1/4 and
XBP1s in the presence of (D) PA or (E) SA. (F) Expression of Lamin-B and β-adaptin in nucleus extracts.
(G) Evaluation of the complex formed by c-Jun and β-adaptin. β-actin was used as a loading control.

The specific case of the cytotoxicity exerted by Tum may be associated with an alteration in the
nuclear structure (Figure 5F), considering the involvement of Lamin-B, a similar phenomenon that we
have described in macrophages treated with LPS [36]. It should be noted that our group has described
the function of new protein complexes formed by the adapter protein β-adaptin and transcriptional
activators such as c-Myc and c-Jun that regulate the cell cycle and mechanisms such as endocytosis [36].
This condition was found to be affected in the nucleus under the stimuli with PA and Tum (Figure 5G),
which we have correlated with the presence of an oxidative imbalance [37] implicating critical functions
in the cells.

Expanding the characterization of this phenomenon, we found that stimulation with PA and LPS
promotes the formation of RNS in the extracellular medium (Figure 6A). In a previous publication,
we correlated the formation of RNS with the oxidative damage phenomenon and UPR activation in
macrophages treated with LPS [36]. In our conditions, a drastic drop in insulin release was observed
upon the treatment with palmitic acid and LPS (Figure 6B), associated with an increase in RNS
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formation in the culture medium. In this case, the activation of BiP and XBP1s matches with an increase
of nitrites (Figure 6C). Taking into account a partial protective function of OA under lipotoxicity
conditions, the role of other unsaturated fatty acids such as PAO was evaluated. In both cases, the
data suggest that treatment with unsaturated fatty acids prevents the drop of insulin release that is
generated under the conditions of lipotoxicity by PA and LPS (Figure 6B). Interestingly, there is a mild
increase of insulin release with PAO treatment with respect to controls. Data suggest that there is
no metabolic effect that could modulate the treatment with unsaturated fatty acids, considering the
quantification of triglycerides wherein only a slight increase in treatment of PA and LPS was registered,
as well as the evaluation of targets such as serine palmitoyl-transferase (SPT), a key enzyme that uses
palmitoyl-CoA and serine during ceramide synthesis (Figure 6D), which has been involved in several
pathological diseases [38]. Then, our results suggest that under the cellular conditions evaluated, there
was no significant metabolic alteration in β-cells.
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To elucidate the correlation of the lipotoxicity phenomenon directly with the main β-cell function,
the intracellular [Ca2+] was evaluated under the same treatments (Figure 7A). We found that palmitic
acid and LPS induced a decrease in [Ca2+], which was demonstrated to be stabilized under incubation
with oleic acid. Importantly, treatment with palmitoleic acid avoids the alteration in [Ca2+] levels that
induced the lipotoxicity. The most important proteins regulating intracellular [Ca2+] were assessed,
which in turn could explain this phenomenon. Importantly, a decrease in the expression of isoforms 1
and 4 of PMCA was induced by the presence of palmitic acid and LPS (Figure 7B). Although these
isoforms maintain a ubiquitous expression, they show a low Ca2+ affinity in comparison to PMCA2
and PMCA3 isoforms [39]. Specifically, a second band of lower molecular weight was detected in the
Western blot of PMCA1/4 (Figure 7B). This could suggest a proteolytic cleavage mediated by calpain,



Cells 2019, 8, 884 12 of 18

which has been described to induce its degradation [40], as analyzed by our group in a previous
work [41], therefore altering Ca2+ homeostasis, which affects key functions such as insulin secretion.
Under our experimental conditions, the expression of PMCA3 in β-cells was undetectable (Figure 7B),
although the expression of this isoform has been reported elsewhere [42]. The efficacy of the antibody
was evaluated using brain tissue as a positive control where it is abundantly expressed, and in the liver
tissue considering that the presence of transcripts has been reported before [43] (Figure 7D).
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Figure 7. The treatment with unsaturated fatty acids regulates the expression of calcium transporting
proteins. (A) Quantification of intracellular [Ca2+] under lipotoxicity conditions. * p < 0.05, ** p < 0.01
compared to control (n = 3, mean ± SD). (B) Expression of targets PMCA1/4, NCX1 and PMCA3, which
are regulated by oleic and palmitoleic acid. (C) Quantitative characterization of the expression of
PMCA1/4, the analysis was based on three different experiments. * p < 0.05, **** p < 0.001 compared to
control (n = 3, mean ± SD). (D) Validation of antibodies anti-PMCA1/4, anti-PMCA3 and anti-SERCA2
in RIN-m5F cells, liver and brain tissues. (E) Western blot of SERCA2. β-actin was used as a
loading control.

Extending our characterization associated with PMCA1/4, the treatment with OA prevented the
alteration of PMCA1/4 expression, which was evidenced through the statistical analysis (Figure 7C).
However, a decrease in the expression of PMCA1/4 was found under PAO treatment, without evidence
of degradation (Figure 7B). Furthermore, cytoplasmic Ca2+ levels were maintained at the same levels
with respect to controls (Figure 7A). Notwithstanding this, under these conditions an increase in insulin
release was recorded (Figure 6B). In order to expand the characterization of this phenomenon, other
relevant proteins regulating intracellular [Ca2+] were evaluated. A decrease in NCX1 expression was
found under treatment with unsaturated fatty acids, which is responsible for Ca2+ output against the
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gradient (Figure 7B). This phenomenon could represent a key condition in the regulation of insulin
release. With respect to the evaluation of other targets, which could contribute to the explanation
of the effect with unsaturated fatty acids, importantly, significant changes were not registered in the
expression of SERCA2 (Figure 7E).

Taking into account these results, the role of SA, the second most abundant SFA in biological
membranes, was evaluated. In particular, the stimulation with SA did not significantly decrease cell
viability, contrary to what was observed with LPS, which caused a slight decrease in the viability
(Figure 8A). In fact, insulin release is only modified under SA treatment (Figure 8B), and the incubation
with PAO prevents this decrease and maintains insulin levels similar to controls. Under these same
experimental conditions, PMCA1/4 expression remained constant (Figure 8C) and in none of the
conditions, even upon treatment with SA and LPS, was a second band associated with the degradation
of PMCA1/4 present; moreover, the PMCA3 isoform was not identified. An increase in insulin release
was observed with the combination of PAO and SA, when compared with PAO. In order to extend
this phenomenon associated with the maintenance of [Ca2+], no modifications were found in the
SERCA2 expression. Remarkably, the cellular internalization of SA was diminished compared to PA
(Figure 8D–I).

Cells 2019, 8, x FOR PEER REVIEW 13 of 18 

 

to control (n = 3, mean ± SD). (D) Validation of antibodies anti-PMCA1/4, anti-PMCA3 and 
anti-SERCA2 in RIN-m5F cells, liver and brain tissues. (E) Western blot of SERCA2. β-actin was used 
as a loading control. 

Taking into account these results, the role of SA, the second most abundant SFA in biological 
membranes, was evaluated. In particular, the stimulation with SA did not significantly decrease cell 
viability, contrary to what was observed with LPS, which caused a slight decrease in the viability 
(Figure 8A). In fact, insulin release is only modified under SA treatment (Figure 8B), and the 
incubation with PAO prevents this decrease and maintains insulin levels similar to controls. Under 
these same experimental conditions, PMCA1/4 expression remained constant (Figure 8C) and in 
none of the conditions, even upon treatment with SA and LPS, was a second band associated with 
the degradation of PMCA1/4 present; moreover, the PMCA3 isoform was not identified. An increase 
in insulin release was observed with the combination of PAO and SA, when compared with PAO. In 
order to extend this phenomenon associated with the maintenance of [Ca2+], no modifications were 
found in the SERCA2 expression. Remarkably, the cellular internalization of SA was diminished 
compared to PA (Figure 8D–I). 

 
Figure 8. Stearic acid does not modify the homeostasis of calcium in β-cells. (A) Viability assay 
experimentation under treatment with different fatty acids. **** p < 0.01 with respect to control (n = 6, 
mean ± SD). (B) Determination of insulin concentrations in supernatant medium. ** p < 0.05 with 
respect to control (n = 3, mean ± SD). (C) Expression of targets that regulate the intracellular calcium 
concentration. β-actin was used as a loading control. Confocal images of β-cells treated with BDP-PA 
(D), Aza-2-BDP (E) and the merge (F). Under the same conditions, β-cells treated with BDP-SA (G), 
Aza-2-BDP (H), and the merge (I). Bars correspond to 50 µm. 

  

Figure 8. Stearic acid does not modify the homeostasis of calcium in β-cells. (A) Viability assay
experimentation under treatment with different fatty acids. **** p < 0.01 with respect to control (n = 6,
mean ± SD). (B) Determination of insulin concentrations in supernatant medium. ** p < 0.05 with
respect to control (n = 3, mean ± SD). (C) Expression of targets that regulate the intracellular calcium
concentration. β-actin was used as a loading control. Confocal images of β-cells treated with BDP-PA
(D), Aza-2-BDP (E) and the merge (F). Under the same conditions, β-cells treated with BDP-SA (G),
Aza-2-BDP (H), and the merge (I). Bars correspond to 50 µm.
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4. Discussion

Considering that the ER lumen is the main site where protein folding and post-translational
modifications take place, a decrease of insulin secretion attributed to fatty acid and LPS lipotoxicity
could be identified by ER stress through UPR activation. Particularly, XBP1s is associated with the
regulation of chaperones and protein degradation [44], relevant to mediate the ER stress that may
be related to insulin processing. A similar pattern was observed in the activation of c-Jun, CHOP,
and ATF6α transcription factors, which allow reduction of ER stress. Although in our conditions cell
viability remains basal even in high concentrations of LPS, this could be associated with the fact that
cells are trying to recover homeostasis by activating the UPR.

In an important manner, when main SFAs were evaluated, the most lipotoxic was PA (16C) which,
according to our results, is mainly located in the endoplasmic reticulum. Although SA (18C), MA (14C)
and LA (12C) were evaluated under the same conditions, possibly the length of PA is the optimal
for recognition, and then for cellular internalization. In an attempt to extend the characterization of
SFAs on key processes of β-cell physiology, our group has designed new materials based on surfaces
functionalized with a layer of a fatty acid covalently bound. Results suggest that mainly PA affects the
cell adhesion on surfaces compared to other saturated fatty acids (personal communication).

An association between ER stress and the development of DM2 has been previously described [45].
Nevertheless, no influence of SFAs and LPS on β-cell physiology has been reported hitherto. Our data
suggest that LPS activated the UPR pathway, but did not reduce cell viability. However, cell viability
was reduced significantly with PA and LPS stimuli, associated with cell internalization of the BDP-PA
probe, activating the UPR pathway through CHOP, c-Jun, ATF6α and XBP1s. Considering that
unsaturated fatty acids could prevent or even restore cell damage caused by lipotoxicity [46,47], our
data suggest that oleic acid could have a partial protective role against lipotoxicity caused by PA/LPS.
It is likely that a competition between oleic and palmitic acid for receptors such as FFAR1 or CD36 might
occur; in fact, CD36 facilitates fatty acid transport and overexpression affects insulin secretion [48].
In an important way, we previously reported that small molecules with terpene structure could regulate
ER stress induced by PA, through inhibition of the eukaryotic initiation factor-4A, with an effect in
CHOP and XBP1s expression [49]. Therefore, protein translation is a target that could modulate ER
stress induced by lipotoxicity.

Our results showed the activation of the UPR pathway by PA and its accumulation in organelle
membranes, mainly in the ER area (Figures 2 and 3), generating stress conditions. Also, we observed a
decrease in the PMCA1/4 expression, in correlation with an alteration of insulin secretion. It should
be noted that the monoclonal antibody employed here recognizes isoforms 1 and 4, which show a
ubiquitous expression. Although PMCA3 isoform has been detected specifically in β-cells by other
authors [42], this is a controversial issue since we and others have not detected this isoform. In this
work, PMCA3 was not detected at the protein level and, importantly, its absence was confirmed also
when transcripts were measured by qPCR in all experimental conditions (data not shown). Regarding
other PMCA transcripts expression, the observed pattern corresponds to the maximal expression of
ATP2B1 which is the most abundant in all tissues, but also when high intracellular [Ca2+] levels are
present. By itself, this finding can be related to the specific PMCA1 affinity for Ca2+ that is lower
with respect to isoforms PMCA2 and PMCA3; when [Ca2+] is elevated in the cytoplasm, cells do not
require the function of the sensitive isoforms to extrude calcium, as we have observed before [14].
Since PMCA is responsible for intracellular Ca2+ removal and Ca2+ entry is a trigger factor for insulin
release, a decrease in PMCA expression would be expected to generate the opposite effect. This may be
due to other mechanisms responsible for [Ca2+] regulation in the β-cells, such as the NCX1 exchanger
and SERCA. The possibility of studying the expression of transcripts and activity of these proteins in
the near future is open.

In our conditions, SERCA2 shows a basal expression, suggesting the importance of maintaining
[Ca2+] in the ER. Results suggest that there is not severe alteration in the ER. Importantly, the decrease
in insulin release upon treatment with the PA/LPS was accompanied by the decrease in PMCA1/4
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expression, wherein the detection of a lower molecular weight band of PMCA was a major finding.
This effect could be correlated with the degradation of PMCA due to a proteolytic cleavage, a condition
mediated by calpains and caspases under oxidative conditions [40], as corroborated by the formation of
RNS. In this sense, a phenomenon related to oxidative phenomenon in β-cells is the lipid peroxidation
by the generation of α, β-unsaturated 4-hydroxyalkenals (4-HNE, 4-HHE and 4-DDE) [50]. However,
oleic and palmitoleic acid avoided this phenomenon, which could improve under the co-treatment
with chalcone and flavone analogs recently synthetized by our group [51]. Interestingly, when the
combination of palmitic acid plus LPS and the treatment with palmitoleic acid were tested, the UPR
activation was minimal. Specifically, palmitoleic acid promoted an increase in insulin secretion without
inducing CHOP over-activation, indicating a possible restorative role.

On the other hand, unlike palmitic acid, stearic acid alone did not cause severe ER stress and cell
viability remained in basal conditions. In fact, treatment with SA and PAO increases cell viability; this
was corroborated by the null modification in PMCA1/4 expression and insulin release. Therefore, we
demonstrated that fatty acids exert a differential effect on the physiology of β-cells, with the length of
the hydrocarbon chain a contributing factor. Palmitic acid caused the most harmful condition, affecting
cell viability and activating the UPR pathway, wherein the saturation and, specifically, the 16C length
chain are critical properties. Also, in combination with LPS, it generated a greater deleterious effect
in all evaluated parameters: it decreased insulin release, promoted the proteolytic degradation of
PMCA, and increased RNS. By contrast, SA did not cause any significant damage, but it decreased
insulin secretion.

However, the effect of oleic acid and palmitoleic acid was different in insulin release, PMCA
expression, and Ca2+ storage. Oleic acid had the ability to restore insulin release, but the expression of
PMCA and NCX1 increased. Nevertheless, PMCA and NCX1 expression decreased with PAO/PA and
PAO/LPS treatments, and insulin secretion increased maintaining the basal levels of Ca2+. Therefore,
oleic acid seemed to play a restorative role for the damage induced by SFAs, mainly ER stress, while
palmitoleic acid improves insulin release and has more relevant effects upon intracellular calcium
regulatory pumps.

Although free fatty acid proportions in the diet are a condition associated with the development
of several diseases associated with alterations in metabolism [16,38,49], it is important to consider
the adipose tissue as a buffering of lipid fluxes, which could be impaired in obesity by defects in
response to the dynamic metabolism that occurs after meals [52], then modifying the relationship
in concentrations of saturated/unsaturated plasmatic fatty acids. Therefore, the characterization of
the main effects fatty acids have upon pancreatic β-cell physiology and the UPR pathway, and the
repercussion on calcium homeostasis and insulin release, allow us to broaden our understanding of
the different roles of fatty acids inside β-cells, which are important metabolites to take into account in
explaining the damage and treatment of novel therapeutic targets in T2DM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/8/884/s1,
Figure S1: LPS treatment increases the signal of DBP-PA on endoplasmic reticulum; Figure S2: Activation of UPR
arms induced by PA treatment (300 µM); Figure S3: Full Western-blot of XBP1s, c-Jun, and ATF6α under LPS
increasing concentrations (0.1-1000 ng/mL); Figure S4: Full Western blot of PMCA1/4 under different conditions of
treatment with stearic acid, oleic acid and LPS.
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α1‐Adrenoceptors are seven transmembrane domain GPCRs involved in numerous

physiological functions controlled by the endogenous catecholamines, noradrenaline

and adrenaline, and targeted by drugs useful in therapeutics. Three separate genes,

whose products are named α1A‐, α1B‐, and α1D‐ adrenoceptors, encode these

receptors. Although the existence of multiple α1‐adrenoceptors has been acknowl-

edged for almost 25 years, the specific functions regulated by each subtype are still

largely unknown. Despite the limited comprehension, the identification of a single

class of subtype‐selective ligands for the α1A‐ adrenoceptors, the so‐called

α‐blockers for prostate dysfunction, has led to major improvement in therapeutics,

demonstrating the need for continued efforts in the field. This review article sur-

veys the tissue distribution of the three α1‐adrenoceptor subtypes in the cardiovas-

cular system, genitourinary system, and CNS, highlighting the functions already

identified as mediated by the predominant activation of specific subtypes. In addi-

tion, this review covers the recent advances in the understanding of the molecular

mechanisms involved in the regulation of each of the α1‐adrenoceptor subtypes by

phosphorylation and interaction with proteins involved in their desensitization and

internalization.

LINKED ARTICLES: This article is part of a themed section on Adrenoceptors—

New Roles for Old Players. To view the other articles in this section visit http://

onlinelibrary.wiley.com/doi/10.1111/bph.v176.14/issuetoc
1 | INTRODUCTION

The actions of adrenaline and noradrenaline result from the activa-

tion of nine different adrenoceptors. All nine adrenoceptors belong

to the superfamily of GPCRs, the most numerous family of mem-

brane proteins (Fredriksson, Lagerstrom, Lundin, & Schioth, 2003;

Fredriksson & Schioth, 2005). Adrenoceptors are classified into three

subfamilies, α1‐, α2‐, and β‐ adrenoceptors, based on their pharmaco-

logical profiles, major coupling to signalling pathways (Hieble et al.,
CR kinase

wileyonlinelibrary.com/journ
1995) and phylogeny. Using the latter criteria, adrenoceptors belong

to the amine receptor cluster of the rhodopsin family (Fredriksson &

Schioth, 2005) or to subfamily A, group 17 (Joost & Methner, 2002).

For the accepted nomenclature, classification, databases, and other

tools, see the following: IUPHAR/BPS guide for pharmacology (Har-

ding et al., 2018; Sharman et al., 2018; and http://www.

guidetopharmacology.org).

This review deals with advances in the function and regulation of

each of the α1‐adrenoceptor subtypes; for additional aspects, readers

are directed mainly to the reviews mentioned in this text, the

references therein, and to Alexander et al. (2017).
© 2019 The British Pharmacological Societyal/bph 2343
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(a) (b)

FIGURE 1 (a) Schematic representation of the classical Gq protein dependent signalling triggered by α1‐adrenoceptor subtypes and (b) of the
signalling triggered by receptor phosphorylation and interaction with β‐arrestin, which is also involved in receptor internalization. IP3: inositol
trisphosphate; PIP2: phosphatidylinositol 4,5‐bisphosphate; PLC: phospholipase Cβ
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2 | INTRACELLULAR SIGNALLING BY
α1‐ADRENOCEPTOR SUBTYPES

The classical intracellular signalling pathway triggered by all three α1‐

adrenoceptor subtypes results from coupling to Gq/11 proteins, leading

to the activation of phospholipase Cβ, hydrolysis of phos-

phatidylinositol 4,5‐bisphosphate into DAG/inositol trisphosphate,

intracellular calcium mobilization, and PKC activation (Figure 1a;

Hieble et al., 1995). Upon receptor activation, GPCR kinases (GRKs)

and/or PKC phosphorylate α1‐adrenoceptors, leading to the recruit-

ment of β‐arrestins. Moreover, β‐arrestins act as a scaffolding for

other proteins triggering a distinct array of G‐protein independent

signalling through the activation of ERK1/2 (Figure 1b; Perez‐Aso

et al., 2013; Segura et al., 2013).

It is worth mentioning that constitutive activity has been

observed for native α1D‐ adrenoceptors in rat arteries (Gisbert

et al., 2002; Gisbert, Noguera, Ivorra, & D'Ocon, 2000; Noguera,

Ivorra, & D'Ocon, 1996; Ziani, Gisbert, Noguera, Ivorra, & D'Ocon,

2002) and in cells overexpressing recombinant α1D‐ adrenoceptors

(García‐Sáinz & Torres‐Padilla, 1999; Rodríguez‐Pérez, Romero‐Ávila,

Reyes‐Cruz, & García‐Sáinz, 2009); meanwhile, weak inverse

agonism has been observed in some cells expressing native α1A‐ or

α1B‐ adrenoceptors (Cotecchia, 2007). However, using site‐directed

mutagenesis, constitutively active mutants have been generated

and inverse agonism has been detected (Cotecchia, 2007). Many of

the currently used α1‐adrenoceptor antagonists are, in fact, inverse

agonists (Cotecchia, 2007; García‐Sáinz & Torres‐Padilla, 1999;

Rodríguez‐Pérez et al., 2009).
3 | α1‐ADRENOCEPTORS IN PHYSIOLOGY
AND PHYSIOPATHOLOGY

The α1‐adrenoceptor subfamily is composed of three members, that

is, α1A‐, α1B‐, and α1D‐ adrenoceptors (Hieble et al., 1995). These

receptors participate in a large number of physiological processes

and in the pathogenesis of diseases (for reviews, see García‐Sáinz,

Vázquez‐Prado, & Medina, 2000; Garcia‐Sainz, Vazquez‐Prado, &
Villalobos‐Molina, 1999; Michelotti, Price, & Schwinn, 2000; Tanoue

et al., 2003; Toews, Prinster, & Schulte, 2003). The latter has been

regarded as the “dark side” of these transducers' actions, but, in our

opinion, a better understanding of the molecular pharmacology of

these receptors might lead to a path of light and hope, offering

opportunities for novel therapeutic interventions. The sections below

survey the roles of α1‐adrenoceptor subtypes in the cardiovascular

system, genitourinary system, and CNS with regard to health and dis-

ease. Figure 2 summarizes some of the important functions controlled

by α1‐adrenoceptor subtypes in these systems.

3.1 | α1‐Adrenoceptors in arteries

Among the best characterized α1‐adrenoceptor‐mediated actions are

those in the vascular system, where they are distributed across adven-

titial, medial smooth muscle, and endothelial cells (see McGrath,

2015). However, information on the role of each of the individual

α1‐adrenoceptor subtype is limited to receptors expressed in vascular

smooth muscle. Exceptions are the clear identification of NO produc-

tion in endothelial cells from the rat aorta by α1A‐ adrenoceptors (Arce

et al., 2017), by α1B‐adrenoceptors in cultured endothelial cells from

coronary arteries (Jensen, Swigart, Montgomery, & Simpson, 2010),

and by α1D‐ adrenoceptors in endothelial cells from the rat mesen-

teric vascular bed and carotid artery (de Andrade et al., 2006; Filippi

et al., 2001). With the increasing recognition of the importance of

the perivascular adipose tissue for normal vascular function (Bulloch

& Daly, 2014), it is expected that the roles of individual α1‐

adrenoceptor subtypes in the tunica adventitia will be soon elucidated.

Although the vascular system expresses all three α1‐adrenoceptors,

there is a predominance of specific subtypes in different arteries. An

interesting view emerged in which the prevalence of an α1‐

adrenoceptor subtype in a vessel depends on the density of sympa-

thetic innervation and on the vessel calibre (Stassen, Maas, Schiffers,

Janssen, & De Mey, 1998). The α1A‐ adrenoceptors predominate in

resistance arteries such as the small mesenteric artery (Marti et al.,

2005; Methven, McBride, Wallace, & McGrath, 2009; Nourian et al.,

2008; Philipp & Hein, 2004) and distributing arteries such as the renal

(Hrometz et al., 1999) and tail (Kamikihara et al., 2005; Lachnit, Tran,
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FIGURE 2 Summary of the main functions identified for each of the α1‐adrenoceptors subtypes in the cardiovascular system, genitourinary
system, and CNS. Readers are referred to the text for the bibliography
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Clarke, & Ford, 1997; Taki et al., 2004) arteries. Conversely, α1D‐

adrenoceptors are more prevalent on less innervated conductance

arteries including the aorta, femoral, iliac, carotid, pulmonary, and supe-

rior mesenteric arteries (Arevalo‐Leon, Gallardo‐Ortiz, Urquiza‐Marin,

& Villalobos‐Molina, 2003; Gisbert et al., 2000; Hussain & Marshall,

1997; Marti et al., 2005; Methven, Simpson, & McGrath, 2009;

Nourian et al., 2008; Piascik et al., 1995; Rudner et al., 1999). This dif-

ferential distribution of α1A‐adrenoceptors indicates physiological rele-

vance; the dominant α1D‐ adrenoceptors in conductance arteries result

in high sensitivity to catecholamines, and the activation of this subtype

leads to persistent vasoconstriction that tends to continue even after

agonist removal, preventing sudden changes in the vessel calibre dur-

ing variations in the circulating levels of catecholamines (Flacco et al.,

2013; Gisbert et al., 2000; Noguera et al., 1996; Ziani et al., 2002).

On the other hand, in the more densely innervated smaller resistance

arteries, noradrenaline released from sympathetic terminals activates

α1A‐ adrenoceptors and causes less sustained vasoconstriction

allowing rapid vascular tonus adjustment in response to autonomic

activation. The positive relationship between the density of adrenergic

fibres and dominance of α1A‐ adrenoceptors is reversible, as sympa-

thetic denervation increases the expression and participation of the

other two subtypes in vasoconstriction (Kamikihara et al., 2005;

Kamikihara et al., 2007; Stassen et al., 1998; Taki et al., 2004). In addi-

tion, the potencies of antipsychotics in producing orthostatic hypoten-

sion correlated with their affinities for α1A‐ adrenoceptors but not for

α1D‐ adrenoceptors (Nourian et al., 2008), as most of the antipsy-

chotics behave as competitive antagonists of α1‐adrenoceptors, and

this positive correlation further indicates that noradrenaline released

from sympathetic terminals targets the α1A‐ adrenoceptors to increase

peripheral vascular resistance.

Whereas the roles of the α1A‐ and α1D‐ adrenoceptors in vasocon-

striction were promptly recognized, evidence for the participation of
α1B‐adrenoceptors is scarce. The lack of subtype‐selective α1B‐

adrenoceptor ligands limits the understanding of the role of this sub-

type in the vascular system. Nevertheless, studies in α1B‐adrenoceptor

knockout mice indicate that this subtype plays a minor role in vascular

homeostasis, acting mainly as a modulator of the other two receptors'

activities (Cavalli et al., 1997; Cotecchia, 2010; Daly et al., 2002;

Docherty, 2010; Tanoue et al., 2003).

In several animal models, hypertension has been associated with

increased α1D‐ adrenoceptor signalling (Gisbert et al., 2002; Ibarra,

Terrón, López‐Guerrero, & Villalobos‐Molina, 1997; Villalobos‐Molina

et al., 2008; Villalobos‐Molina & Ibarra, 1999; Villalobos‐Molina &

Ibarra, 2005; Villalobos‐Molina, López‐Guerrero, & Ibarra, 1999). Acti-

vation of α1D‐adrenoceptors increases protein synthesis and vascular

wall growth (Erami, Zhang, Ho, French, & Faber, 2002; Xin, Yang,

Eckhart, & Faber, 1997). In an angiotensin II‐induced hypertension

and aortic hypertrophy model, α1D‐ adrenoceptor antagonists do not

prevent hypertension, but do inhibit vascular hypertrophy, dissociating

both events and suggesting a role for α1D‐ adrenoceptors in the long‐

term vascular hypertrophic process (Gallardo‐Ortiz et al., 2015).

The roles of catecholamines and α1‐adrenoceptors in pulmonary

hypertension induced by chronic exposure to reduced oxygen was

examined in wild‐type (WT) and knockout mice. The decreased luminal

area and increased wall thickness of the arteries induced by hypoxic

conditions in WT mice were markedly reduced in dopamine

β‐hydroxylase knockouts as well as in α1A‐ or α1B‐adrenoceptor‐defi-

cient mice, strongly suggesting that the activation of these receptors

by noradrenaline/adrenaline contributes to the vascular remodelling

in hypoxic pulmonary hypertension (Faber et al., 2007).

Although α1‐adrenoceptor antagonists are antihypertensive, ortho-

static hypotension and the worsening of heart failure, along with the

availability of better alternatives, have considerably decreased their

prescription. Currently, the α1‐adrenoceptors in the vascular system
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are targets for agonists to promote vasoconstriction. Thus, α1‐

adrenoceptor agonists such as phenylephrine, are components of oral

over‐the‐counter medications to alleviate the congestive symptoms of

the common cold and influenza. In addition, the imidazolines,

oxymetazoline and naphazoline, are common components of topical

nasal decongestants, mydriatic eye drops, and more recently dermato-

logical formulations for the treatment of facial erythema in rosacea

(Kircik et al., 2018; Mota & Norris, 2016; Vaidyanathan, Williamson,

Clearie, Khan, & Lipworth, 2010). Interestingly, oxymetazoline and

naphazoline are low efficacy agonists with reasonable selectivity for

α1A‐ adrenoceptors (10‐ to 30‐fold; Akinaga et al., 2013; Minneman,

Theroux, Hollinger, Han, & Esbenshade, 1994), further supporting

the relevance of this subtype in vasoconstriction. However, the

prolonged use of these topical agonists is limited by tachyphylaxis

leading to rebound congestion and hyperaemia, opening the possibility

for the development of better agonists that are less tachyphylactic

than those currently available.

Intravenous α1‐adrenoceptor agonists are indispensable medica-

tions in emergency and intensive care units to raise BP in shock

(Colling, Banton, & Beilman, 2018; Jentzer et al., 2018). The most used

α1‐adrenoceptor agonists to revert hypotension are noradrenaline,

adrenaline, dopamine, and phenylephrine. Recently, a shortage in the

noradrenaline supply to US hospitals was associated with increased

mortality among patients with septic shock (Vail et al., 2017). In septic

shock, reversal of hypotension with the currently available vasocon-

strictors is limited by tachyphylaxis because vasoconstriction dimin-

ishes as treatment continues, resulting in inadequate blood perfusion

and vital organ failure. It has been proposed that the loss of vasocon-

striction due to α1‐adrenoceptor agonists in septic patients might

result from receptor desensitization (Geloen et al., 2015; Hwang,

Lau, Huang, Chen, & Liu, 1994), and again, the development of ligands

that are less tachyphylactic than the natural catecholamines and phen-

ylephrine would be a significant improvement in the emergency treat-

ment of hypotension by providing more sustained elevation of BP.

3.2 | α1‐ Adrenoceptors in the heart

α1‐ Adrenoceptors participate in the development, growth, and func-

tion of the heart. Current evidence indicates that the α1A‐ and α1B‐

adrenoceptors are present in the myocardium, modulating contractility,

whereas the α1D subtype is found in coronary arteries, regulating heart

perfusion (O'Connell, Jensen, Baker, & Simpson, 2014). It has been

recently proposed that all ventricular myocytes in the mouse heart

express the α1B‐adrenoceptors (and β1‐adrenoceptors), whereas the

α1A‐ adrenoceptors are present in half of these cells and co‐expressed

with α1B‐adrenoceptors (Myagmar et al., 2017). These receptors also

play an important role in cardiac hypertrophy (reviewed in Cotecchia,

Del Vescovo, Colella, Caso, & Diviani, 2015; O'Connell et al., 2014;

Woodcock, Du, Reichelt, & Graham, 2008). Cardiac hypertrophy is

characterized by an abnormally large myocardial mass that reflects,

among other changes, an increased cardiomyocyte size and is often

accompanied by heart failure. The development of α1‐adrenoceptor‐

mediated cardiomyocyte hypertrophy depends on classical signalling
through Gq proteins and, probably, through β‐arrestins, leading to the

activation of MAPKs, modulation of transcription factors, and ulti-

mately to hypertrophy (Cotecchia et al., 2015; O'Connell et al., 2014;

Woodcock et al., 2008). Interestingly, in addition to this canonical sig-

nalling pathway, there is evidence indicating that α1‐adrenoceptors are

also present in cardiomyocyte nuclei, from where they signal likely

through Gq, phospholipase Cβ, inositol trisphosphate, and calcium to

induce hypertrophy (Dahl et al., 2018; O'Connell et al., 2014; Wu &

O'Connell, 2015). This is an interesting new paradigm that might have

important physiological and pharmacological implications, including

ligand transport into the cells, ligand lipophilicity, and the possible roles

of transporters (O'Connell et al., 2014).

Surprisingly, the activation of α1‐adrenoceptors appears to be ben-

eficial for some cardiac conditions. This sounds counterintuitive and,

in fact, runs contrary to some relatively recent medical ideas. Agonists

of α1‐adrenoceptors ameliorate ischaemia reperfusion injury,

chemotherapy‐induced cardiotoxicity, and calcium overload, among

other noxious events or drugs (reviewed in Jensen, O'Connell, &

Simpson, 2011; Perez & Doze, 2011). Similarly, experimental and clin-

ical trial data have suggested that α1‐adrenoceptor antagonists might

worsen some cases of heart failure (Jensen et al., 2011). It has been

suggested that α1‐adrenoceptor agonists could provide cardio‐

protection (Jensen et al., 2011; Perez & Doze, 2011), particularly those

selective for the α1A subtype (Cowley et al., 2017). Consistent with

this, in transgenic mice adrenergic‐induced ischaemic‐preconditioning

is mediated by α1A‐ adrenoceptors (Perez & Doze, 2011).

3.3 | α1‐Adrenoceptors in the genitourinary system:
Ureter, urinary bladder, urethra, and prostate

Benign prostatic hyperplasia (BPH), an enlarged prostate frequently

accompanied by lower urinary tract symptoms, such as acute urine

retention, is very common in men 40 years old and older. The prostate

expresses α1‐adrenoceptors, predominantly the α1A subtype (Price

et al., 1993; Faure, Pimoule, Vallancien, Langer, & Graham, 1994)

and this subtype mediates prostate contraction (Forray et al., 1994),

and the enlarged prostate compresses the urethra leading to difficul-

ties in micturition. Tamsulosin, the first α1A‐ adrenoceptor selective

drug used to alleviate the symptoms of BPH, was a major step in

improving the pharmacological treatment of patients. This and related

drugs are recommended as first‐line treatments for patients with BPH

by medical associations (McVary et al., 2011; Oelke et al., 2013).

Although most of the patients have a good clinical response, others

require additional treatments. Among those are the use of 5‐α‐reduc-

tase inhibitors and antagonists of other receptors, which could be

involved in the pathogenesis of the disease and its symptoms, such

as α1D‐ adrenoceptors and 5‐HT receptors (McVary et al., 2011;

Oelke et al., 2013). The development of drugs with selectivity for sev-

eral of these receptors is in progress (see Chagas‐Silva et al., 2014;

Nascimento‐Viana et al., 2016).

All three α1‐adrenoceptors are present in the human ureter, albeit

the α1A‐ and α1D‐ adrenoceptors seem to be more abundant than the

α1B‐subtype (Sigala et al., 2005). This forms the basis for one of the
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several off‐label uses of prazosin and other α1‐adrenoceptor antago-

nists in facilitating stone expulsion in urolithiasis through the relaxa-

tion of the ureter smooth muscle.

α1‐ Adrenoceptors are expressed in both the bladder and urethra

from different species and are described to be involved in dysfunc-

tions of these organs (Alexandre et al., 2017; Michel & Vrydag,

2006). Phenylephrine contracts the bladder neck, indicating that the

control of the tonus of this region involves activation of α1‐

adrenoceptors (Michel & Vrydag, 2006). A recent study showed that

male and female proximal urethra from mice and marmoset present

striking differences in the presence of α1‐adrenoceptor subtypes, indi-

cating that urinary retention might involve different mechanisms

depending on gender (Alexandre et al., 2017). Although α1A‐

adrenoceptors seem to be the main functional subtype in both gen-

ders, the contractions in response to phenylephrine are more vigorous

in male, compared with those in female, urethra.

3.4 | α1‐Adrenoceptors in the genitourinary system:
Epididymis, vas deferens, and seminal vesicle

From a biological and evolutionary perspective, α1‐adrenoceptors in

the reproductive system are essential for male fertility and therefore

for the existence of a species. Knocking out both α1A‐ adrenoceptors

and P2X1 purinoceptors in male mice leads to complete infertility

(White et al., 2013). During the emission phase of ejaculation, sympa-

thetically released noradrenaline and ATP produce forceful contrac-

tions of the epididymis, vas deferens, seminal vesicles, urethra, and

prostate, propelling the semen towards the urethral meatus. The com-

plete infertility of the α1A‐ P2X1 knockout mice results from the lack

of contractility of these organs, as sperm collected from the epididy-

mis still fertilizes ova in vitro. The key role for α1A‐ adrenoceptors in

reproduction is also demonstrated by the fact that the knockout of

either α1B‐ or α1D‐adrenoceptors has no effect on male fertility

(Cavalli et al., 1997; Sanbe et al., 2007; Tanoue, Koshimizu, &

Tsujimoto, 2002). On the other hand, knocking out only the α1A‐

adrenoceptors reduces the fertility rate by 50%, whereas the triple

α1‐adrenoceptor knockout male mice are infertile (Sanbe et al., 2007).

Transcripts encoding all three α1‐adrenoceptors have been found

in organs of the male reproductive tract from rodents and humans,

albeit in different proportions with relatively similar levels for α1A‐

and α1D‐ but lower levels for α1B‐adrenoceptors (Avellar, Lazari, &

Porto, 2009; Burt, Chapple, & Marshall, 1995; Mendes, Hamamura,

Queiroz, Porto, & Avellar, 2004; Pacini, Castilho, Hebeler‐Barbosa,

Pupo, & Kiguti, 2018; Pupo, 1998; Queiroz, Mendes, Porto, & Avellar,

2002; Silva, Megale, Avellar, & Porto, 1999; Yono et al., 2012). How-

ever, in isolated tissue preparations, the contractions of these organs

in response to α1‐adrenoceptor agonists are often described as medi-

ated by the α1A‐subtype (Avellar et al., 2009; Burt et al., 1995;

Mendes et al., 2004; Pacini et al., 2018; Pupo, 1998; Silva et al.,

1999; Yono et al., 2012). Importantly, the contractions of the mouse

and rat vas deferens in response to electrical field stimulation have

been described to involve α1D‐ adrenoceptors, and at least in the

mouse vas deferens, these receptors seem to play a role in
contractions to exogenous noradrenaline (Bexis et al., 2008; Cleary,

Slattery, Bexis, & Docherty, 2004; Mallard, Marshall, Sithers, &

Spriggs, 1992). Therefore, it has been proposed that the α1A‐ and

α1D‐ adrenoceptors are differentially located in relation to the sympa-

thetic neuro‐effector junction in the vas deferens, where the latter is

more readily accessed by noradrenaline released from sympathetic

nerve terminals than the former (Docherty, 2010).
3.5 | α1‐ Adrenoceptors in the CNS

α1‐ Adrenoceptors are the most abundant adrenoceptors in the CNS.

However, knowledge on their localization and function has been ham-

pered by the lack of subtype‐selective antibodies, selective ligands

with good brain barrier permeability, and the intrinsic complexity of

brain functions. Despite these difficulties, significant knowledge has

been gained with the use of genetically engineered mice (Koshimizu,

Tanoue, & Tsujimoto, 2007; Perez & Doze, 2011; Tanoue et al.,

2002, 2003; Zuscik et al., 2000). Studies with α1B‐adrenoceptor

knockout mice showed the involvement of this subtype in memory

consolidation and fear‐motivated exploratory activity (Tanoue et al.,

2002, 2003), whereas the overexpression of these receptors results

in marked apoptotic neurodegeneration accompanied by locomotor

impairment and seizures (Zuscik et al., 2000). Interestingly, the behav-

ioural activation produced by modafinil, one of the most prescribed

drugs for attention‐deficit disorder and hyperactivity syndrome, is

markedly attenuated in α1B‐adrenoceptor knockout mice, whereas in

WT mice, this effect is blocked by terazosin (a non‐selective α1‐

adrenoceptor antagonist) but not by WB‐4101 (selective α1A‐/α1D‐

adrenoceptor antagonist) or BMY‐7378 (selective α1D‐ adrenoceptor

antagonist; Stone, Cotecchia, Lin, & Quartermain, 2002). These find-

ings implicate the α1B‐adrenoceptors in the mechanism of action of

modafinil. Changes in the seizure thresholds to chemoconvulsants

have also been observed in mice expressing constitutively active

α1A‐ or α1B‐adrenoceptors (Perez & Doze, 2011). Alterations in cogni-

tive functions have also been detected in α1A‐ adrenoceptor knockout

mice, whereas chronic stimulation of α1A‐ adrenoceptors increases

neurogenesis, enhances learning and memory, and improves the mood

(reviewed in Perez & Doze, 2011). It has been suggested that the

brain α1‐adrenergic system could be altered in depression (Stone,

Lin, Rosengarten, Kramer, & Quartermain, 2003) and post‐traumatic

stress disorder (Roepke et al., 2017).
4 | REGULATION OF α1‐ADRENOCEPTORS
BY PHOSPHORYLATION

Protein phosphorylation is among the major regulators of cell function.

Initially discovered as a process that modulates glycogen metabolism,

it later became clear that protein phosphorylation/dephosphorylation

cycles regulate essentially all major life processes in cells, including

overall metabolism, cell cycle, secretion and motility (see historical

perspective in Cohen, 2002).

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=503
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=478
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1713
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7555
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7302
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=499
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=940


2348 AKINAGA ET AL.BJP
The α1‐adrenoceptors are phosphorylated, and this is a key

regulatory process for these receptors (Cotecchia et al., 2004;

Cotecchia, Scheer, Diviani, Fanelli, & De Benedetti, 1998; García‐Sáinz

et al., 2000; Vázquez‐Prado, Casas‐González, & García‐Sáinz,

2003). The activation of PKC in rat hepatocytes blocked or desensitized

α1‐adrenoceptor activity, suggesting that the receptor activity could be

regulated by phosphorylation (Corvera & García‐Sáinz, 1984).

Receptor phosphorylation was later experimentally shown using

DDT1‐MF‐2 cells, a hamster smooth muscle cell line (Leeb‐Lundberg

et al., 1985) that, like the rat hepatocytes, expresses the α1B subtype.

It is now known that α1B‐adrenoceptors are phosphorylated in

response to α1‐adrenoceptor agonists and to a large variety of other

agonists that act through different receptors, including GPCRs,

receptor tyrosine kinases, receptors with serine/threonine kinase

activity (TGF‐β), and intracellular receptors (see Cotecchia et al.,

1998; Cotecchia et al., 2004; García‐Sáinz et al., 2000; García‐Sáinz,

Romero‐Ávila, & Alcántara‐Hernández, 2011; Vázquez‐Prado et al.,

2003). Evidence that the other α1‐adrenoceptors are also
FIGURE 3 Schematic representation of the substrates for phosphoryla
subtypes (large red, yellow, and blue circles). Phosphorylated residues in th
Hernandez et al., 2017; Alfonzo‐Méndez et al., 2018), whereas for the α1B
mutagenesis and functional analysis of the hamster orthologue (Diviani et a
Below the diagram are the sequence alignments of the third intracellular l
adrenoceptor subtypes. Phosphorylated amino acids are marked in colour.
conservative among subtypes; and (c) “.” non‐conservative among subtype
phosphorylated was subsequently reported (García‐Sáinz, Rodríguez‐

Pérez, & Romero‐Ávila, 2004; García‐Sáinz, Vázquez‐Cuevas, &

Romero‐Ávila, 2001; Vazquez‐Prado, Medina, Romero‐Avila,

Gonzalez‐Espinosa, & Garcia‐Sainz, 2000).

Figure 3 illustrates the substrates for phosphorylation (serine/thre-

onine residues; large red, yellow, and blue circles) in the intracellular

domains of the three human α1‐adrenoceptor subtypes identified by

mutagenesis and functional analysis (Diviani et al., 1996; Lattion,

Diviani, & Cotecchia, 1994) or through MS and functional work

(Alcantara‐Hernandez et al., 2017; Alfonzo‐Méndez, Carmona‐Rosas,

Hernández‐Espinosa, Romero‐Ávila, & García‐Sáinz, 2018; Carmona‐

Rosas, Hernández‐Espinosa, Alcántara‐Hernández, Alfonzo‐Méndez,

& García‐Sáinz, 2018).

The pioneer work of Diviani, Lattion, and Cotecchia (1997) and

Lattion et al. (1994) showed that the key phosphorylation sites of the

α1B‐adrenoceptor activated by adrenaline were located in the

intracellular C‐tail and correspond to five serines: three of them are

substrates for GRKs and the remaining two for PKC (Figure 3).
tion currently identified in the three human α1‐adrenoceptors (AR)
e α1A‐ and α1D‐ adrenoceptors were identified by MS (Alcantara‐
‐adrenoceptor, the residues were identified by site‐directed
l., 1997; in parenthesis are the sites defined for the hamster receptor).
oop and the carboxyl terminus (C‐tail) of the three human α1‐
Symbols: (a) “*” indicates single fully conserved residue; (b) “:” indicates
s

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=304
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=303
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=303
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1788
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=695
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However, truncation of the C‐tail of the α1A‐ (Price, Morris, Biswas,

Smith, & Schwinn, 2002) and α1D‐ adrenoceptor (Rodríguez‐Pérez

et al., 2009) rendered receptors that could be phosphorylated in

response to agonists and PKC activation by phorbol esters, indicating

the existence of phosphorylation sites in addition to those in the C‐tail

of these subtypes.

Considerable evidence indicates that the bulk and charge changes

induced by receptor phosphorylation are not enough to explain the

outcomes in signalling and cellular location. Therefore, it was hypoth-

esized that the phosphorylation of specific residues results in a

“barcode” pattern that in turn determines a receptor's fate (reviewed

in Tobin, 2008; Tobin, Butcher, & Kong, 2008; see also Butcher

et al., 2011). It has been proposed that the residues that are phosphor-

ylated in a given receptor may change according to the cell type in

which it is expressed, the type of stimulus to which such cells are sub-

jected, and most importantly, the long‐term response observed (Tobin,

2008; Tobin et al., 2008). This has markedly increased the interest in

defining the phosphorylated sites and their functional importance.

Considerable effort has been made during recent years to define this

for a variety of receptors, mainly using partial affinity purification

and MS (see some recent examples: Alfonzo‐Méndez, Alcántara‐

Hernández, & García‐Sáinz, 2017; Alvarez‐Curto et al., 2016; Bouzo‐

Lorenzo et al., 2016; Bradley et al., 2016; Butcher et al., 2011; Butcher

et al., 2014; Prihandoko et al., 2016; Zindel et al., 2016).

The phosphorylation sites of α1A‐ and α1D‐adrenoceptors were only

recently identifed (Alcantara‐Hernandez et al., 2017;Alfonzo‐Méndez

et al., 2018;Carmona‐Rosas et al., 2018). These adrenoceptors are

phosphorylated in both the third intracellular loop and C‐tail. Figure 3

illustrates the residues phosphorylated under baseline conditions and

after stimulation by agonists or phorbol ester. The large number of

phosphorylated residues (18 in α1A‐ and 16 in α1D‐subtypes) and their

distribution impose a considerable challenge to define their biological

significance. For α1A‐ adrenoceptors, there were differences in the

phosphorylation patterns induced by noradrenaline and oxymetazoline

(Alcantara‐Hernandez et al., 2017). Not surprisingly, in silico analysis

indicated the possible roles for GRK and PKC isoforms, but other

kinases may also be involved (Alcantara‐Hernandez et al., 2017;

Alfonzo‐Méndez et al., 2018). It is interesting that the phosphorylation

sites detected for the α1‐adrenoceptor subtypes are not conserved

among them and in only a few cases are the sites are conserved

between two subtypes (α1A S250/α1D S323; α1A S258/α1D S334; α1A
S407/α1D T507; see Figure 3).

In recombinant systems, α1D‐ adrenoceptors are mainly misfolded

or unable to undergo proper ligand binding and intracellularly located

due to a motif present within the first N‐terminal 79 amino acids of

the receptor (Hague, Chen, et al., 2004; Hague, Uberti, et al., 2004;

Pupo, Uberti, & Minneman, 2003). Recent evidence has indicated that

N‐terminal proteolysis of the α1D‐ adrenoceptors could be an endoge-

nous mechanism for proper plasma membrane expression (Kountz

et al., 2016). To increase membrane expression of this receptor, we

used N‐terminally truncated receptors with additional mutations in

the third intracellular loop and C‐tail to gain insights on the phosphory-

lated residues. Among the major findings are the following:
noradrenaline increased the intracellular calcium in cells expressing C‐

tail truncated α1D‐ adrenoceptors to a similar extent as that seen in cells

expressing these receptors with an intact C‐tail (Alfonzo‐Méndez et al.,

2016; Alfonzo‐Méndez et al., 2018). In contrast, α1D‐ adrenoceptors in

which the phosphorylated residues in the third intracellular loop were

replaced by non‐phosphorylatable amino acids presented a markedly

decreased calcium response to noradrenaline (Alfonzo‐Méndez et al.,

2018). The data indicated that the third loop is important for signalling

through G‐protein coupling, as proposed for many GPCRs, and raises

the possibility that phosphorylation of these residues might be impor-

tant for receptor G‐protein activation. The possibility that the C‐tail

could also participate in calcium signalling was not discarded, because

in cells expressing C‐tail‐truncated α1D‐ adrenoceptors with the third

intracellular loop mutated, the calcium response to noradrenaline was

decreased even further (Alfonzo‐Méndez et al., 2018; Carmona‐Rosas

et al., 2018). ERK 1/2 phosphorylation in cells expressing thesemutants

was also studied. In cells expressing the control receptor, noradrenaline

induced a rapid ERK 1/2 phosphorylation that decreased at 30 and

60 min, whereas in cells with the different mutants, the response was

also rapid but either decreased muchmore slowly or remained elevated

during the entire 60 min (Alfonzo‐Méndez et al., 2018; Carmona‐Rosas

et al., 2018). This indicates that some of the phosphorylated residues, in

both the third intracellular loop and C‐tail, might participate in turning

off the signal in the MAPK pathway (Alfonzo‐Méndez et al., 2018;

Carmona‐Rosas et al., 2018).

An important additional finding was that although C‐tail‐truncated

α1D‐ adrenoceptors were able to mobilize calcium in response to nor-

adrenaline, they were mainly detected in intracellular vesicles, and

only a minor fraction was detected at the plasma membrane

(Alfonzo‐Méndez et al., 2016; Alfonzo‐Méndez et al., 2018;

Carmona‐Rosas et al., 2018). The mutation of a motif in the C‐tail of

the α1D‐ adrenoceptors which interacts with the post synaptic density

protein (PSD95)/drosophila disc large tumour suppressor/zonula

occludens‐1 protein domain of syntrophins markedly decreased these

receptorsat the plasma membrane (Chen, Hague, Hall, & Minneman,

2006). Furthermore, it has been observed that the knockout of

syntrophins results in the loss of α1D‐adrenoceptor function in mouse

aortic smooth muscle cells and the block of α1D‐ adrenoceptor‐

mediated increases in BP in mice (Lyssand et al., 2008). These data

support a role for the C‐tail of the α1D‐ adrenoceptors, not only in

post‐transcriptional regulation by phosphorylation but also in proper

receptor insertion in the membrane.
5 | ASSOCIATION OF α1‐ADRENOCEPTORS
WITH RAB PROTEINS

GPCRs are synthesized and properly folded in the rough endoplasmic

reticulum, from where they reach the plasma membrane via intracellu-

lar traffic (anterograde transport). GPCRs are transported to the intra-

cellular compartment (retrograde transport) and recycled back to the

plasma membrane through constitutive and signal‐triggered internali-

zation and externalization processes. These latter events can take
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place several times until the GPCRs are degraded in the lysosome or

proteasome. Therefore, interaction with proteins that govern traffic

is critical, and the signatures that define receptors' destinations are

far from completely known. Rab proteins are among the master mod-

ulators of vesicular traffic. These comprise a large family of more than

60 monomeric GTPases that favour docking, fusion, cargo exchange,

and vesicle transport along the cytoskeleton through interactions with

the cytoplasmic face of vesicles with the aid of molecular motors

(Hutagalung & Novick, 2011; Schwartz, Cao, Pylypenko, Rak, &

Wandinger‐Ness, 2007; Stenmark, 2009; Zerial & McBride, 2001).

Anterograde GPCR traffic has been studied by several groups, partic-

ularly that of Wang, Wei, and Wu (2018) and Wang and Wu (2012).

Rab1, 2, and 6 modulate GPCR transit from the endoplasmic reticulum

to the Golgi, whereas Rab8 and some ARF GTPases regulate the transfer

to the plasma membrane (Wang et al., 2018; Wang & Wu, 2012). The

anterograde traffic of α1‐adrenoceptors has also been studied, and it

has been observed that the attenuation of Rab1 function inhibits the

transit of α1A‐ and α1B‐adrenoceptors to the plasma membrane, whereas

augmented Raf1 function increases transit (Filipeanu, Zhou, Fugetta, &

Wu, 2006; Wang & Wu, 2012). In addition, the overexpression of Rab1

selectively enhances ERK 1/2 activation and leads to cardiomyocyte

hypertrophy in response to phenylephrine (Filipeanu et al., 2006).

To the best of our knowledge, the role of Rab proteins in the ret-

rograde transport of α1B‐adrenoceptors was only recently reported.

Agonist‐activated α1B‐adrenoceptors (associated with homologous

desensitization) mainly interacted with proteins present in early

endosomes, such as early endosome antigen 1, Rab5, Rab4, and

Rab11, but not with the late endosome markers Rab9 and Rab7

(Alfonzo‐Méndez et al., 2017; Castillo‐Badillo et al., 2015). In contrast,

the activation of other receptors (such as sphingosine 1‐phosphate

receptors) or direct activation of PKC by phorbol esters (heterologous

desensitization) induced a brief α1B‐adrenoceptor–Rab5 interaction, a

more pronounced and sustained one with Rab9, and some interaction

with Rab7 (Alfonzo‐Méndez, Hernández‐Espinosa, et al., 2017;

Castillo‐Badillo et al., 2015). It is worth mentioning that the action of

sphingosine‐1‐phosphate on the phosphorylation/desensitization/

internalization of α1B‐adrenoceptors mainly depended on the activa-

tion of PKC (Alfonzo‐Méndez, Hernández‐Espinosa, et al., 2017).

These data suggested that agonist‐activated α1B‐adrenoceptors

undergo rapid internalization and recycling back to the plasma mem-

brane, whereas heterologous desensitization was associated with a

slower recycling pathway. However, preliminary work with non‐

adrenergic receptors indicates that although some similarities might

exist with internalization and Rab protein association to other GPCRs,

the findings with the α1B‐adrenoceptors cannot be generalized; in fact,

different Rab protein association was observed using different ago-

nists for the same receptor (García‐Sáinz et al., 2016 unpublished

observations). A major question arises from these observations regard-

ing the nature of the “signal” or “tag” that defines the immediate des-

tiny of a given receptor, that is, is the receptor interaction with a given

Rab protein defined by conformational changes induced by the dis-

tinct ligands, by covalent (receptor phosphorylation, palmitoylation,

or other) or non‐covalent modifications, or by all of these? Our current
hypothesis is that the so‐called phosphorylation “barcode” (Tobin,

2008; Tobin et al., 2008) could be a major participant.

6 | DESENSITIZATION AND
INTERNALIZATION OF α1‐ADRENOCEPTORS

Receptor desensitization, a decreased cell responsiveness to agonists,

has been operationally divided into homologous and heterologous

types. In homologous desensitization, the decreased responsiveness

results from the previous activation of the same receptor affected,

whereas in heterologous desensitization, the decreased responsive-

ness is not limited to the previously activated receptor type and may

result from the activation of protein kinases and other molecular enti-

ties. The present review emphasizes the mechanisms involved in the

homologous desensitization of α1‐adrenoceptors.

The interaction of α1‐adrenoceptors with proteins such as β‐

arrrestins and other molecular entities during these processes has

been reported, and readers are directed to those publications

(Cotecchia, Stanasila, & Diviani, 2012; Perez‐Aso et al., 2013; Segura

et al., 2013; Stanasila, Abuin, Dey, & Cotecchia, 2008).

There are significant differences in the degrees of desensitization and

in the kinetics of internalization among the α1‐adrenoceptors. Studies

comparing the internalization of these receptors in the same cellular

background have shown that α1B‐ and α1D‐ adrenoceptors activated by

noradrenaline, adrenaline, or phenylephrine internalize at a much faster

rate than the α1A‐ adrenoceptors (Cabrera‐Wrooman, Romero‐Avila, &

Garcia‐Sainz, 2010; Chalothorn et al., 2002; Stanasila et al., 2008; Wang

et al., 2007). Conversely, the α1A‐ adrenoceptors were much more resis-

tant to desensitization induced by noradrenaline or phorbol ester than

were the α1B‐ and α1D‐ adrenoceptors (Cabrera‐Wrooman et al., 2010;

Vazquez‐Prado et al., 2000; Vazquez‐Prado & Garcia‐Sainz, 1996).

Therefore, the general view is that the α1A‐ adrenoceptors are less tightly

regulated than the other two subtypes (Cotecchia, 2010).

More recent studies have shown that the α1A‐ adrenoceptors can

indeed undergo fast desensitization and internalization, but this

depends on the agonist activating the receptor. In HEK293 cells, α1A‐

adrenoceptors activated by oxymetazoline internalized at a much faster

rate (~5 min) than when activated by noradrenaline (>45 min; Akinaga

et al., 2013). Moreover, there was significant tachyphylaxis in the con-

tractions of smooth muscles in response to oxymetazoline, whereas

no tachyphylaxis was observed for noradrenaline. In addition, short

exposures of cells or tissues to oxymetazoline (5 min) reduced the

potency of noradrenaline in a subsequent exposure (Akinaga et al.,

2013; Alcantara‐Hernandez et al., 2017). The phosphorylation and

faster desensitization/internalization of the α1A‐ adrenoceptors acti-

vated by oxymetazoline largely depended on GRK2, whereas the phos-

phorylation and slower desensitization/internalization produced by

noradrenaline depended on PKCα. In LNCap cells, the co‐localization

and co‐immunoprecipitation of α1A‐ adrenoceptors and β‐arrestin pro-

duced by oxymetazoline was as strong as those produced by noradren-

aline, despite the weak partial agonism of oxymetazoline for Ca2+

mobilization (Alcantara‐Hernandez et al., 2017). Strikingly,

oxymetazoline was more efficacious and potent than noradrenaline

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=938
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=911
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for the phosphorylation of ERK 1/2 in LNCap cells but differed from

what was observed in HEK293 cells (da Silva Junior et al., 2017). The

superagonism of oxymetazoline for the ERK pathway in LNCap cells

was unrelated to 5‐HT receptor activation and was antagonized by

prazosin (Alcantara‐Hernandez et al., 2017). One of the most accentu-

ated manifestations of biased agonism is the reversal in the order of

potencies and/or efficacies for agonists in the production of different

effects mediated by a receptor (Kenakin & Christopoulos, 2013; Pupo

et al., 2016). This is a clear example of efficacy reversal and therefore

of the biased agonism for oxymetazoline towards the ERK pathway ver-

sus Ca2+ mobilization at the α1A‐ adrenoceptors.

Analysis of the phosphorylated α1A‐ adrenoceptors activated by

oxymetazoline and noradrenaline in LNCap cells revealed that two

residues located in the C‐tail (S381 and T384; see Figure 3) were

exclusively phosphorylated when the receptor was activated by

oxymetazoline, implicating this region in the differential effects of

these two agonists (Alcantara‐Hernandez et al., 2017). On the other

hand, there were residues that were exclusively phosphorylated when

the α1A‐ adrenoceptors were activated by noradrenaline (S220 and

S229), and these are in the beginning of the third intracellular loop.

Therefore, depending on the agonist, clearly distinct phosphorylation

barcodes are formed in these adrenoceptors.

The understanding of the phosphorylation barcoding produced by

different ligands and their functional repercussions may provide the

rationale for the development of α1‐adrenoceptor ligands more suited

to some needed therapeutic purposes, such as less tachyphylactic

ligands for more sustained rises in BP for the treatment of shock or

vasoconstrictors without rebound effects.

7 | CONCLUDING REMARKS

In these nearly 45 years since the pharmacological separation of

α1‐adrenoceptors from the α2‐adrenoceptors (Dubocovich & Langer,

1974; Langer, 1974; Starke, Montel, Gayk, & Merker, 1974) and

30 years after the cloning of the first α1‐adrenoceptor (the hamster

α1B‐adrenoceptor; Cotecchia et al., 1988; for a historical perspective,

see Langer, 1999), considerable progress has been made towards the

understanding of the physiological roles of the α1‐adrenoceptor sub-

types and their recognition as well as regulation by drugs. This knowl-

edge translated into a few drugs that are safe and efficacious; the

most relevant of them in our opinion being the so‐called α‐blockers

for BPH and other micturition dysfunctions, which benefit a large pro-

portion of the human population at some point in their lives.

The array of functions controlled by α1‐adrenoceptors has not

been completely covered in this review, but enough has been pre-

sented to demonstrate the immense potential of these subtypes for

innovative pharmacological interventions. The discoveries during the

past two decades showing that drugs do not fit into simple agonist

or antagonist categories and that receptors can regulate multiple sig-

nalling pathways further encourage the search for new drugs that tar-

get the α1‐adrenoceptor subtypes for new therapeutic purposes. For

the success of this endeavour, continuous effort and sharp pharmaco-

logical reasoning are essential.
7.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, S. P. H.,

Christopoulos et al., 2017; Alexander, Cidlowski et al., 2017;

Alexander, Fabbro et al., 2017; Alexander, Peters et al., 2017).
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D2-like Receptor at the Spinal Cord Level
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Abstract—Intrathecal (i.t.) administration of quinpirole, a dopamine (DA) D2-like receptor agonist, produces
antinociception to mechanonociceptive stimuli but not to thermonociceptive stimuli. To determine a cellular
mechanism for the specific antinociceptive effect of D2-like receptor activation on mechanonociception, we eval-
uated the effect of quinpirole on voltage-gated Ca2+ influx in cultured dorsal root ganglion (DRG) neurons and the
D2 DA receptor distribution in subpopulations of rat nociceptive DRG neurons. Small-diameter DRG neurons
were classified into IB4+ (nonpeptidergic) and IB4- (peptidergic). Intracellular [Ca2+] microfluorometry and
voltage-clamp experiments showed that quinpirole reduced Ca2+ influx and inhibited the high voltage-
activated Ca2+ current (HVA-ICa) in half of IB4+ neurons, leaving Ca2+ entry and HVA-ICa in IB4- neurons nearly
unaffected. Pretreatment with x-conotoxin MVIIA prevented the effect of quinpirole on HVA-ICa from IB4+ neu-
rons, indicating that quinpirole mainly inhibits CaV2.2 channels. Immunofluorescence experiments showed that
D2 DA receptor was present mainly in IB4+ small DRG neurons. Finally, in behavioral experiments in rats, the
clinically approved D2-like receptor agonist pramipexole produced spinal antinociception in a similar fashion
to quinpirole, with a significant effect only in the mechanonociceptive test. Our results explain, at least in part,
why D2-like receptor agonists produce antinociception on mechanonociceptors. � 2019 IBRO. Published by Elsevier

Ltd. All rights reserved.
Key words: dopamine, D2-like receptors, mechanonociception, CaV2.2 channels, neurotransmitter release, antinociception.
INTRODUCTION

The use of dopamine (DA) receptor agonists has been a

useful treatment for a diversity of experimental and

clinical pain conditions (Dickey and Minton, 1972;

Kernbaum and Hauchecorne, 1981; Coffeen et al.,

2008; Pellicer et al., 2010; Cobacho et al., 2014;

Almanza et al., 2015). Some efforts have been made to

determine the cellular and molecular mechanisms by
https://doi.org/10.1016/j.neuroscience.2019.08.019
0306-4522/� 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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which DA agonists produce their antinociceptive effect

(Fleetwood-Walker et al., 1988; Tamae et al., 2005;

Charbit et al., 2009; Taniguchi et al., 2011; Galbavy

et al., 2013; Lu et al., 2018), but it is still incompletely

understood. At the dorsal horn spinal cord level (lamina

I and lamina II), it has been suggested that presynaptic

and postsynaptic effects are responsible for the antinoci-

ceptive effect of DA and are mediated mainly by D2-like

receptors (Tamae et al., 2005; Taniguchi et al., 2011;

Lu et al., 2018).

In rodents, increasing evidence has demonstrated

that in vivo DRG neurons respond specifically to one

type of nociceptive stimulus (heat, cold, mechanical,

etc.) (Cavanaugh et al., 2009; Le Pichon and Chesler,

https://doi.org/10.1016/j.neuroscience.2019.08.019
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2014; Emery et al., 2016). This specific response also

occurs with different modulatory neurotransmitters. For

example, intrathecal (i.t.) administration of a specific

delta-opioid receptor (DOR) agonist produces antinoci-

ception only against mechanical nociceptive stimuli

(Scherrer et al., 2009). DOR is expressed only in

mechanonociceptive DRG neurons, which explains the

modality-specific antinociception induced by DOR

activation.

A similar effect is observed with the administration of

quinpirole, a D2-like DA receptor agonist. Quinpirole i.t.

administration at low doses (1.8 nmol) produces

mechanical antinociception, leaving unaffected the

peripheral processing of thermonociceptive stimuli

(Almanza et al., 2015). The mechanical antinociceptive

effect is completely abolished by i.t administration of D2-

like receptor antagonists, suggesting that the antinocicep-

tive effect is due to the activation of D2, D3 and D4 DA

receptors, which are expressed in primary sensory neu-

rons and the spinal cord (Xie et al., 1998; Zhu et al.,

2007; Kawamoto et al., 2012).

To extend our understanding of the cellular and

molecular mechanisms by which D2-like receptor

agonists exert their effect only on mechanonociceptive

pathways, we evaluated 1) the effect of quinpirole on

voltage-gated Ca2+ channels (VGCC) and on the

electrical properties of small IB4+ and IB4- DRG

neurons, 2) determined the D2 receptor expression by

Western blot and their expression pattern by

immunohistochemistry in lumbar DRG, and 3) assessed

the behavioral response to the clinically relevant D2-like

receptor agonist pramipexole in nociceptive tests in rats.
EXPERIMENTAL PROCEDURES

The present work was conducted following the

recommendations of the Guide for the Care and Use of

Laboratory Animals of the National Academy of

Sciences (USA), the International Association for the

Study of Pain (IASP) (Zimmermann, 1983), and the local

regulations for the use and care of laboratory animals

(NOM-062-ZOO-1999). All the protocols in this work were

approved by the Comité de Ética en Investigación from

Instituto Nacional de Psiquiatrı́a Ramón de la Fuente
Muñiz. The work adhered to the ARRIVE guidelines for

studies reporting the results from in vivo animal experi-

ments (Kilkenny et al., 2010).
Animals

Wistar rats used for this work were produced and

maintained in our institutional animal care facilities. The

animals were kept in acrylic cages (sawdust bedding)

with ad libitum access to food (rat chow) and water.

Room temperature was set to 22 �C, with dark/light

cycles of 12 h. For neuronal cell-culture and Western

blot experiments, animals from P21 to P25 were used

(either sex), and for immunohistochemistry and

behavioral tests, male rats weighing 250–350 g were

used.
DRG neuron isolation and culture

For cell culture, the rats were anesthetized with isoflurane

(Sofloran Vet, PISA, México) and then decapitated. Under

a stereomicroscope, DRGs were isolated from the L4 to

the L6 level and immersed in ice-chilled Dulbecco’s

Modified Eagle Medium (DMEM; Gibco, Life

Technologies, Rockville MD, USA). Isolated ganglia

were incubated for 30 min in DMEM containing trypsin

(1 mg/mL; Affimetrix-ThermoFisher, Waltham, MA,

USA), and collagenase type IA (1 mg/mL; Sigma-

Aldrich, St Louis MO, USA) at 37 �C. Then, ganglia

were washed and triturated with a fire-polished Pasteur

pipette. The cell suspension was centrifuged (5 min,

5000 rpm), and the medium was replaced with fresh,

sterile DMEM. After three washouts, isolated DRG

neurons were plated on glass coverslips (Corning, New

York, NY, USA) pretreated with poly-L-lysine (0.01%;

Sigma Aldrich), which were placed onto 35-mm culture

dishes (Trueline, USA) containing DMEM supplemented

with N2 (Gibco, Life Technologies) and penicillin–strepto

mycin-amphotericin B (100 U/mL, 0.1 mg/mL, 0.25 lg/
mL; respectively; Sigma-Aldrich). The neurons were

maintained at 37 �C (NuAire Inc., Plymouth, MN, USA)

in a 10% CO2 atmosphere until the recording (18–24 h).
Calcium imaging recordings

For these experiments, five rats were used. The DRG

neurons were incubated with Fluo-4 AM (1 lM;

Molecular Probes, Life Technologies; 50 min at 37 �C),
and placed in a recording chamber attached to the

stage of a microscope (Nikon Eclipse 80i, Japan); the

DRG neurons were perfused with extracellular solution

(Table 1; 2 mL/min). Fluo-4 AM was excited at 488 nm

and the emitted fluorescence was bandpassed at

510 nm. The images were acquired at 1 Hz frequency

(20 ms exposure) with a CCD camera (Andor

Technology iXon 897, Oxford Instruments, High

Wycombe, UK) controlled by the software Andor iQ

version 1.10.2, at room temperature (22–25 �C).
The increase of [Ca2+]i was induced by local

depolarization (3 s; 10 min between stimuli) with a high

K+ solution (60 mM; Table 1). As methodological

control, a Ca2+-free extracellular solution was used, and

the increment in [Ca2+]i elicited by high K+ was

prevented (data not shown). The fluorescence amplitude

(ΔF) produced in control was compared with ΔF
produced in the presence of an agonist or antagonist of

the D2-like DA receptors or DAMGO, as well as after

the washout of the drug. In both, calcium imaging and

patch-clamp experiments, when the recording finished,

the neurons were incubated for 10 min with the IB4

Alexa-fluor 488 conjugate (10 lg/mL; Life Technologies-

ThermoFisher, Waltham, MA, USA), rinsed for 5 min

and observed to determine their binding to IB4.

Images files were converted to TIFF and imported into

FIJI for post hoc analysis (Schindelin et al., 2012). Basal

fluorescence was obtained from areas of the cell display-

ing the most uniform and least intense fluorescence (F0).

The amplitude of the rise of [Ca2+]i was expressed as ΔF
arbitrary units (a.u.), where DF represents the difference



Table 1. Solutions used for patch-clamp and microfluorometry experiments. Concentrations are expressed in mM.

Microfluorometry NaCl KCl CaCl2 MgCl2 HEPES Glucose EGTA ATPMg2+ GTPNa+

Extracellular 140 5 1.8 1.2 10 10 - - -

High K+ 85 60 1.8 1.2 10 10 - - -

AP

Extracellular 140 5 1.8 1.2 10 10 - - -

Intracellular 10 125 0.134 - 5 - 10 2 1

ICa CaCl2 CsCl MgCl2 TEACl HEPES Glucose EGTA ATPMg2+ GTPNa+

Extracellular 5 95 1 30 10 10 - - -

Intracellular 0.1 120 - 5 5 - 10 2 1

A. Almanza et al. / Neuroscience 417 (2019) 81–94 83
between instantaneous Ca2+ fluorescence less the basal

Ca2+ fluorescence (F0). Analysis of the area under the

curve (AUC) of the ΔF transient was performed with Ori-

gin 2016 software (OriginLab Corp., Northampton, MA,

USA). We assessed the first 25 s of the trace, which rep-

resents the Ca2+ influx from bath solution during high K+-

induced depolarization. Although mechanonociceptive

neurons belong to both A-delta (medium-size neurons)

and C-fibers (small-size neurons), we choose to only

record small-size neurons to be sure that we were record-

ing nociceptors, for this reason neurons with diame-

ter � 26 lm were considered for the analysis (Taddese

et al., 1995; Stucky and Lewin, 1999; Blair and Bean,

2002).
Whole-cell patch-clamp recording

A total of 47 animals were used in these experiments. The

coverslips containing DRG neurons were placed inside a

recording chamber adapted to the mechanical stage of an

inverted microscope (TS100) equipped with a mercury

lamp and filters for fluorescence observation (Nikon

Corporation, Tokyo, Japan). The recording chamber

was bathed with external solution at a constant flow

(0.5 mL/min) maintained with a peristaltic pump (Cole-

Parmer, Vernon Hills IL, USA). The solutions used for

the recordings are listed in Table 1.

Patch pipettes were pulled from Clark custom patch

borosilicate glass (Harvard Apparatus, MA, USA) with a

P-97 puller (Sutter Instruments, Palo Alto, CA, USA).

Pipette resistances were 2–3 MX when filled with the

internal solution (Table 1). To drug delivery, a perfusion

system VC-6 couplet to a fast-step solution changer

was used (SF-77B; Warner Instruments, Hamden, CT,

USA).

Voltage-clamp and current-clamp recordings were

obtained in whole-cell configuration at room temperature

(21–22 �C). Acquisition and stimulation were performed

using a PC-505B patch-clamp amplifier (Warner

Instruments, Hamden, CT, USA), Digidata 1440

(Molecular Devices, Sunny Valley, CA, USA) and the

software WinWCP (v. 4.7; John Dempster; University of
Strathclyde, Glasgow, Scotland). Data were acquired at

20 kHz, and the low-pass filter was set at 5 kHz. Since

Cm is an indirect measure of the cell size, neurons were

classified as small when their Cm was 45 pF or less

(Stucky and Lewin, 1999; Baccei and Kocsis, 2000).

In all cases, a control trace (average of 3 traces

recorded) of action potential (AP) or voltage-clamp

recording was compared with the trace after perfusion

of the drug (average of 3 traces recorded). Then, the

neuron was left to recovery from the drug effect, and the

washout response was recorded.

The HVA-ICa was isolated and recorded in small-

diameter DRG neurons with a CsCl-based intra and

extracellular solutions (Table 1). HVA-ICa was elicited

with a depolarizing pulse to �10 mV for 30 ms, from a

holding potential (VH) of �60 mV (25 s between voltage

steps). Data are shown as an inhibition percentage with

respect to the control condition.

For current-clamp experiments, internal and

extracellular solutions were used (AP solutions,

Table 1). APs were elicited with a square pulse of 164

± 23 pA in IB4+ and 106 ± 16 pA in IB4- small DRG

neurons (500 ms of duration) and a current ramp from 0

to 558 ± 37 pA in IB4+ and from 0 to 446 ± 55 pA in

IB4- small DRG neurons (750 ms of duration). Current

was injected to set the VH close to �60 mV in every

cell. The duration of the AP was measured at 50% of

the peak amplitude from resting potential.
Immunofluorescence

Under anesthesia with sodium pentobarbital (63 mg/kg),

rats were transcardially perfused with a clearing solution

(0.9% NaCl +5 IU/mL of heparin; 50–200 mL) followed

by 350–400 mL of 4% paraformaldehyde in PBS 1x

(Sigma Chemical Co., St. Louis, MO). Lumbar DRGs

from 4 rats were removed and postfixed in the same

fixative for 2 h at 4 �C. Then, they were cryoprotected in

30% sucrose and stored at 4 �C until their use. Ganglia

were immersed in Tissue Freezing Medium (Leica

Instruments, Nussloch, Germany). Subsequently, 14-

lm-thick serial sections were cut in a cryostat
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microtome (Microm HM 525, Microm International GmbH,

Germany) and mounted on gelatin-coated slides. Double

immunofluorescence protocol was done as previously

reported (León-Olea et al., 2013). Briefly, after blocking

to minimize nonspecific staining, random sections were

incubated with rabbit D2 receptor antibody (Chemicon,

cat. AB5084P, 1:300) and mouse Calcitonin-Gene

Related Peptide (CGRP) antibody (Pierce, cat. MA1–

20209, 1:300) in the same blocking solution for 48 h at

4 �C. After washing, tissue was incubated with Alexa

Fluor 647 donkey anti-rabbit and Alexa Fluor 555 donkey

anti-mouse secondary antibodies (Invitrogen Corp.,

Carlsbad, CA, USA) at 1:300 dilution in blocking solution,

in a humidified chamber at 37 �C for 1.5 h. Afterward, the

sections were incubated with IB4 at 10 lg/mL for 10 min,

washed (3 � 10 min) with PBS, and finally mounted onto

glass slides with ProLong Diamond Antifade mounting

medium with 40,6-diamidino-2-phenylindole (DAPI; Pro-

Long Antifade Kit, Molecular Probes; Eugene, ON,

USA). In several random sections, the primary antibody

was replaced by blocking solution, representing method-

ological control sections.

Sections were analyzed with a Plan-Apochromat

63x/1.40 oil DIC M27 objective (Carl Zeiss) in a Zeiss

LSM 800 Airyscan laser scanning confocal microscope

attached to an Axio Observer.Z1/7 microscope. All the

pinholes were calibrated at 1 airy unit. Confocal images

were converted to 8-bit TIFF format with a ZEN (blue

edition, v2.3 Carl Zeiss microscopy GmbH, 2011).
Western blot

Lumbar DRGs (L3-L6) from 4 rats were collected for each

experiment, and 3 experiments were carried out (n = 3),

for a total of 12 rats used in these experiments. For

striatum control blots (positive expression control), left

or right striatum from three rat brains were used

(n = 3). The protocol was the same as previously

reported (Ortega-Legaspi et al., 2011), with mouse anti

D1 receptor (Santa Cruz, Cat sc-33,660, 1:1000), rabbit

anti D2 receptor (Chemicon, cat. AB5084P, 1:1200) and

goat anti-actin (Santa Cruz, cat. sc-1616, 1:8000) in the

blocking solution. After three washes, the membrane

was incubated with secondary antibodies: HRP donkey

anti-mouse (Santa. Cruz, cat. sc-2314, 1:2500), HRP

donkey anti-rabbit (Jackson Immunoresearch, cat. 711–

035-152, 1:5000) and HRP donkey anti-goat (Santa Cruz,

cat. sc-2020, 1:10,000) in blocking solution for 2 h at room

temperature. Bound antibody was visualized on films

(Kodak, cat 604–0331) using an enhanced chemilumines-

cence kit (Perkin Elmer, Waltham, MA USA).
Nociceptive behavioral test

All experiments were carried out between 9 AM and 3 PM.

A total of 35 animals were used in these experiments. All

animals were caged individually in acrylic boxes and were

habituated 2 days 30 min each, previous to behavioral

tests. The animals were randomly assigned to one of

the five experimental groups: control group (VH 50 lL),
pramipexole at doses of 3, 10 or 30 nmol (D2-like

agonist) and SKF-38393 30 nmol (D1-like agonist). Paw
withdrawal latencies (PWL) were tested prior to the i.t.

administration to determine the nociceptive threshold.

Mechanical and thermonociceptive responses were

measured 15, 30, 60 and 120 min after drug

administration. Drug administration was done as

previously described (Almanza et al., 2015). The method

for the acute i.t. administration was chosen because it is

of our interest to compare the effect of pramipexole with

the effect of the quinpirole used in our previous works

(Almanza et al., 2015; Mercado-Reyes et al., 2019). In

brief, rats were anesthetized (isoflurane 2%+medical

oxygen 98%; Pisa Vet., México) and a small incision

(~3 mm) was made at L4-L6 level, a 25 G needle con-

nected to a 50 lL Hamilton syringe was used to i.t. drug

delivery, the deposit of the drug was made in ~3 s; after

the injection, one shot of Xylocaine 10% was sprayed

on the wound. The effect of the anesthetic disappeared

within 5 min after the animal was left for recovery, then

behavioral testing started 15 min after the drug adminis-

tration. The experimenter was blinded for the formulation

of the administered solution.

For mechanonociception, animals were tested in the

dynamic plantar aesthesiometer (Ugo Basile, Varese,

Italy). Briefly, a metallic filament pressed the mid-plantar

surface of a hind limb with a ramp stimulus (from 0 to

50 g in a lapse of 10 s). The latency and the force used

to produce the flexor reflex were recorded automatically.

Four consecutive trials were averaged to determine the

PWL. Cut-off time was 25 s to avoid tissue damage. For

thermonociception, animals were tested in the

Hargreaves apparatus (Plantar test; Ugo Basile, Varese,

Italy). Animals were exposed to a heat source to hind

paws, and the latency of the flexor reflex was

automatically recorded. Cut-off time was 25 s to avoid

tissue damage. Measurements from three consecutive

trials were averaged to determine the hind PWL. All the

animals were euthanized immediately after the

experiments within a CO2 chamber.
Drugs

±Quinpirole (D2-like receptor agonist), sulpiride (D2-like

receptor antagonist), DAMGO ([D-Ala2, N-Me-Phe4,

Gly5-ol]-enkephalin; mu-opioid receptor selective

agonist), pramipexole (clinically approved D2-like

receptor agonist), SKF-38393 (D1-like receptor agonist)

and x-conotoxin MVIIA (x-CMVIIA; specific and

irreversible CaV2.2 blocker (Feng et al., 2003)) were

obtained from Sigma Aldrich (St. Louis, MO, USA). Stock

solution of sulpiride was prepared in absolute ethanol,

while the other drugs were dissolved in distilled water.

The final concentration of ethanol administered i.t. was

always �0.2%. For i.t. administration, the drugs at the

desired concentrations were dissolved in sterile saline

solution (NaCl 0.9%) and filtered through a 0.22 lm pore

membrane. The vehicle (VH), consisting of sterile

saline solution containing 0.1% absolute ethanol was

used as a control. Drugs were dissolved in normal extra-

cellular solution for current-clamp experiments and ICa
extracellular solution for voltage-clamp experiments

(Table 1).



Fig. 1. Quinpirole’s effect on the intracellular Ca2+ transient in IB4+ and IB4- DRG neurons. In A and C, representative traces of ΔF transient

induced by high K+ in control, in the presence of 10 lM quinpirole (top) with or without sulpiride 30 lM (bottom), in IB4+ (A) and IB4- (C) neurons;

right panels show a magnification of superposed ΔF transient in control (black traces), during 10 lM quinpirole application (green traces) or with

sulpiride (orange traces). In B and D, the percentage of inhibition of ΔF transient AUC induced by quinpirole in IB4+ and IB4- DRG neurons,

respectively. In E, representative traces of ΔF transient induced by high K+ in control, in the presence of 1 lM DAMGO in IB4+ (top) or in IB4-

(bottom) neurons, right panels show a magnification of superposed ΔF transient in control (black traces) and during DAMGO perfusion (blue traces).

In F, the percentage of inhibition of ΔF transient AUC induced by DAMGO in IB4+ and IB4- DRG neurons. The pie charts inserts show the

percentage of affected (black) or unaffected (gray) neurons by quinpirole or DAMGO. Statistical differences were determined using one-way-

ANOVA (denoted by *). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Data analysis

All the data are presented as the mean ± standard error

of the mean (S.E.M.). In patch-clamp and Ca2+

microfluorometry experiments, the n of each group
represents the number of DRG neurons recorded. In

immunofluorescence and behavioral experiments, the n
of each group represents the number of animals

studied. In Western blot, the n represents the number of
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experiments. In each experiment, tissue was collected

from various animals.

More than two standard deviations of the mean (more

than 20%) obtained in control experiments (data not

shown) was taken as significant effect induced by test

solutions in Ca2+ microfluorometry.

In Western blot, the optical densities of the bands

were quantified with ImageJ (NIH, USA). In behavioral

tests, data were normalized to obtain the maximum drug

effect and the AUC. When comparing proportions,

statistical significance was assessed by the v2 test.

Normal distribution and equal variance of data were

verified before statistical tests. Comparisons between

groups were done with ANOVA and Student’s t-tests

(when two groups were compared). Differences were

considered significant when P< .05.
RESULTS

D2-like receptor activation effect on [Ca2+]i in small
DRG neurons

In 57% of small IB4+ neurons (38 of 67), 10 lM quinpirole

reduced the ΔF transient AUC induced by high K+

depolarization by 40 ± 2% (n = 67; P< .0001, one-

way ANOVA, F10,148 = 38.1) (Fig. 1A, B top, C).

Meanwhile, quinpirole reduced the ΔF transient AUC by

32 ± 3% only in 22% of IB4- small DRG neurons (5 of

22), a lower percentage of quinpirole sensitive neurons

compared with IB4+ neurons (v2 test, P= .007). The

inhibitory effect of quinpirole was analogous in both

IB4+ and IB4- small DRG neurons (P= .92, one-way

ANOVA) (Fig. 1B, D). Sulpiride 30 lM prevented the

effect of quinpirole in both IB4+ and IB4- nociceptive

sensory neurons (Fig. 1A bottom, B; C bottom, D).

As positive control, we used DAMGO (1 lM), which

produced a significant decrement in the ΔF transient

AUC after high K+ depolarization in both, IB4+ (42

± 3%; n = 12; P< .0001, one-way ANOVA,

F10,148 = 38.1) and IB4- neurons (36 ± 5; n = 10;

P< .0001, one-way ANOVA; F10,148 = 38.1) (Fig. 1 E,

F); in both populations, the effect of DAMGO on ΔF
transient AUC was not different (P= .97, one-way

ANOVA) (Fig. 1F), and the percentage of IB4+ and IB4-

neurons that responded to DAMGO was similar (v2 test,

P= .9) (Fig. 1F).
D2-like agonist effect on HVA ICa from small-diameter
DRG neurons

HVA-ICa in small DRG neurons displayed little inactivation

during 30 ms of the voltage pulse to �10 mV, with similar

temporal courses in IB4- and IB4+ neurons (Fig. 2). In
Fig. 2. Quinpirole’s effect on HVA-ICa in IB4+ and IB4- DRG neurons. In A

recorded in IB4+ DRG neurons before (control trace) and after 10 lM quinpir

(control trace) and after 10 lM quinpirole perfusion. Inserts in A, B and C show

percentage of HVA-ICa inhibition by quinpirole in IB4+ and IB4- DRG neurons

did not (gray bars). The pie graph shows the percentage of DRG neurons

population. Statistically significant changes are denoted with * (P < .05, paire

IB4+ DRG neurons in control conditions, after 1 lM x-conotoxin MVIIA and p

HVA-ICa amplitude is shown in the insert. In F, bar graphs show the percent of

of N-type Ca2+ channel blocker. Differences were not significant (P> .05, p
IB4+ neurons, 10 lM quinpirole reduced the HVA-ICa
amplitude by 27 ± 5% in 10 of 21 neurons (t(9)

= �4.741, P= .000529, Student’s t test; Cm = 30

± 3 pF) (Fig. 2A, D), while in the remaining neurons,

quinpirole produced no changes in the HVA-ICa
amplitude (change percent 1 ± 3%; t(10) = �1.160,
P= .136, paired Student’s t test; Cm = 31 ± 7 pF)

(Fig. 2B, D). In IB4- neurons, quinpirole did not affect

the HVA-ICa amplitude in 30 of 34 neurons, with a

nonsignificant current amplitude increment of 2 ± 1% (t

(29) = 0.0703, P= .472, paired Student’s t test;

Cm = 37 ± 4 pF) (Fig. 2C, D). In only 4 out of 34

neurons did quinpirole produce a significant inhibition of

the HVA-ICa, whose reduction was 14 ± 3% (t(3)

= �2.489, P= .0443, paired Student’s t test; Cm = 35

± 8 pF) (Fig. 2D). The percentage of HVA-ICa inhibition

by quinpirole in IB4+ neurons was not different respect

to the observed in the four IB4- neurons (t(12) =1.585,

P= .139, paired Student’s t test), but, the proportion of

neurons in which quinpirole inhibited the HVA-ICa was

higher in IB4+ compared to IB4- neurons (v2 test,

P= .008).

To evaluate if the quinpirole effect was on the N-type

VGCC (CaV2.2), we tested in IB4+ neurons the effect

of the quinpirole after pretreating the neurons with a

blocker of the N-type Ca2+ channel. Perfusion of 1 lM
x-CMVIIA by itself reduced the HVA-ICa in 42 ± 4%

(n = 11; Cm = 34 ± 3 pF; P< .001, one-way ANOVA,

F2, 30 = 67.250) (Fig. 2E, F). Following x-CMVIIA

pretreatment, 10 lM quinpirole was unable to induce its

inhibitory effect: the percentage of blocked HVA-ICa
remained similar to the x-CMVIIA effect (38 ± 6%;

n = 11; P= .501, one-way ANOVA F2, 30 = 67.250)

(Fig. 2E, F), suggesting that quinpirole’s main effect was

on x-CMVIIA-sensitive Ca2+ channels (Fig. 2F).

D2-like agonist effect on action potential firing of
small-diameter DRG neurons

In the presence of 10 lM quinpirole, there was no

significant change in the number of APs produced by a

depolarizing square pulse (500 ms) in IB4+ neurons (6

± 0.7 APs in control, 5.9 ± 0.8 APs after quinpirole

treatment; n = 16; Cm = 26 ± 2 pF; t(21) = 0.05,

P= .95) (Fig. 3A, C). Similar results were obtained in

IB4- neurons (6.2 ± 0.5 APs in control, 6.2 ± 0.6 APs

after quinpirole treatment; n = 22; Cm = 20 ± 2 pF; t

(15) = 0.85, P= .41) (Fig. 3B, C). To unmask a

possible quinpirole’s effect, a ramp current pulse was

used for stimulation. Quinpirole did not affect the AP

discharge in IB4+ neurons (9 ± 2 APs in control, 9 ± 2

APs after quinpirole; n = 6; Cm = 26 ± 2 pF; t(5)

= 0.55, P= .61) (Fig. 3D, F), nor in IB4- neurons (10
and B, traces of HVA-ICa (VH = �60 mV, voltage step to �10 mV)

ole perfusion. In C, traces of HVA-ICa recorded in IB4- neurons before

the time course of quinpirole’s effect on HVA-ICa amplitude. In D, the

is showed, in which there was an effect (black bars) and those where

where quinpirole inhibited (black) or not (gray) the HVA-ICa for each

d Student’s t test). In E, representative traces of HVA-ICa recorded in

osterior perfusion of 10 lM quinpirole. Time course of drug’s effect on

blockade of HVA-ICa by x-conotoxin MVIIA and quinpirole in presence

aired Student’s t test).



Fig. 3. Effect of quinpirole on AP firing in small-diameter DRG neurons. In A and B, representative AP firing obtained with a square pulse

stimulation, recorded before (black traces) and after quinpirole perfusion (10 lM; gray traces), in IB4+ (A) and IB4- (B) neurons. In C, summary of

the effect of quinpirole on the number of APs in IB4+ and IB4- small DRG neurons during square pulse stimulation. In D and E, representative AP

firing obtained with a ramp current stimulation, recorded before (black traces) and after quinpirole perfusion (10 lM; gray traces), in IB4+ (D) and

IB4- (E) neurons. In F summary of the effect of quinpirole on the number of APs in IB4+ and IB4- small DRG neurons during ramp stimulation.
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± 1 APs in control, 9.6 ± 1 APs after quinpirole; n = 12;

Cm = 25 ± 3 pF; t(11) = 0.53, P= .61) (Fig. 3E, F).

As positive control DAMGO (1 lM), produced no

significant change in the discharge of AP during a

depolarizing square pulse (500 ms) in IB4+ (4.7 ± 1

APs in control, 4.2 ± 1 APs after DAMGO; n = 10; t(9)

= 1.37, P= .21) or IB4- neurons (6.6 ± 1 APs in

control, 6 ± 1 APs after DAMGO; n = 8; t(7) = 2.1,

P= .07), similar to quinpirole (not shown).

Immunolocalization of D2 DA receptor in the DRG
population

To determine the distribution of D2 DA receptor between

peptidergic and nonpeptidergic subpopulations of

nociceptive DRG neurons, D2 DA receptor was

immunolocalized in thin DRG sections (14 lm) of adult

rats, and we observed its colocalization with CGRP

(peptidergic neuron marker) and IB4 (nonpeptidergic

neurons marker). The antibody raised against D2 DA

receptor produced a staining pattern of tiny dots

preferentially on or near the membranes of neuron

soma (Fig. 4, arrows), but the staining was not

homogeneous among all the DRG neurons, since it was

absent in many of them. CGRP antibody stained the

cytoplasm of small-diameter neurons (< 26 lm) (Fig. 4,

arrowhead), and those CGRP-positive neurons were not

stained by the marker IB4 (Fig. 4, arrows), as has been
extensively reported (Scherrer et al., 2009). D2 DA recep-

tor staining correlated with IB4 staining, however some

CGRP neurons have scarse D2 DA receptor staining

(Fig. 4), suggesting that D2 DA receptor is expressed

preferentially in nonpeptidergic DRG neurons. Control

sections where 1st antibody was omitted are showed in

Fig. 4F-H.
Western blot

To determine the expression of D2 DA receptor in the

lumbar DRG, Western blot experiments were done. As

reported in earlier reports and above, we found

significant expression of D2 DA receptor in the lumbar

DRGs (n = 3) (Fig. 5). Rat striatum was used as the

positive control of D2 DA receptor expression (n = 3),

and the negative control (secondary antibody omission)

produced no band staining. The band pattern for D2 DA

receptor it was consistent with the MW in previous

reports (Galbavy et al., 2013; Stojanovic et al., 2017).

Because D1-like DA receptors have been identified in

DRGs (Galbavy et al., 2013), we used an antibody

against D1 DA receptor as a positive control and per-

formed Western blot experiments. We found a significant

expression of D1 DA receptor in both lumbar DRGs and

the rat striatum; the negative control produced no band

staining (n = 3) (omission of the secondary antibody).



Fig. 5. D1 and D2 DA receptor protein expression in lumbar DRG neurons. Western immunoblot

analysis with antibodies against D1 and D2 DA receptors of membrane protein extracts from lumbar

DRG neurons. Striatum membranes were used as a positive control. As loading control actin was

used. For the negative control, the secondary antibody was omitted.

Fig. 4. Immunostaining of D2 DA receptor in DRG neurons. Photomicrographs of rat DRG showing in

A, IB4 fluorescence (IB4; green), B, D2 DA receptor immunoreactivity (D2R; red), C, CGRP

immunoreactivity (magenta), D, DAPI fluorescence (blue), E, merge of the images from the same

optical fields. Thin arrows indicate IB4+ small neurons. The arrowhead points to a CGRP-

immunoreactive neuron, which is IB4-. Notice that IB4+ neurons contain a higher D2 DA receptor

immunoreactivity density compared to CGRP-positive neuron. At the bottom (F-H), methodological

control of immunostaining omitting primary antibodies, showing the absence of specific immunore-

activity and the background of the second antibodies used, slices were observed with their specific

filters (Af, Alexa fluor). Scale bar: 20 lm. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Behavioral tests

Finally, we tested the D2/D3 agonist drug pramipexole

(doses tested: 1, 10, and 30 nmol). The use of

pramipexole only in the behavioral tests was aimed at
evaluating whether a clinically

approved D2-like agonist

produced antinociceptive effect

similar to those of the gold

standard D2-like agonist

quinpirole, tested in our previous

behavioral studies (Almanza et al.,

2015; Mercado-Reyes et al.,

2019). This experiment is of clinical

relevance, as positive results could

encourage the potential usage of

D2-like agonists as analgesic adju-

vants at the spinal cord level.

Pramipexole i.t. administration

reached its maximum

antinociceptive effect after 15 min

and disappeared during the

experiment (within 2 h).

Pramipexole 30 nmol i.t.

administration produced a

significant increment of 43 ± 14%

in the PWL in mechanonociceptive

tests (n = 8; two-way ANOVA, F4,

35 = 4.125; P= .002) (Fig. 6A),

while 1 and 10 nmol i.t. produced

nonsignificant changes in the

PWL. In the thermonociceptive

test, pramipexole produced no

effect in the PWL at the same

doses tested in

mechanonociception (Fig. 6B),

consistent with the findings

previously reported for quinpirole

(Almanza et al., 2015). AUC analy-

sis yielded the same conclusions

(One-way ANOVA, F4, 30 = 2.75;

P= .04; Fig. 6C-F).

Because there was a significant

expression of D1-like receptors in

DRGs, we tested whether i.t.

administration of SKF-38393

(highly selective D1-like agonist)

at a high dose (30 nmol) would

modify both mechano- and

thermonociceptive responses.

After SKF-38393 i.t.

administration, there were no

changes in the PWL from either

nociceptive test at any evaluated

time (Fig. 6A, B). This finding was

best represented in the maximum

effect and AUC analysis (Fig. 6C-

F).
DISCUSSION

We found that the D2-like DA

receptor agonist, quinpirole,
inhibits the Ca2+ influx in a set of small IB4+ DRG

neurons, mainly through CaV 2.2 channels, those

neurons are predominantly associated with



Fig. 6. The effects of pramipexole and SKF 38393 on the mechanonociceptive and thermonociceptive test. In A and B, time courses of the effect of

i.t. application of vehicle (VH), pramipexole (1, 10 and 30 nmol) and the D1-like DA receptor agonist (SKF 38393, 30 nmol) on PWL in mechano- and

thermonociceptive tests, respectively. In C and D, latencies percentage of change (normalized to the basal latency) of VH, pramipexole and SKF

38393 obtained 15 min after i.t. administration in mechano- and thermonociceptive tests. In E and F, area under the curve (AUC) from A and B

graphs for each drug and VH in mechano- and thermonociceptive tests, respectively. * denotes significant differences versus VH (P< .05, one-way

ANOVA).
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mechanonociception. Western blot revealed a significant

expression of D2 DA receptors in the lumbar DRG and

immunofluorescence experiments showed that D2 DA

receptors were expressed mainly in IB4+ small DRG

neurons. Interestingly, pramipexole produced spinal

antinociception in a similar fashion to quinpirole. Our
results explain, at least in part, why D2-like receptor

agonists produce antinociception specific on

mechanociceptive stimuli.

D2-like DA receptor agonists produce antinociception

in different pain models (Tamae et al., 2005; Cobacho

et al., 2010, 2014; Rodgers et al., 2019) and clinical con-
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ditions that involve intense pain (Dickey and Minton,

1972; Nixon, 1975; Kernbaum and Hauchecorne, 1981;

Ertas et al., 1998). Some studies have been done to

determine the mechanism by which DA receptor agonists

produce antinociception (Fleetwood-Walker et al., 1988;

Tamae et al., 2005; Charbit et al., 2009; Taniguchi

et al., 2011; Lu et al., 2018), but, at least at the spinal cord

level, it is not completely understood.

Neurons from the dorsal horn and DRG express DA

receptors; there are evidences that supports the

presence of D2-like and D1-like DA receptors in both

structures (Xie et al., 1998; Zhu et al., 2007; Barraud

et al., 2010; Kawamoto et al., 2012; Galbavy et al.,

2013). Our previous work suggests that the distribution

of DA receptors in DRG neurons is not homogeneous,

and DA receptors must be expressed predominantly in

mechanonociceptive neurons (Almanza et al., 2015;

Mercado-Reyes et al., 2019).

Results in this work provide evidence that D2-like DA

receptor agonist inhibits both, the rise of transient [Ca2+]i
induced by high-K+ depolarization, and the HVA-ICa in a

significantly higher proportion of IB4+ neurons than IB4-

neurons. IB4 stains nonpeptidergic DRG neurons

population denominate as IB4+, its activation mediate

mechanonociception (Price and Flores, 2007;

Cavanaugh et al., 2009 ; Havelin et al., 2017). While pep-

tidergic that are not stained by IB4 (IB4-), mostly express

the heat-sensing receptor TRPV1 (Cavanaugh et al.,

2009; Havelin et al., 2017) and mediate the thermonoci-

ception. Although, grouping neurons by their binding to

IB4 is not perfect to classify neurons by their physiological

role (thermonociceptive, mechanonociceptive, etc.), and it

is less exact in rats than in mouse (Price and Flores,

2007), there is a clear trend of the quinpirole effect to inhi-

bit Ca2+ current in those neurons that bind IB4, which has

been related to transduced mechanical nociception

(Cavanaugh et al., 2009; Le Pichon and Chesler, 2014).

The Ca2+ microfluorometry and the electrophysiological

data agree with the behavioral effect of the i.t. delivery

of D2-like DA receptor agonists (quinpirole in previous

work and pramipexole in this report) in nociceptive tests

(Cobacho et al., 2014; Almanza et al., 2015).

The immunofluorescence data further support our

idea of D2-like DA receptor expression in a population

of neurons that are associated with

mechanonociception; our results show higher

expression of D2 DA receptor mostly in IB4+ neurons,

which could explain the specific antinociception seen in

the previous behavioral data and agrees with our

findings in Ca2+ imaging and patch-clamp experiments.

VGCCs are expressed in the soma and in nerve

terminals of DRG neurons, where they regulate

neurotransmitter release in the presynaptic terminals of

the dorsal horn in the spinal cord through CaV2.2

channels. In this work, our results show that the major

effect of quinpirole on the electrophysiological properties

of DRG neurons was the inhibition of HVA-ICa. Thus,

our results support the idea that Ca2+ entry through

CaV2.2 channels is reduced due to the activation of D2-

like DA receptors, and this can be the presynaptic
mechanism by which quinpirole produces –at least in

part- its antinociceptive effect when delivered i.t.

VGCC modulation or blocking in nociceptive DRG

neurons is one of the most sought-after targets for

analgesic drug development. The U.S. Food & Drug

Administration (FDA) has approved drugs such as

opioids, gabapentinoids and ziconotide that produce

analgesia by reducing the HVA-ICa in DRG neurons

(Sluka, 1998; Hendrich et al., 2008; Scherrer et al.,

2009). In agreement with the inhibition of HVA-ICa in

DRG by quinpirole shown here, similar results in other

neuronal types have been reported (Ramanathan et al.,

2008; Kline et al., 2009).

In DRG nociceptors, CaV2.2 channels are associated

with the neurotransmitter release to the spinal dorsal horn

and not directly with the neuronal excitability modulation

(Bao et al., 1998; Altier and Zamponi, 2004; Takasu

et al., 2016); probably explaining why the N-type Ca2+

channels inhibition by quinpirole did not modify the neu-

ronal discharge pattern.

T-type Ca2+ channels have been described in both,

small and medium size DRG neurons and are

associated with cellular excitability regulation, its

activation determines the after-depolarizing potential

which could lead to a burst firing of action potentials.

Modulation of these channels would affect the neuronal

discharge pattern (Todorovic and Jevtovic-Todorovic,

2007; François et al., 2015). Our results show that quin-

pirole has no apparent effect on DRG nociceptor excitabil-

ity, nevertheless, it is important to consider that in our

current-clamp conditions, at the membrane potential of

about �60 mV, most of T-type channels are in

inactivated-state, so, from the current clamp results we

can not to determinate if quinpirole had or not effect on

them, ultimately changing the neuronal discharge pattern.

However, quinpirole exhibits two traits of the mu-opioid

agonists: it produces significant inhibition of CaV2.2 chan-

nels (Taddese et al., 1995; Baillie et al., 2015), and it pro-

duces modest changes in the electrophysiological firing

properties of small DRG neurons (IB4+ and IB4- popula-

tions, as shown in this work), suggesting an analogous

mechanism of antinociception.

Previous studies using DA at 10–100 lM showed a

significant inhibition of HVA-ICa in almost all small-

diameter DRG neurons of rat and chicken (Marchetti

et al., 1986; Formenti et al., 1998), but DA at those con-

centrations is an agonist of other amine receptors, partic-

ularly a-adrenergic receptor (Cornil and Ball, 2008; Cilz

et al., 2014), which are abundant in small-diameter DRG

neurons (peptidergic and nonpeptidergic nociceptors). It

is worth noting that a-adrenergic agonists (for example,

clonidine) produce ICa inhibition and antinociception when

they are administered i.t. (Eisenach et al., 2005; Nguyen

et al., 2017). In our work, quinpirole only produced ICa
inhibition in ~50–60% of small-diameter neurons within

the IB4+ population, and it only produced mechanical

antinociception. One reasonable conclusion is that D2-

like DA receptor expression is confined to the subpopula-

tion of mechanonociceptors (Le Pichon and Chesler,

2014).
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Our results reveal the cellular mechanism by which

mechanonociceptive DRG neurons are inhibited by D2-

like DA receptor agonists. They are in agreement with

studies reporting the effect of DA or quinpirole on the

dorsal horn neurons from superficial layers (Tamae

et al., 2005; Taniguchi et al., 2011). Patch-clamp record-

ings of substantia gelatinosa neurons have shown that

D2-like DA receptor activation produced the opening of

an outward K+ current, which in turn hyperpolarized the

resting membrane potential of dorsal horn neurons,

reducing their excitability (Tamae et al., 2005). The fre-

quency of postsynaptic excitatory currents can be

reduced by DA application when C-fibers are stimulated,

which suggests that D2-like DA receptor activation pro-

duces inhibition of the neurotransmitter release (presy-

naptic inhibition), in lamina I (Lu et al., 2018), and

lamina II dorsal horn neurons (Taniguchi et al., 2011),

which can be explained with our finding that D2-like DA

receptor agonist decreased the HVA-ICa (most probably

CaV2.2) in IB4+ small-diameter DRG neurons.

D1 DA receptor activation was linked to reduction of

the excitability of small-diameter DRG neurons (Galbavy

et al., 2013), but i.t. administration of a high dose of the

selective D1/D5 DA receptor agonist SKF-38393 pro-

duced no effect on the latency of flexor reflex in nocicep-

tive tests, which is in agreement with a previous report

(Tamae et al., 2005). In contrast, D1/D5 DA receptor acti-

vation has been linked to the genesis and maintenance of

chronic pain conditions, leaving its role in the spinal cord

most likely pronociceptive under pathological conditions

(Kim et al., 2015; Megat et al., 2018) with little or uncertain

participation in the modulation of nociceptive entry in

healthy animals.

Thus, differential expression of dopaminergic

receptors in primary nociceptive neurons could have

physiological and clinical relevance. Our findings are in

accordance with the hypothesis of labeled lines for the

nociceptive stimulus codification and modulation at the

peripheral level (Cavanaugh et al., 2009; Emery et al.,

2016). They also provide a better description of the

antinociceptive effect of DA at the spinal cord level by

suggesting that the mechanism that underlies the

mechanical antinociception is elicited by the activation of

D2-like DA receptors in primary nociceptive neurons.

Together with previous data that demonstrate that D2-

like DA receptor agonists produce antinociception in other

pain-related CNS structures (López-Avila et al., 2004;

Coffeen et al., 2008; Wood, 2008; Pellicer et al., 2010),

our work reinforces the hypothesis that dopaminergic

agonists could be useful as adjuvants in the

treatment of painful conditions resistant to conventional

treatments.
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SUMMARY

Adaptive immunity provides life-long protection by
generating central and effector memory T cells
and the most recently described tissue resident
memory T (TRM) cells. However, the cellular origin
of CD4 TRM cells and their contribution to host de-
fense remain elusive. Using IL-17A tracking-fate
mouse models, we found that a significant fraction
of lung CD4 TRM cells derive from IL-17A-produc-
ing effector (TH17) cells following immunization
with heat-killed Klebsiella pneumonia (Kp). These
exTH17 TRM cells are maintained in the lung by
IL-7, produced by lymphatic endothelial cells.
During a memory response, neither antibodies, gd
T cells, nor circulatory T cells are sufficient
for the rapid host defense required to eliminate
Kp. Conversely, using parabiosis and depletion
studies, we demonstrated that exTH17 TRM cells
play an important role in bacterial clearance.
Thus, we delineate the origin and function of
airway CD4 TRM cells during bacterial infection,
offering novel strategies for targeted vaccine
design.
1176 Cell 178, 1176–1188, August 22, 2019 ª 2019 Elsevier Inc.
INTRODUCTION

Adaptive immunity provides life-long protection from infection by

establishing an enduring reservoir of memory cells. Upon infec-

tion, CD4 and CD8 T cells undergo clonal expansion followed by

a subsequent contraction and ultimately, memory formation

(Kaech et al., 2002; Mueller et al., 2013). While central memory

T (TCM) cells have long since been known to mainly reside and

circulate through secondary lymphoid tissues and effector mem-

ory T (TEM) cells to circulate through non-lymphoid tissues, the

identification of TRM cells within peripheral organs has opened

new concepts about tissue-specific protective immunity (Schen-

kel and Masopust, 2014).

CD4 TRM cells serve at the frontline at different barrier sites

such as vagina (Iijima and Iwasaki, 2014; Stary et al., 2015),

lung (Teijaro et al., 2011; Turner et al., 2014; Hondowicz et al.,

2016), and skin (Glennie et al., 2017), and their main host-protec-

tive mechanism is mediated by the production of effector cyto-

kines such as interferon-g (IFN-g) and interleukin-4 (IL-4).

While most of the studies have focused on the biology of virus-

specific CD8 TRM cells, basic questions regarding CD4 TRM still

remain unanswered. For example: Where do these cells come

from; What is the cellular origin of CD4 TRM cells; Which environ-

mental signals maintain them into the tissue; and finally, Are CD4

TRM cells able to rapidly respond to a second challenge?
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To address these questions, we devised an experimental plan

combining the use of two complementary fate reporter mouse

models, next-generation T cell receptor (TCR) and single-cell

sequencing approaches.

We consider that understanding CD4 TRM cell development

and function is imperative, particularly as they may represent

the key target cells to design specific and efficacious vaccination

against the growing number of antibiotic-resistant bacterial

strains emerging in the clinic. This might also help to reduce anti-

biotic use, avoiding the evolution of antibiotic-resistant bacteria.

For instance, there is currently no targeted treatment strategy for

carbapenem-resistant Enterobacteriaceae-like Klebsiella pneu-

moniae (Kp). This is a leading cause of nosocomial and commu-

nity-acquired gram-negative bacterial pneumonia, which results

in a severe pyrogenic infection with high mortality rates (Falagas

et al., 2014). Despite the fact that IL-17A cytokine is critical to

deal with Kp infection (Moore et al., 2000; Happel et al., 2005;

Chen et al., 2011), the function of TH17 memory cells have

been underestimated because of their short-term survival (Pep-

per et al., 2010).

Considering all this, we hypothesized that CD4 TRM cells

derive from the first wave of effector cells generated during the

first encounter with a pathogen. Furthermore, since CD4 TRM
cells localize at the site of immunization, we also hypothesized

that some of them acquire a poised while others a more plastic

status (Lee et al., 2009; Wei et al., 2009; Harrison et al., 2019),

which allows them to mount a fast and essential immune

response against bacterial infection.

Here, by using an immunization-infection model with different

serotypes of Kp, we show that a significant fraction of the lung

long-lived CD4 TRM cells (exTH17cells) derive from specific

effector TH17 cells. We observed that exTH17 TRM cells aremain-

tained by IL-7, which is mainly produced by lymphatic endothe-

lial cells (LECs) in the lung. Finally, we reveal that exTH17 TRM
cells are important players that can resist an antibiotic-resistant

strain of Kp.

RESULTS

TRM Cells Can Derive from Effector Cells and Protect
against Carbapenem-Resistant Klebsiella Pneumoniae
Infection
We started by characterizing the kinetics of the development of

lung TRM cells. To this end, wild-type (WT) mice were immunized

twice with heat-killed serotype 2 Klebsiella pneumoniae (Fig-
Figure 1. Origin and Function of TRM exTH17 Cells

(A and B) Dot plots show (A) percentage of TH17, exTH17, and YFPneg IL-17neg ce

after immunization in Fate+mice (gated on CD4 in vitro+ CD4 in vivo neg TCR-b+ Fox

(C) Naive CD45.1+ and day 35 immunized Fate+ CD45.2+ mice were surgically

distinguish TRM and circulating cells. The graph shows the absolute number of lun

Fate+ immunized mice (red).

(D) Representative immunofluorescent sections of lungs from naive (day 0) and imm

exTh17/Th17 cells (yellow) surrounding the airways only in the lungs of immun

time point)

(E) Parabiotic pairs were infected with live carbapenem-resistant Kp 3 weeks aft

naive-infected (blue) or immunized-infected (red). Each dot represents one mous

Data are represented as mean ± SEM. Mann-Whitney U test; ns (non-significant

See also Figures S1, S2, and S3.

1178 Cell 178, 1176–1188, August 22, 2019
ure S1A), and the presence of CD4 TRM cells was evaluated at

multiple time points. An in vivo antibody (Ab)-labeling technique

was used to differentiate between circulatory and lung-infil-

trating CD4 T cells (Anderson et al., 2014). Lung-infiltrating

CD4 T cells began accumulating as early as day 5 post-immuni-

zation and persisted through day 110 (Figure S1B). CD69 and

CD103 have been used as markers for TRM cells. We found

that CD4 TRM cells were CD103– but characterized by high levels

of CD69 expression compared with circulatory CD4 T cells (Fig-

ures S1C and S1D). Similar to classic CD8 and CD4 memory

formation, lung-infiltrating CD4 cells underwent robust expan-

sion upon immunization, followed by an acute contraction

phase. Then, a stable lung TRM CD4 population was observed

during the memory phase (Figure S1E).

We next aimed to further characterize the origin of TRM CD4

cells, a point that still remained elusive. TH17 cells have previ-

ously been shown to provide protection against Kp infection

(Ye et al., 2001; Chen et al., 2011); however, it is unclear whether

these cells are short lived and whether they contribute to the

memory pool (Pepper et al., 2010; Chen et al., 2011; Muranski

et al., 2011). Considering the plasticity of TH17 cells and insta-

bility of IL-17A production, their main marker, one possible

explanation for the unknown origin of CD4 TRM cells could be

that TH17 cells lose the expression of their signature cytokine,

becoming ‘‘exTH17’’ cells, when they mature into long-lived

memory cells. We therefore used the Il17a Fate+-mapping

mouse model (Gagliani et al., 2015), which allowed us to track

the fate of TH17 cells independently from the actual expression

of IL-17A and from the need of in vitro re-stimulation. To generate

these mice, Il17aCRE crossed with a R26STOPflox/flox YFP

(R26YFP) (Hirota et al., 2011) were further crossed with a triple-re-

porter mouse strain, consisting of Il17aKatushka Il10eGFP Foxp3RFP

alleles (Gagliani et al., 2015). In addition, the Fate+ mice allowed

us to exclude Foxp3 and IL-10-producing cells from our analysis.

By using thesemice, we observed that Kp immunization resulted

in the generation of TH17 and exTH17 cell populations, with the

latter persisting in the lung as a population of TRM cells for at least

110 days (Figures 1A and 1B).

To specifically track TH17 cells generated in response to Kp

immunization, rather than all cells with a history of IL-17A expres-

sion, we took advantage of an inducible Il17a fate model (Ga-

gliani et al., 2015). R26YFP mice were crossed with Il17a eGFP-

Cre-ERT2 mice, such that cells expressing Il17a are labeled

GFP+YFP+ upon tamoxifen administration and persist as a

GFPnegYFP+ population after the expression of Il17a is
lls and (B) absolute number of TRM exTH17 cells in lungs at different time points

p3neg) (n = 4 per time point). One out of two independent experiments is shown.

joined for 3 weeks. Before sacrifice, the anti-CD4 antibody was injected to

g TRM CD45.2+ and circulatory exTH17 cells in naive CD45.1 mice (blue) and in

unizedmice (day 14 and day 30) showing the presence of CD4 T cells (red) and

ized mice. AW, airway; BV, blood vessel; blue: DAPI, gray: CD31 (n = 3 per

er surgery. The graph shows the CFU count in total lung 24 h after infection of

e. Data are cumulative of 2 experiments.

); *p = 0.0286; **p = 0.0022.
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terminated. As expected, Kp immunization resulted in the induc-

tion of a newly generated TH17 cell population (Figure S1F).

Notably, 60 days after immunization most of these cells lost

Il17aeGFP expression and persisted as YFP+ exTH17 cells in the

lung of immunized mice (Figure S1G).

To test whether the accumulation of TRM was associated with

long-term protection, the immunized mice were infected with a

second serotype of live K. pneumoniae, characterized as being

resistant to carbapenems (Figure S2A). Immunizedmice showed

protection against carbapenem-resistant Kp compared with

non-immunized mice (Figure S2B).

CD4 T cells, antibodies, and gd T cells are all important com-

ponents of the immune response against Kp. However, whether

memory T cells alone are sufficient to orchestrate a proper im-

mune response, especially at the early phase of memory activa-

tion, remains unknown. Here, we found that despite the absence

of B cell and gd T cells—using genetically deficient mice—immu-

nized animals were still more efficiently protected from acute live

carbapenem-resistant Kp infection than non-immunized con-

trols (Figures S2C and S2D).

Next, to further test whether exTH17 cells were residing in the

lung as bona fide TRM cells, we performed parabiosis experi-

ments with naive WT CD45.1+ and immunized Fate+ CD45.2+

mice in combination with an in vivo Ab-labeling technique. Naive

CD45.1+ and immunized CD45.2+ mice were surgically paired,

and 3–4 weeks later we observed shared specific Kp antibodies

and CD4 T cells in the circulation (Figures S2E–S2G). We

observed that, although the two mice shared memory exTH17

T cells in circulation, the large majority of exTH17 cells were pre-

sent in the lungs of the immunized Fate+ mice and not in the

lungs of the naive WT mice (Figure 1C). In addition, immunoflu-

orescent imaging of lungs from immunized mice showed that

exTH17 cells (depicted by yellow) resided in close proximity to

the airways and blood vessels at 14 and 30–35 days after immu-

nization forming a potential network of tissue resident cells

(Figure 1D).

Finally, to test the hypothesis that the observed resident cells

act as the crucial mediators of tissue-specific adaptive immunity,

we conducted parabiosis studies infecting both naive and immu-

nized mice with antibiotic-resistant Kp. Despite displaying Kp-

specific antibodies and circulatory memory cells, the respective

naive mice of the joined pairs failed to efficiently clear live carba-

penem-resistant Kp infection. In contrast, we found a very low

bacterial burden in the immunized partners (Figure 1E). More-

over, we observed that when the recruitment of memory cells

from lymphoid organs is impaired, using FTY720 (S1PR1 antag-

onist that blocks lymphocyte egress from lymph nodes), the

immunized mice still appeared to be more protected compared

with naive mice (Figure S2H).
Figure 2. TCR-b Sequencing of Lung TRM Cells

(A–C and F–H) TCR-b sequencing of (A and F) lung TH17 TRM versus lung exTH1

lung TH17 TRM versus splenic CD4 memory cells and versus splenic CD4 naive c

(D and I) TCR-b sequencing of lung exTH17 versus lung YFPneg cells at day 35 af

shared CDR3 amino acid sequences of TCR-b chains between all the populatio

across all the comparisons between different populations.

(E and J) The bar graphs on the left show percentage of themost expanded clones

frequency of the most expanded clones in lung TRM cells. The colors of the clon
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We extended our findings to different pathogens and found

long-lived exTH17 cells after Candida albicans and Bacillus

Calmette-Guérin (BCG) infections (Figure S3), supporting the

hypothesis that the longevity and presence of TH17 effector-

derived TRM cells not only occur in the Kp setting but they are

also generated in other infections where IL-17A plays an impor-

tant role (Khader et al., 2007; Igyártó et al., 2011).

Taken together, these data show that effector TH17 can give

rise to TRM cells and tissue resident cells play a key protective

role in the early phase of Klebsiella pneumoniae infection.

TCR Specificity and Transcriptome Analysis of Lung
TRM Cells
The expansion of certain clones in response to a bacterial infec-

tion is a prototypical feature of a memory response. To test

whether the development of these TRM cells follows this classic

path, we sequenced the CDR3 region of the TCR-b genes of

TH17 and exTH17 cells present in the lung 35 days after immuni-

zation. Thus, this CDR3 sequencing also allowed us to elucidate

the clonal origin of exTH17 TRM cells.

We found that the small population of TH17 cells present at

day 35 post-immunization was represented by highly restricted

oligo-clonal expanded TCR clones, and these clones were

shared with exTH17 cells (Figures 2A and 2F), further indicating

a common origin between these two populations. Then, we

selected the most expanded clones among lung TH17 cells

and tracked them in all the other populations of TRM cells in

the lung and also in naive and memory cells in the spleen (Fig-

ures 2B, 2C, 2E, 2G, 2H, and 2J). When we evaluated the

clonality of those lung TRM cells that never expressed IL-17A

(YFPneg), we found that they share some degree of clonality

with both TH17 and exTH17 TRM cells, but to a lower degree

compared with what TH17 and exTH17 TRM cells share between

one another (Figure 2B, 2D, 2G, and 2I). This suggests that both

type of cells were generated during the effector immune

response, but unknown differences led them to become YFPpos

or YFPneg cells. Finally, some of the expanded clones repre-

sented in the TH17 cells were also present, albeit at a very

low frequency in splenic CD4 memory cells, but they were

not detectable in naive CD4 T cells, denoting the generation

of a specific and systemic immune response after immunization

(Figures 2C and 2H).

Tissue and cell-type-specific expression of genes, including

TRM ‘‘core’’ genes, can be commonly suggestive of correspond-

ing specific functions and cell origin. To evaluate the presence of

a tissue-related specific gene profile in memory cells residing at

the lung or lymph nodes, we performed RNA sequencing.We hy-

pothesized that, based on their location, different transcriptomes

will be expressed by these memory CD4 T cell populations. We
7 TRM cells, (B and G) lung TH17 TRM versus lung YFPneg TRM, and (C and H)

ells at day 35 after immunization in 2 different mice.

ter immunization in 2 different mice. The dots plots graphs show the common

ns. The most expanded clones among TH17 cells were colored and followed

in each population. The bar graphs on the right show the cumulative productive

es followed the same colors used for the dot plots graphs.
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Figure 3. RNA Sequencing of Lung TRM and Lymph Node Memory and Naive CD4 Populations Illustrates Key Features of Lung TRM

Populations

(A) Heatmap of genes significantly differentially expressed (>4-fold cutoff) between the lymph node and lung populations.

(B) Heatmap of a selected subset of genes known to be involved in tissue resident memory cell-biology.

(C) Bar graph of gene ontology assignments of genes overexpressed 4-fold in lung TRM cells relative to lymph node memory cells. The dashed line represents

p = 0.05, Fisher’s exact test. The intensity of the color bar on the right indicates the amount of genes in each pathway.

(D) Heatmap of a selected subset of genes known to be involved in T helper subset and memory biology.
profiled the transcriptome of draining lymph node (LN)-naive

CD4 T cells, memory CD4 T cells, and the 3 populations of TRM
cells present in the lung 35 days after immunization (TH17,

exTH17, and YFPneg cells).

We used either an unsupervised list of genes that were signif-

icantly differentially expressed (>4-fold) (Figure 3A; GEO:

GSE130446) or a core of TRM signature genes (Table S1; Fig-

ure 3B; Wakim et al., 2012; Mackay et al., 2013; Pan et al.,
2017) to test similarities and differences among the transcrip-

tomes of these cell populations. We found that lung TRM cells

(TH17 cells, ex-TH17 and YFPneg cells) share a similar pattern

of gene expression, which, in contrast, differs from the expres-

sion pattern of the peripheral memory LN cells, independently

of the approach used to analyze them (Figures 3A and 3B).

To search for different functional features among all lung TRM
cells and peripheral LN memory cells, we performed gene
Cell 178, 1176–1188, August 22, 2019 1181
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Figure 4. LECs Maintain Effector-Derived Lung TRM Cells

(A) Relative RNA expression of KLF2 and S1PR1 on day 30 in immunizedmice is shown. Splenic naive CD4 cells (black bars), splenicmemory CD4 cells (red bars),

lung exTH17 cells (dark blue bars), and lung TH17 cells (light blue bars). Technical replicates of one representative experiment out of two are shown, and data are

represented as mean ± SD.

(B) The graphs show the absolute number of total CD4 TRM (left) and exTH17 TRM cells (right) in lungs (gated on CD4 in vitro+ CD4 in vivoNeg TCR-b + Foxp3–) after

FTY720 treatment (red circles). Ctr unTx mice = normal drinking water (black circles). Each dot represents one mouse. One out of two independent experiments

is shown.

(legend continued on next page)
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ontology (GO) analysis of genes upregulated in lung TRM cells us-

ing DAVID (Huang et al., 2009). Interestingly, GO terms showing

statistically significant enrichment were mainly related with im-

mune process such as defense response, cell-to-cell adhesion,

cell activation, regulation of cytokine production, and response

to bacteria (Figure 3C). All this suggests that lung TRM cells pre-

sent a profile more focused toward a rapid immune response

compared with peripheral memory cells.

We then focused on the different populations of lung TRM cells

and evaluated the expression of a selected list of genes involved

in specific T-helper cell subset and memory T cell-biology. Inter-

estingly, based on the expression of the genes from this list, we

found that TH17 and exTH17 cells cluster more closely together

than to the YFPneg cells (Figure 3D; Table S2). In particular, the

expression patterns of Ilr1, Rora, Irf4, and Rbpj suggested that

some of the exTH17 TRM cells have acquired a prime signature

state that could allow them to rapidly respond by producing

IL-17.

Interestingly, we also found that Ndfip1, which was recently

shown to be essential to balance the potential tissue related

pathogenicity of TH17 cells (Layman et al., 2017), was highly ex-

pressed in exTH17 cells. We also observed that the expression of

Il7r was higher in exTH17 cells than in YFPneg cells. Finally,

regarding the population that never activates the production of

Il17a (YFPneg cells), the expression of a TH1/2-memory signature

transcriptome (e.g., Eomes, Ifng, Ccr7, Sell, Il4, Gata3, Ccr3,

Ccr5) suggests that these cells might be a heterogeneous pop-

ulation composed of TH1 and TH2 effector-derived memory cells

(Figure 3D; Chang et al., 2007; Bannard et al., 2009).

Effector-Derived TRM Cells Depend on IL-7, which Is
Produced by Lung LECs
We next interrogated the possible mechanisms that might be

involved in the maintenance of exTH17 TRM cells in the lung.

The residency and establishment of TRM cells at peripheral tis-

sues correlates with downregulation of KLF2 and S1PR1 and

the concomitant inability to follow a gradient of S1P and leave

the tissue (Carlson et al., 2006; Skon et al., 2013). Consistently,

lower levels of KLF2 and S1PR1 expression were found in lung

TRM exTH17 cells and in the small population of TH17 cells

compared to CD4 splenic memory or naive CD4 T cells from

Fate+ immunized mice (Figure 4A).
(C and D) Histograms show the expression of CD127 and CD122 in lung exTH1

(blue line). For CD127 unstained control (grey line) is shown. CD122 expression in

out of 2 independent experiments is shown.

(E) Fate+ immunized mice were intra-nasally treated with anti-IL-7 Ab or with an

sacrificed on day 40. The graph shows the absolute number of lung exTH17 TRM c

group (red circles). Each dot represents one mouse. Three combined experimen

(F) Single-cell RNA sequencing of total lung tissue cells from immunizedmice with

sorting (FACS). Lung cells were profiled by droplet-based scRNA-seq (Drop-Seq

(dots) in a nonlinear representation of the top 50 PCs. Cells are colored by cluste

(G) Representation of differentially expressed Il7 gene by cluster (y axis) in immun

the cluster that express Il7; the dot color represents the intensity of Il7 expressio

(H) Representative immunofluorescent sections of lungs from B6-non-immunize

Colocalization of CD4 T cells (red) and IL-7+ LECs (gray + green) in the lungs of

(I) The histogram shows the percentage of lung exTH17 TRM BrdU+ cells. Each d

Data are represented as mean ± SEM. Mann-Whitney U test; ns (non-significant

See also Figure S4.
Then, to evaluate whether a continuous supply of circulating

lymphocytes is required for the maintenance of the pool of

CD4 TRM, we treated day 35 immunized mice with FTY720.

Decreased numbers of circulating total white blood cells were

found after 2 weeks of FTY720 treatment, while, by contrast,

the total number of CD4 TRM and exTH17 TRM cells in the lung re-

mained unchanged (Figure 4B). All these data pointed toward in

situmechanisms that might sustain the survival of CD4 TRM cells.

Therefore, we investigated the possible role of the cytokine

milieu. Both IL-7 and IL-15 signaling are understood to be key

mediators of CD4 T cell homeostatic proliferation, a mechanism

that could explain the long-term and circulatory independent

maintenance of TRM (Mackay et al., 2013; Iijima and Iwasaki,

2014; Adachi et al., 2015; Hondowicz et al., 2016). In line with

the data obtained from the RNA sequencing experiment, we

found that a fraction of TRM exTH17 cells expressed IL-7Ra,

but they lacked IL-15Rb expression (Figures 4C and 4D). To

test the role of IL-7 in the maintenance of TRM exTH17 cells, we

intranasally administered anti-IL-7 antibodies (Abs) or isotype

control antibodies into immunized mice. The local treatment

with anti-IL-7 Abs did not diminish CD4 T cell numbers system-

ically (Figure S4A). However, the number of lung TRM exTH17

cells was reduced after IL-7 blockade (Figure 4E).

Then, considering the key role of IL-7, we also investigated the

cellular source of IL-7 in the lungs of immunized mice. By per-

forming single-cell RNA sequencing of total lung cells and unsu-

pervised clustering (Figure S4B; GEO: GSE131450), we

observed first that Il7 was preferentially expressed by lymphatic

endothelial cells (LECs, Figure 4F) and second that the percent-

age of Il7+ LECs increased in immunizedmice (Figure 4G). By us-

ing IL-7GFP/+ reporter mice, we found that lung CD4 TRM cells are

located in close proximity to IL-7+ LECs in the lung of Klebsiella

immunized mice (Figure 4H). Finally, as IL-7 is known to promote

the homeostatic proliferation of T cells, Fate+ mice were immu-

nized and 60 days later given bromo-2-deoxyuridine (BrdU) in

the drinking water for 2 weeks. Approximately 20% of exTH17

TRM cells were labeled with BrdU, suggesting that homeostatic

proliferation plays a role in maintaining CD4 TRM cells (Figure 4I).

Function of Effector-Derived TRM Cells
TH17 cells are a distinct subset of effector CD4 T cells with a de-

gree of plasticity (O’Shea and Paul, 2010; Schlapbach et al.,
7 TRM cells (red line) 60 days after immunization and in total spleen CD4 cells

total CD8 spleen cells is shown as a positive control (grey line) (n = 4mice). One

isotope control on days 35, 37, and 39 after immunization, and the mice were

ells in the isotype ctrl-treated group (black circles) and in the anti-IL-7-treated

ts are shown.

total CD4+ cells and circulatory CD45+ removed by fluorescence-activated cell

). t-distributed stochastic neighbor embedding (t-SNE) plots show 1,500 cells

r. The clusters were identified by specific genes (Figure S7).

ized and naive conditions (x axis). The dot size represents the fraction of cells in

n.

d (left), IL-7GFP/+ non- immunized (middle) or day 35-immunized mice (right).

immunized mice. Blue: DAPI, gray: Lyve-1, green: IL-7, red: CD4.

ot represents one mouse. One out of 2 independent experiments is shown.

) (B); **p = 0.0082 (E).
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Figure 5. Function of TRM exTh17 Cells

(A) Dot plots show the frequencies of TH17 TRM and of

exTH17 TRM cells (CD4 in vitro+, CD4 in vivoneg, TCR-

b+ Foxp3neg, YFP+) in naive + infection mouse,

immunized mouse (day 35), immunized mouse +

infection (2 h), and immunized mouse + infection (24

h) (n = 3 mice per group). The right graph shows the

MFI of IL-17kata in TH17 TRM cells.

(B) Peroxidase immune staining of mouse Ly6B in

naive, naive + infected, immunized (day 35), and

immunized (day 35) + infection lungs, 2 h after Kp

infection. Representative slides are shown for each

group.

(C) Quantification of neutrophils surrounding bron-

chioles from (B).

(D) Cake graph shows the percentage of INF-g+ (dark

gray) among the population of YFP+ cells 24 h after

infection with live Kp (after PMA-ionomycin stimula-

tion). Double-positive cells (IL-17A+, INF-g+ middle

gray) and IL-17A+ cells (light gray) are shown sepa-

rately. The graph on the right shows the percentage

of INF-g+ single positive cells in immunized + infec-

tion (yellow circles) and in immunized mice not in-

fected (day 35 after immunization).

(E) Constructs of Fate-DTR mice.

(F) Scheme depicting the time plan of immunization,

DT treatment (DT Tx), and infection of Fate-DTRmice

(Top). The graph shows the CFU counts in the indi-

cated groups. For the first 4 groups (from left to right)

Fate-DTR mice were used, while for the last group

Fate+ immunized mice were used. Each symbol

represents one mouse.

Data are represented asmean ± SEM. Kruskal-Wallis

(p < 0.0001) and post hoc Mann-Whitney U test with

Bonferroni correction *p = 0.0238 **p = 0.0043 (A);

one-way ANOVA, and post hoc Dunnett *p < 0.05;

**p < 0.005 (C); Mann-Whitney U test (D) and Kruskal-

Wallis (p = 0.0009) and post hoc Mann-Whitney U

test with Bonferroni correction, ns (non-significant),

***p < 0.0001 (F).

See also Figure S5.
2014; DuPage and Bluestone, 2016). However, whether exTH17

TRM cells can maintain their ability to express their original

cytokine profile when re-challenged with antigen remained to

be addressed. If so, this could be interpreted as an evolutionary

advantage to be able to maintain a population of memory cells at

the previously infected barrier to provide a quick response to

eventual subsequent infections. We therefore determined the

expression of IL-17A and observed that only previously immu-

nized mice show a rapid (i.e., 2 and 24 h) increase in IL-17AKata

expression following infection with carbapenem-resistant Kp

(Figure 5A). One feature of TH17 cells is their ability to recruit neu-

trophils (Fossiez et al., 1996; Schwarzenberger et al., 1998). In

line with this, immunized mice showed a significantly increased

number of neutrophils surrounding the bronchial lung barrier,

within 2 h after infection (Figures 5B and 5C).

Although IL-17A activity is sufficient to control spread of the

bacteria, IFN-g seems to be necessary to fully promote efficient
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control of Kp (Happel et al., 2005). In parallel, it has also been

shown that TH17 cells have the ability to acquire a TH1-like

phenotype (Wei et al., 2009; Hirota et al., 2011; Zielinski et al.,

2012). We therefore wondered whether some exTH17 cells

were capable of expressing IFN-g rather than IL-17A upon reen-

countering bacterial-derived antigens. Our data show that a frac-

tion of exTH17 cells do not re-express the original cytokine IL-

17A but instead IFN-g within 24 h after infection (Figure 5D).

These data reveal that TRM cells also have the ability to maintain

a degree of flexibility as other CD4 T cells.

Finally, we wanted to test whether exTH17 TRM cells and their

several functions are necessary to orchestrate the tissue resi-

dent memory immune response. We therefore developed a

mouse model to delete cells with a history of IL-17A production

such as exTH17 and their inherent ability to rapidly produce

IL-17A at a desired time point. We crossed Il17aCRE R26YFP

Foxp3RFP with conditional diphtheria toxin receptor (DTR) mice



(R26STOPflox/flox DTR; referred to here as Fate-DTR) (Figure 5E).

In this mouse model, only the YFP+ cells express DTR and can

therefore be selectively deleted at the time of diphtheria toxin

(DT) treatment. We first tested the efficacy of the DT mediated

depletion and observed that exTH17 cells were depleted in the

lung after three injections with the toxin (Figure S5A). As ex-

pected, gd exIL-17 T cells were also deleted. However, they

did not appear to play an obvious role during memory response

against Kp (Figure S2D).

We then took advantage of thismodel to test whether other tis-

sue resident cells in the lung (i.e., CD4+ YFPneg) are sufficient to

provide a reservoir for the generation and in turn the mainte-

nance of exTH17 TRM cells. Therefore, day 35 immunized mice

were treated or not treated with DT and rested for 21 days (Fig-

ure S5B). Then, the absolute number of exTH17 cells and total

CD4 TRM cells were evaluated. No new generation or differentia-

tion of exTH17 cells was observed 21 days after DT treatment

suggesting that a new wave of effector CD4 T cells is required

to re-establish long-lived exTH17 TRM cells following depletion

(Figures S5C–S5).

Finally, immunized Fate-DTR mice were infected with live car-

bapenem-resistant Kp and the bacteria burden was tested 24 h

later. Mice depleted of exTH17 cells before infection were

impaired in their ability to control bacterial load. As expected,

the non-depleted mice, whose lungs still contained exTH17

TRM cells, were able to effectively control the bacterial infection

(Figure 5F). These data suggest that effector-derived TH17 cells

are indeed required to rapidly control this bacterial infection.

Naive depleted and naive non-depleted mice were used as con-

trols, and both groups behaved as the immunized exTH17 cell

depleted group. Moreover, immunized Fate+ (non DTR) mice

were used as additional controls for non-specific DT effects,

showing protection after infection.

DISCUSSION

Several studies have focused on the molecules and or transcrip-

tion factors needed for the arrival and or retention of TRM cells

(Mackay et al., 2013; Skon et al., 2013;Mackay et al., 2016). How-

ever, whether TRM cells derive from effector T cells remained un-

clear. Here, we showed that lung-infiltrating CD4 T cells became

TRM cells at later time points afterKlebsiella pneumoniae immuni-

zation and protected immunized mice from carbapenem-resis-

tant Klebsiella pneumoniae infection. By using two state-of-the-

art IL-17A fate mouse models, we demonstrated that effector

TH17cellswere capable of persisting as a long-lived exTH17pop-

ulation, creating a resident cellular network in the lung airways.

We observed a similar phenomenon, although at a lower magni-

tude, using other TH17-induced pathogens such usCandida albi-

cans and BCG. Using parabiosis experiments, we showed that

TH17 effector-derived TRM cells persisted in the lung of immu-

nized mice, despite reaching an equilibrium in the circulation of

both paired parabionts. Infecting both parabionts or blocking

the recruitment of circulatory cells from the periphery, we proved

the fundamental advantage to an organism of having a local

memory immune response over a systemic memory response.

We sought to compare and contrast the clonality and the

whole transcriptome of lung TRM cells versus periphery memory
and naive cells. Here, we found that lung TRM cells comprise 3

distinct populations: (1) exTH17 cells, derived from effector

TH17 cells generated during effector immune response, (2) a

low percentage of TH17 cells, and (3) YFPneg cells or cells that

despite their never having been IL-17A producers also became

TRM cells. Moreover, the TCR sequencing (TCR-seq) analysis

revealed a common clonal origin of TH17 and exTH17 TRM cells

with highly frequent clones that first expanded then contracted

and finally generated a bona fide TH17 TRM response. The fre-

quency of YFPneg TRM clones is in line with some previous

studies where a TH1 population was also generated during the

first immune response against Klebsiella pneumoniae (Happel

et al., 2005). Additionally, our whole-transcriptomic analysis re-

vealed similarities among all lung TRM cells, distinguishing them

from peripheral memory cells. Nevertheless, some effector-

derived exTH17 cells still maintained a ‘‘TH17-prone memory

status’’ (Muranski et al., 2011; Youngblood et al., 2017), which

may explain their fast response.

A more detailed analysis of YFPneg TRM cells unveiled possible

distinct origins for this population. Based on their TH1/ TH2 and

TCM-related transcriptome and in line with previous human

studies (Sathaliyawala et al., 2013; Becattini et al., 2015), we

speculate that some YFPneg TRM cells may have derived from

effector/effector memory TH1 and TH2 cells and some from cen-

tral memory cells. However, more studies using polyclonal and

combined cytokine fate-mapping systems are needed to clarify

the origin of this heterogeneous population of cells. Previous

studies, using TCR-seq or skin injections of TCR transgenic

T cells have suggested that central memory CD8 T cells are

the the origin of skin CD8 TRM cells (Gaide et al., 2015; Kirsch

et al., 2015). Our results show that CD4 TRM cells were also

able to derive from the first wave of effector cells generated at

the beginning of the immune response.

The mechanisms elucidated for CD8 TRM cell maintenance

indicate that cytokines, transcription factors, and even some

free fatty acid binding proteins could be involved in these pro-

cesses (Adachi et al., 2015; Mackay et al., 2015; Schenkel

et al., 2016; Pan et al., 2017). Nevertheless, little is known about

CD4 TRM cell maintenance. We hypothesized that, based on the

tissue and the environment where TRM cells are located, different

mechanisms will operate to maintain their survival. In our

models, we observed that therewas no contribution fromperiph-

eral memory cells when it comes to maintenance of exTH17 cells

in the lung. By antibody-blocking and by performing single-cell

RNA-seq experiments, we demonstrated that IL-7 derived from

LECs was needed to maintain the survival and location of lung

exTH17 TRM cells. Our results highlight the importance of stromal

cells in the maintenance of exTH17 TRM cells, resembling similar

mechanism by which IL-7 support other cells in the bonemarrow

(Cordeiro Gomes et al., 2016).

Another key aspect is the mechanisms whereby TRM cells

induce protection during infection. Our in vivo results are in line

with the ‘‘primed status’’ of TRM cells, usually viewed as a front-

line branch of the adaptive immune system that ‘‘seeds’’

mucosal tissues. The kinetic experiments suggested that some

of the lung exTH17 TRM cells transcribe high levels of Il17a as

rapidly as 2 h after challenge with carbapenem-resistant Klebsi-

ella pneumoniae infection. Our data are in line with previous
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studies where CD4 TRM cells express IFN-g or IL-4 in their mem-

brane or quickly release these cytokines after viral, parasite, or

house dust mite re-challenge to better control infections or

contribute to the pathology associated with asthma (Teijaro

et al., 2011; Iijima and Iwasaki, 2014; Hondowicz, et al., 2016).

In addition some of the lung exTH17 TRM cells also maintain the

flexibility to produce only IFN-g, the other key cytokine for an effi-

cient response to Klebsiella pneumoniae. The plasticity of TH17

cells is well characterized (Wei et al., 2009; Hirota et al., 2011;

Zielinski et al., 2012), but for the first time our data show that

the capacity to adapt to the environment is maintained also in

exTH17 TRM cells.

We also hypothesized that the tissue environment created by

the reactivation of TRM exTH17 cells commits neutrophils to

extravasate and rapidly clear the bacteria.

One caveat of the functional experiments in which we used DT

to delete both exTH17 and TH17 TRM cells is that the IL-17A-pro-

ducing gd T cells were also deleted. However, using knockout

mice for gd T cells, we showed that gd T cells do not appear to

play a key role during thememory response, therefore supporting

a major role for exTH17 and TH17 TRM cells during this memory

phase. In contrast, our data suggest that gd T cells play a key

role during the first response to the infection in a naive mouse

(Figure S2D). Our data therefore support the hypothesis that

TH17 TRM cells and IL-17A gd T respond to this pathogen at

different times of exposure; however, further studies are required

to fully dissect the ‘‘division of labor’’ between these two types of

IL-17A producer cells during Klebsiella pneumoniae infection. All

this is also the case for circulatory IL-17Aproducermemory cells.

Taken together, our results indicate for the first time that a

long-lived exTH17 TRM population originates from polarized

TH17 effector cells. This population ismaintained by non-stromal

LECs that produce IL-7. Furthermore, we underline the impor-

tance of having an effector-derived TRM cell population as front-

line cells that together with other TRM cells, mediate the rapid

clearance of threatening strains of antibiotic-resistant bacterial

infections. We suggest that this cell population plays a central

role in the cellular basis of immunological memory.

Finally, our studymay hopefully pave theway for future studies

in human tissues to design better strategies aimed to deliver

more effective vaccines. Hospitalized patients infected with car-

bapenem-resistant Klebsiella pneumoniae do not respond to

carbapenem antibiotic treatment and thus represent a serious

clinical problem. Our data provide basic knowledge that may

provide a possible solution to such a problem: vaccination for

prophylaxis of carbapenem-resistant Kp especially in patients

at risk.
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Rat IgG2a anti-mouse CD31 Alexa 488 clone 390 Biolegend Cat# 102413; RRID: AB_493409

Rat IgG2a anti-mouse CD31 Alexa 488 clone MEC13.3 Biolegend Cat# 102514; RRID: AB_2161031

Anti GFP (polyclonal antibody) invitrogen Cat# A11122; RRID: AB_221569

Donkey anti Rabbit IgG Alexa 488 Invitrogen, Thermo Fisher Cat# A21206; RRID: AB_2535792

Mouse IgG2b Anti mouse/human IL7 clone M25 Bio X cell Cat# BE0048; RRID: AB_1107711

Mouse IgG2b isotype control, unknown specificity

clone MCP-11

Bio X cell Cat# BE0086; RRID: AB_1107791

Rat IgG2b anti-mouse/human CD44 PeCy7 clone IM7 Biolegend Cat# 103030; RRID: AB_830787

Rat IgG2a anti-mouse CD62L APC clone MEL-14 Biolegend Cat# 104412; RRID: AB_313099

Bacterial and Virus Strains

Klebsiella pneumoniae 43816 ATCC ATCC 43816

Klebsiella pneumoniae BAA-2146 (NDM1+) ATCC ATCC BAA-2146

Candida albicans SC5314 strain Daniel Kaplan Igyártó et al., 2011 #39

BCG Lauren Cohn Yale PCCSM

Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich Cat#T5648

FTY720 Cayman Chemichal Company 162359-56-0

Diphtheria toxin Sigma-Aldrich D0564

BrdU Sigma-Aldrich B5002

Collagenase D Roche/ Sigma-Aldrich 11088882001

DNase I Sigma 9003989

Percoll GE Healthcare 17089101

(Continued on next page)

Cell 178, 1176–1188.e1–e7, August 22, 2019 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

UltraPure BSA (50 mg/mL) ThermoFisher AM2616

Ficol 20% Sigma-Aldrich F5415-50ML

Sarkosyl Sigma-Aldrich L7414-10ML

UltraPure 0.5M EDTA Life Tech 15575-020

Trizma� hydrochloride solution, 2M Tris ph 7,5 Sigma-Aldrich T2944-100ML

RNase Inhibitor NxGwn Lucigen Lucigen

Maxima H Minus Reverse Transcriptase ThermoFisher EP0753

1M DTT (Dithiothreitol) Teknova D0060

1H,1H,2H,2H-Perfluorooctan-1-ol Synquest Synquest

Critical Commercial Assays

BrdU flow kit BD PharMingen 552598

ELISA plates for KP titers Corning 3590

Nextera XT 96 Illumina FC-131-1002

NextSeq� 500 High Output v2 Kit (75 cycles) Illumina FC 404 2005

HotStart ReadyMix, 500 3 25 mL reactions KAPA KM2602

RNeasy Plus Micro Kit QIAGEN 74034

Deposited Data

RNA Sequencing This paper GEO: GSE130446

Single cell RNA Sequencing This Paper GEO: GSE131450

TCR Sequencing This Paper https://clients.adaptivebiotech.com

Experimental Models: Organisms/Strains

Mouse: C57BL/6 Yale University N/A

Mouse: Fate+ Gagliani et al., 2015 N/A

Mouse: iFate Gagliani et al., 2015 N/A

Mouse: ROSA26iDTR The Jackson Laboratories 007900

Mouse: IL7GFP/+ Yale University N/A

Oligonucleotides

Primer for quantitative RT-PCR: Hprt Sigma–Aldrich NM 013556

Primer for quantitative RT-PCR: Klf2) (F, cattgcaactggg

aaggatg; R, aaagggtctgtgacctgtgtg)

Sigma–Aldrich

Primer for quantitative RT-PCR: S1pr1 (F, accttccgcaa

gaacatctc; R, ttgcagcccacatctaacag)

Sigma–Aldrich

DropSeq Barcoded Bead SeqB 50 –Bead–Linker-TTTTT
TTAAGCAGTGGTATCAAC GCAGAGTACJJJJJJJJJJJJ

NNNNNNNN TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-30

ChemeGenes, Macosko

et al., 2015

Cat# Macosko-2011-10

Template_Switch_Oligo AAGCAGTGGTATCAACGCAG

AGTGAATrGrGrG

Macosko et al., 2015 IDT

SMART PCR primer AAGCAGTGGTATCAACGCAGAGT Macosko et al., 2015 Sigma

New-P5-SMART PCR hybrid oligo AATGATACGGCG

ACCACCGAGATCTACACGCCT GTCCGCGGAAGCAGT

GGTATCAACGCAGAGT* A*C

Macosko et al., 2015 IDT

Custom Read 1 primer GCCTGTCCGCGGAAGCAGTGG

TATCAACGCAG AGTAC

Macosko et al., 2015 Sigma

Software and Algorithms

Prism 6.0 GraphPad https://www.graphpad.com

FlowJo Tree Star https://www.flowjo.com/solutions/

flowjo/downloads

Leica LAS X software to be completed this

Ask Jun or who did the analysis to complete this

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

FastQC Babraham Institute https://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

Tophat2 Johns Hopkins/University

of Washington

Trapnell et al., 2012

Cufflinks Trapnell Lab Trapnell et al., 2012

Drop-seq tools Macosko et al., 2015 http://mccarrolllab.org/dropseq/

R R foundation for statistical

computing

https://www.R-project.org

CummeRbund R Package MIT/Harvard University http://compbio.mit.edu/cummeRbund/

Pheatmap R package Raivo Kolde (CRAN) https://cran.r-project.org/web/packages/

pheatmap/pheatmap.pdf

Rtsne R package Jesse H. Krijthe https://github.com/jkrijthe/Rtsne

DBSCAN R package Michael Hahsler https://github.com/mhahsler/dbscan

Excel Microsoft www.microsoft.com/Microsoft/Excel

Other

PDMS co-flow microfluidic droplet generation device Nanoshift Cat# Drop-Seq

100-micron cell strainer VWR Cat# 21008-950

40-micron cell strainer VWR Cat#21008-949

Fuchs-Rosenthal hemocytometer Incyto #DHC-F01

Droplet generation oil Bio-Rad Cat# 186-4006
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to Richard Flavell (richard.flavell@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 mice 8–12 weeks of age were obtained from Charles River (USA).

As previously described (1) the Fate+ model was obtained by crossing the original Foxp3RFP IL-10eGFP IL-17AKata mice with

IL-17aCRE+/+ R26YFP+/+ mice (kindly provided by Prof B. Stockinger). The iFate mice were generated in our Lab (Gagliani et al.,

2015). The iFate mice were used in heterozygosis for the IL-17aIRES-eGFP-CRE-ERT2 allele (Gagliani et al., 2015).

ROSA26iDTR were acquired from the Jackson laboratories (007900) and crossed with IL17CRE +/+ FoxP3 RFP+/+ R26STOPflox/flox

YFP+/+ to obtain the Fate-DTR mice. Heterozygous IL7GFP/+ mice (Miller et al., 2013) were provided by Joao Pereira. We always

used females in our studies because it is not allowed to do parabiosis experiments with males.

Animal procedures were approved by the Institutional Animal Care and Use Committee of Yale University

Heat killed Klebsiella pneumoniae

K. pneumoniae (Kp) ATCC strain 43816, serotype 2 was expanded over night at 37 C in nutrient broth. 200 ul of the bacterial suspen-

sion were added to 50 mL of nutrient broth and grown for 3.5/4 hr at 37 C, allowing the culture to reach log phase. The concentration

of Kp was determined by measuring the absorbance at 600 nm. Bacteria were pelleted by centrifugation at 4,500 rpm for 8 min,

washed twice in sterile PBS, and re-suspended in 5 mL of sterile PBS. To heat kill the bacteria we incubated the suspension for

2 hr at 70 C. Then we calculate the amount of protein by Biorad kit (DC protein assay) and keep our stock of 1mg/ml of heat killed

Kp at �20 C. Cultures in solid nutrient broth confirm that the bacteria were death.

METHOD DETAILS

Immunization and infection with Klebsiella pneumoniae

For immunizations, 40 ug of heat killed Kp (43816) were intranasally administered into anesthetized mice (Ketamine/Xylazine

(100 mg/kg and 10 mg/kg respectively)) on day 0 and 7 (Figure S1A).

For infections Klebsiella pneumoniae BAA-2146 (NDM1+) (ATCC) was expanded over night at 37 C in nutrient broth. 200 ul of the

bacterial suspensionwere added to 50mL of nutrient broth and grown for 3.5/4 hr at 37C, allowing the culture to reach log phase. The
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concentration of Kp was determined by measuring the absorbance at 600 nm (OD600 = 2 resemble 2x109 bacteria/ml). Bacteria were

pelleted by centrifugation at 4,500 rpm for 8 min, washed twice in sterile PBS, and re-suspended at the desired concentration with

sterile PBS. 5x105 bacteria (40 ul) were intranasally administered on anesthetized mice. 24 hours after infection mice were sacrificed

(Figure S2A). The lungs were re-suspended in 500 ul of sterile PBS and homogenized using gentleMACS dissociator. Different dilu-

tions of lungs were plated in agar nutrient broth. CFU numbers were counted 24 hours later (Figure S2B).

In vivo labeling of circulating CD4 T cells
To distinguish between circulating CD4+ T cells and CD4+ T cells infiltrating into the lung parenchyma, we injected fluorochrome

labeled antibody specific for CD4 (CD4-A700) into the bloodstream of mice. Briefly, naive or immunized mice were injected intrave-

nously with 5 mg Alexa 700 conjugated anti-CD4 Ab (clone RM4-5) in PBS, and after 7 min, mice were euthanized. For in vitro CD4

staining, Pacific Blue conjugated anti-CD4 Ab (clone RM4-4) was used. In all the experiments blood staining controls were used and

around 96%–99% of CD4+ T cells were labeled.

Lymphocyte Preparation and Flow Cytometry
Spleen, mediastinal lymph nodes (medLNs), and bone marrow (BM) were removed from immunized (day 35) or naive euthanized

mice, placed into RPMI media supplemented with 5% fetal calf serum (FCS), and passed through a cell strainer (70mm).

For isolation of lung infiltrates, cells were collected after 1 hr digestion in RPMI media supplemented with 5% FCS, 1 mg/ml Colla-

genase D (Roche), and 10 mg/ml DNase I (Sigma) at 37 C. Homogenates were passed through a cell strainer, and ammonium- chlo-

ride-potassium lysing buffer was used. Immune cells were separated with a Percoll gradient by centrifugation at 450 g for 20 min.

Cells were removed from the interface, washed and stained with the indicated FACS antibodies. Cells were acquired on an LRS II

Flow Cytometer (BD Biosciences), and data were analyzed with FlowJo software (Tree Star).

For intracellular IL-17A and IFN-g staining in Figure 4C, cells were re-stimulated for 3 hr with phorbol 12-myristate 13-acetate

(20 ng/ml) and ionomycin (1 mg/ml) in the presence of monensin (1 mg/ml). Then cells were fixed with BD fixation protocol and

perm for 4 min with NP-40. Cells were washed and stained with intracellular antibodies described above.

The gating strategy shown in Figure S1 was preceded by gating on the typical physical parameters of the lymphocyte (FSC, SSC),

exclusion of the doublets and by gating on CD4 in-vitro+ and TCRb+ cells.

The gating strategy shown in Figures 1, 4, 5,8, S2, and S5 was preceded by gating on the typical physical parameters of the

lymphocyte, exclusion of the doublets and by gating on CD4 in-vitro+, TCRb+, Foxp3RFP neg.

In all the experiments the gating strategy of every time point was based on negative and single positive controls.

BrdU labeling
For analysis of homeostatic proliferation, Fate+micewere given BrdU (0.8mg/ml; Sigma-Aldrich)/1% sucrose in the drinkingwater ad

libitum. The water was carefully protected from light and change every other day. After 15 days, organs were collected, processed

and cells were stained with surface Abs and incorporated BrdU was detected with a BrdU flow kit (BD PharMingen) according to the

manufacturer’s specifications.

Tamoxifen, FTY720 and Diphtheria toxin treatments
Tamoxifen (Sigma) was dissolved in corn or sesame oil (Fluka, Sigma). Naive or immunized Inducible IL17A Fate mice were i.p.

injected with 2 mg of tamoxifen on day 3, 7 and 10 after immunization.

Fate+ mice were immunized with heat killed Kp. 35 days later mice were given 4 mg/ml of FTY720 (Cayman Chemical Company) in

the drinking water for two weeks.

For the FTY720 and infections studies, the mice were given FTY720 in the drinking water for 14 days before infection. After the

infection the mice kept under FTY720 treatment for 1 more day and then sacrificed (Figure S2H)

Diphtheria toxin was administered i.p. at 50 mg/kg body weight on day 35, 37 and 39 after immunization. On day 45, mice were

infected i.n. with Kp BAA-2146 and sacrificed 24 hr after infection.

Antibodies and chemicals administered to the mice
All antibodies for flow cytometry analysis were from Biolegend.

Diphteria toxin, BrdU and Tamoxifen were from Sigma.

See Key Resources Table for the details.

Immunofluorescence staining
Lungs were inflated with a perfusion buffer (1% PFA; 50% OCT; 1x PBS). Incubations at 4�C with sucrose gradients were done

sequentially (10% sucrose 1 hour, 20% sucrose 1 hour, 30% sucrose 1 hour) and then the lungs were flash frozen in Tissue Freezing

Medium (Jung). Cryosections (8 mm) were mounted on glass slides, fixed with 4% PFA and blocked with aCD32/CD16 (BioLegend)

at a dilution of 1/200. Staining was performed for 2h at room temperature for primary antibodies and 1h at room temperature for
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secondary antibodies. The following antibodies were used: rabbit anti-GFP (Life technologies) was used at 1/100, followed by poly-

clonal goat anti-rabbit-Alexa Fluor 488 (Life Technologies) at 1/2000 for detecting YFP. Anti-CD4-Pe (BioLegend) and anti-CD31-

APC (BioLegend) were used at 1/70.

The images were captured by a confocal microscope at room temperature, using 40x and 10x lenses and were processed using

Volocity 6.3 software (Perkin Elmer).

For IL7 detection in IL7GFP/+ mice cryosections (40 mm) weremounted on glass slides, fixed with 4%PFA and blocked with aCD32/

CD16 (BioLegend) at a dilution of 1/200. Staining was performed for 2h at room temperature for primary anti-GFP antibody and 1h at

room temperature for secondary antibodies. The following antibodies have been used rabbit anti-GFP (Thermo/A11122), and donkey

anti rabbit IgG-A488 (Thermo/A21206). The images were captured by a confocal microscope (Leica TCS SP5), using 40x and were

processed using Leica LAS X software.

Real time PCR
RNA from cells was isolated using TRIzol LS reagent (Life Technology) according to the manual. RNA was subjected to reverse tran-

scription with SuperScript II (Invitrogen) with oligo(dT) primer. cDNA was semi quantified using commercially available primer/probe

sets from Applied Biosystems. Samples were analyzed with the change in cycle threshold method. Results were normalized to hy-

poxanthine phosphoribosyltransferase (Hprt).

K.pneumoniae antibody titers
Flat bottom high binding 96-well plates (Costar) were coatedwith 10 ug/ml of heat killed Kp in PBS at 4�Covernight, and thenwashed

with PBS-Tween 20 0.05%. Each plate was blocked with PBS plus 1% BSA (blocking buffer) overnight at 4�C. Serum samples were

diluted in blocking buffer and incubated for 2 h at room temperature. Detection of IgM or IgG was done using goat anti-mouse IgM-

Biotin or anti-mouse IgG-Biotin (Southern Biotech) for 1 h at room temperature followed by incubation with streptavidin coupled to

Horseradish peroxidase (Vector laboratories) for 30 minutes at room temperature. The reaction was developed with 3, 30, 5, 50-tet-
ramethylbenzidine substrate-chromogen (BD Bioscience) and stopped with 1N H2SO4. Anti-Kp titers were determined by serial

dilutions of plasma and the titer was defined as the highest dilution that yielded an OD at 450 nm that was 2-fold greater than the

background level.

Cutaneous Candida albicans infection
C. albicans (kindly provided by J. Craft and D. Kaplan, (Yale University and University of Pittsburg respectively) was grown in YPAD

medium at 30�C until the OD600 reached 1.5–1.8. After washing with sterile PBS, C. albicans were counted using a hemocytometer.

Mice were anesthetized with ketamine and xylazine (100/10 mg/kg body weight), shaved on the back with electric clipper, then

chemically depilated with Nair hair remover lotion (Church & Dwight) for 3 minutes and cleaned. The stratum corneum was removed

with 20 strokes with 220 grit sandpaper (3M). 2x108 C. albicans in 50 ul of sterile PBS was applied to the skin. 30 days after infection

mice were sacrificed and 1 cm2 of infected skin was excised, minced and then digested for 1 h at 37�C in RPMI medium containing

liberase (400 mg/ml; Roche) collagenase D (1 mg/ml; Roche) and DNase I (10mg/ml Sigma) with continuous stirring. Cells were sepa-

rated via a Percoll gradient by centrifugation at 450 g for 20 min. Cells were then removed from the interface, washed, stained with

specifics abs and analyzed by FACS.

Bacillus Calmette-Guérin (BCG) infection
Mycobacterium bovis BCG (kindly provided by Dr Lauren Cohn, Yale School of Medicine, Pulmonary, Critical Care and Sleep Med-

icine) was grown in Middlebrook 7H9 broth base (Difco) supplemented with 10% Bacto Middlebrook OADC enrichment (Remel) for

2 weeks at 37�C. Mice were infected intranasaly with 1x106 viable bacteria in 20ul of PBS or with PBS alone as a control. The final

concentration of viable bacteria was enumerated by plate counts of CFU with Middlebrook 7H10 agar (Difco) supplemented with

0.5% glycerol (Difco) and 10% Bacto Middlebrook OADC enrichment.

After 30 days of infection mice were sacrificed, the lungs were harvested and processed as described above for the experiments

with K. pneumoniae.

Parabiosis
In short, females were anesthetized with a mixture of Ketamine/Xylazine (100 mg/kg and 10 mg/kg respectively). After shaving the

corresponding lateral aspects of eachmouse, matching skin incisions weremade from behind the ear to the hip and sutured together

with nylon and collagen (5-0,ETHICON, VICRYL*) absorbable suture. Then these areas were clipped with 7-mm stainless-steel

wound clips (Reflex7).

RNA sequencing
All cells used for bulk RNA-sequencing were obtained from mice immunized with heat-killed Kp (described above) 35 days post-

immunization. Purified lymphocyte populations were obtained from lymph nodes as described above, lymphocytes populations
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from lung tissue were obtained via collagenase digestion and percoll separation as described above. Purified RNA was obtained us-

ing QIAGEN Kits.

Libraries for RNA sequencing were generated using Illumina TruSeqmRNA-Seq Sample Prep Kits. Library concentration and qual-

ity was assessed using a Bioanalyzer, and sequencing performed on an Illumina HiSeq 2500 at the Yale Center for Genome Analysis.

Analysis performed using the Tuxedo suite, with splice junction mapping performed using TopHat and transcript quantification us-

ing Cufflinks (Trapnell et al., 2012). Downstream analysis was performed in R using CummeRbund (http://compbio.mit.edu/

cummeRbund/) analysis software, heatmaps were produced using the package (https://cran.r-project.org/web/packages/

pheatmap/pheatmap.pdf) ‘‘pheatmap’’ in R. Gene ontology analysis was performed using DAVID (Huang et al., 2009).

Single cell RNA sequencing
Naive or immunized (day 35) C57BL/6 mice were injected intravenously with 2.5 ug Alexa 700 conjugated anti-CD45.2 Ab in PBS,

and after 7 min, mice were euthanized. For in vitro CD45.2 staining, PECy7 conjugated anti-CD45.2 Ab was used. For isolation

of total lung cells, cells were collected after 1 hr digestion in RPMI media supplemented with 5% FCS, 1 mg/ml Collagenase D

(Roche), 10 mg/ml DNase I (Sigma) and 0.1 mg/ml Dispase II (Sigma) at 37 C 250 rpm. Homogenates were passed through a cell

strainer, and ammonium- chloride-potassium lysing buffer was used. After in vitro staining with PECy7 anti-CD45.2 and Pacific

blue anti-CD4 Abs, CD45.2 in vivo neg, CD4 neg cells were sorted into PBS plus 0.01% BSA. The cells were diluted to concentration

of 100 cells/ml and 1 mL aliquots were used as input to the Drop-seq protocol. Cells were processed for Drop-seq within �30 min of

collection.

Drop-seq was performed as described previously (Macosko et al. 2015; Shekhar et al., 2016) with minor modifications. The

beads were purchased from ChemGenes Corporation, Wilmington MA (catalog number Macosko201110) and the PDMS co-flow

microfluidic droplet generation device was generated by Nanoshift, Emeryville CA. The cDNA was generated using Template

Switch Oligo and the populations of 5,000 beads (�150 cells) were separately amplified for 16 cycles of PCR (conditions iden-

tical to those previously described) with SMART PCR primer and PCR products were purified by the addition of 0.6x AMPure XP

beads (Beckman Coulter). For each condition the cells from multiple mice were pooled together. The immunized group con-

sisted of cells from 3 mice and naive condition consisted of 5 mice. Each sample was collected by Drop-seq. For immunized

conditions two 1 mL collections were performed and for naive mouse one collection was performed. For immunized group the

cDNA from an estimated 4000 cells was prepared and tagmented by Nextera XT using 1000 pg of cDNA input, and the custom

primers New-P5-SMART-hybrid [3] and Nextera XT primers - N701 and N702 (Illumina). For naive group, cDNA from an esti-

mated 2000 cells was used as input into the Nextera XT tagmentation with New-P5-SMART-hybrid oligoand N704. The concen-

tration and the quality of libraries was measured with Qubit HS DNA assay and Agilent TapeStation Three libraries were

sequenced on the Illumina NextSeq 500 using 2.0 pM in a volume of 1.3 mL HT1, and 2 mL of 0.3 mM Custom Read 1 primer

(3) for priming of read 1. Read 1 was 20 bp; read 2 (paired end) was 60 bp.

Single cell RNA-seq data was processed as described previously (Macosko et al., 2015) with Drop-seq tools. After the generation

of the digital expressionmatrix, data was normalized in terms of log (CPM / 10 + 1), whereCPM stands for counts permillion (meaning

that the sum of all gene-levels is equal 1,000,000). Subsequently, to visualize the cell subpopulations in two dimensions, PCA (prin-

cipal component analysis) followed by t-SNE (t-Distributed Stochastic Neighbor Embedding), a non-linear dimension reduction

method, were applied on the normalized data. DBSCAN (Density-based spatial clustering of applications with noise) was then

used on the t-SNE coordinates to investigate cell subpopulations. Marker genes for each cluster of cells were identified based on

binary classifiers trained with Logistic Regression with the R package ‘‘glm’’ (https://www.R-project.org/). In order to analyze

behaviors of specific genes in different clusters and conditions (Figure 4F), fraction of cells expressing the gene of interest and

average expression values among expressing cells were calculated.

CDR3 TCRb sequencing
Spleen and lung were removed from immunized mouse. Tissue resident cells from the lung were isolated by cell sorting

CD4 in vitro+ in vivo neg (YFPneg, exTh17 and Th17). Memory and naive CD4 T cells were isolated from spleen of the same mouse

by cell sorting.

DNA extraction, amplification and TCRb-chain sequencing was conducted by Adaptive Biotechnologies based on the Immuno-

SEQ platform (Carlson et al., 2013)

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
Statistical analyses were calculated in Prism 6.0 (Graphpad Software). According to the experimental set-up and the distribution of

themeans (normal versus non parametric) we used ANOVA or Kruskal-Wallis followed byDunnett andMann -Whitney U test, respec-

tively, for themultiple comparisons; p < 0.05 was considered significant. Bonferroni correction was used to counteract the problem in

case of multiple comparisons. The specific statistical analyses used in each figure are further described in the figure legends.
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DATA AND CODE AVAILABILITY

The datasets of the RNA-Seq, single cell RNA-Seq and CDR3 TCRb-Seq generated during this study are available at GEO:

GSE130446; GEO: GSE131450 and http://clients.adaptivebiotech.com/login respectively. The accession number for RNA-seq in

Fig.3 reported in this paper is GEO: GSE130446. The accession number for Single cell RNA-seq in Fig.4 reported in this paper is

GEO: GSE131450. The DOI for Immuno-seq in Fig.2 reported in this paper is https://doi.org/10.21417/MCAV2019CELL. For further

details see the Key Resources Table.
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Supplemental Figures
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Figure S1. Related to Figure 1

(A) Scheme of immunization with heat killed Klebsiella pneumoniae (serotype K2) on day 0 and 7. At different time points C57BL/6 mice were sacrificed and the

presence of CD4 TRM was evaluated using an in vivo antibody labeling technique. (B) Zebra plots show accumulation of infiltrating/tissue resident CD4 in vitro+

TCR-b+, CD4 in vivoneg, Foxp3 neg T cells in lung after immunization with heat killed K. pneumoniae in C57BL/6 mice at different time points. In vivo labeling

delineates infiltrating/resident (CD4 in vivoneg, CD4 in vitro+) and circulating (CD4 in vivo+, CD4 in vitro+) polyclonal lung CD4 T cell subsets. (C) CD69 and (D)

CD103 expression in infiltrating/ TRM (blue line) and circulatory (red line) CD4+ TCR b+ T cells. (E) Absolute number of lung CD4 infiltrating/resident (CD4 in vitro+,

CD4 in vivoneg, TCRb+) T cells at different time points after immunization (n = 3 per time point). One out of 2 independent experiments is shown. (F) The dot plots

show the frequency of lung exTH17 cells in non-immunized (left) and day 14 immunized inducible IL17A Fate mice (right). Both groups of mice were treated with

tamoxifen. (G) The dot plots show the frequency of lung exTH17 cells in non-immunized (left) and day 60 immunized inducible IL17A Fate+ mice (right). Both

groups of mice were treated with tamoxifen. The bottom histogram shows the expression of CD69 in exTH17 cells of immunized + tamoxifen mouse. The bar

graphs on the right show the frequency of exTH17 cells in the lung of non-immunized and immunized mice (Day 60). Each dot represents one mouse. Repre-

sentative dot plots are shown (n: 3 mice per group). One out of 3 experiments is shown. Data are represented as mean ± SEM. Mann-Whitney U test, *p = 0.0357



Figure S2. Related to Figure 1

A)Scheme of immunization with heat killedKlebsiella pneumoniae (K2 serotype) on day 0 and 7 and infection with Cre (carbapenem-resistant enterobacteriaceae)

Kp (NDMI+) on day 35. 24 hours later the mice where sacrificed. (B) The graphs show the amount of Cre Kp (NDMI+) CFU after 24 hs of infection of C57BL/6 WT

naive mice (blue circles) or immunized mice (red squares). C and D) The graphs show the amount of Cre Kp (NDMI+) CFU after 24 hs of infection. WT, uMT and

TCRgd KOmice were immunized at day 0 and 7 with heat killed Kp serotype 2 (ATCC 43816) and on day 35 infected with live 5x105 CFU of Cre Kp (NDMI+ ATCC

BAA 2146). Each dot represents onemouse. Data is cumulative of 4 experiments for C, and 2 experiments in D. (E) The graphs show the titer of specific antibodies

(legend continued on next page)



against Kp, IgM and IgG before parabiosis in naive and day 30 immunized mice. 30 days after parabiosis the titer of specific antibodies against Kp, IgM and IgG

were measure in naive and immunized mice. (F) Naive CD45.1+ and day 35 immunized CD45.2+ mice were surgically joined for 3 weeks. Before sacrifice anti CD4

antibody was injected to distinguish tissue infiltrating/resident and circulating cells. Dot plots showing blood full chimerism 3 weeks after surgery. (G) Dot plots

showing the percentage of CD4+ CD45.2+ cells in the lung of naive CD45.1 mouse (left) and in the lung of immunized CD45.2 mouse (right). (H) The graphs show

the amount of Cre Kp (NDMI+) CFU after 24 hs of infection. Immunized mice were given FTY720 in the drinking water from day 35 until the day of sacrificed

(14 days) (Immunized + FTY720). Naive and Immunized mice drinking normal water were also infected and used as controls.

Data are represented as mean ± SEM and ± SD.

Mann-Whitney U test (B), Kruskal-Wallis (p = 0.0004) and post hoc Mann-Whitney U test with Bonferroni correction (C), Kruskal-Wallis (p < 0.0001) and post hoc

Mann- Whitney U test with Bonferroni correction (D). Kruskal-Wallis (p = 0.0134) and post hoc Mann Whitney U test with Bonferroni correction (H).



Figure S3. Related to Figure 1

Fate+ mice where infected in the skin with C. albicans. A, B) Dot plots show the percentage and (B) absolute numbers of Th17 and exTh17 after infection at day 7

and day 30. Non infected Fate+mice where used as controls (day 0). (C) Histograms show the percentage of skin exTh17 cells that express CD103 (left graph) and

CD69 (right graph) at day 7 (blue histogram) and day 30 (red histogram) after infection. Grey histograms represent negative control. (D) Dot plots show the

frequency of TRM exTH17 cells in the lung of naive (top) or BCG infected Fate+ mice after 30 days of infection (bottom). The histogram shows the expression of

CD69 in lung exTH17 cells (blue line) and YFP negative cells (gray line). Representative dot plots are shown (n:3 mice per group).



(legend on next page)



Figure S4. Related to Figure 4

(A) Fate+ immunized mice were intra-nasally treated with anti-IL-7 Ab, or with an isotope control on day 35, 37 and 39 after immunization and the mice were

sacrificed on day 40. The graph shows the absolute number of spleen (left) and dLN (right) exTH17 cells in the isotype ctrl treated group (black circles) and in the

anti-IL-7 treated group (red circles). Each dot represents one mouse. Two combined experiments are shown. Data are represented as mean ± SEM.

Mann-Whitney U Test ns (non-significant). (B) The Boxplots show the specific genes for each cluster, with cluster labels on the x axis; normalized expression

values on the y axis. The same color codes as in Figure 4F were used. Three markers are shown for each cluster.



Figure S5. Related to Figure 5

Immunized Fate-DTR mice were either treated (Tx) with diphtheria toxin (DT) (Figure 5E) or with PBS and were sacrificed 7 days after the last DT treatment. (A)

Absolute number of Lung TRM cells (CD4 in vitro+, CD4 in vivoneg TCRb+, FoxP3neg) and gdT cells. The circles and triangles represent YFP positive (exTH17,

exgdIL17) and YFP negative cells respectively. Blue symbols and green symbols represent immunized PBS Tx or immunized DT Tx mice respectively. Each

symbol represents one mouse (Immu n = 4; Imm+DT n = 6). Showing one out of 2 representative experiments. Data are represented as mean ± SEM. Mann-

Whitney U test, ns (non-significant). (B) Immunized Fate-DTR mice were either treated (Tx) with diphtheria toxin (DT) on Day 45, 47 and 49 or with PBS and were

sacrificed 21 days after the last DT treatment. (C) Representative dot plots showing the percentage of YFP negative and YFP positive cells (Gate CD4 in vitro+,

CD4 in vivoneg TCRb+, FoxP3neg) (Imm = 4; Imm+DT n = 5). Each dot plot represents one mouse. (D) Absolute number of YFP+ (exTH17) Lung TRM cells. Data are

represented as mean ± SEM.Mann- Whitney U test. (E) Absolute number of YFPneg Lung TRM cells. Data are represented as mean ± SEM. Mann- Whitney U test,

ns (non-significant).



Cortical stimulation relieves parkinsonian pathological
activity in vitro
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Abstract

Previously, we have shown that chemical excitatory drives such as N-methyl-D-aspartate (NMDA) are capable of activating the
striatal microcircuit exhibiting neuronal ensembles that alternate their activity producing temporal sequences. One aim of this work
was to demonstrate whether similar activity could be evoked by delivering cortical stimulation. Dynamic calcium imaging allowed
us to follow the activity of dozens of neurons with single-cell resolution in mus musculus brain slices. A train of electrical stimuli in
the cortex evoked network activity similar to the one induced by bath application of NMDA. Previously, we have also shown that
the dopamine-depleted striatal microcircuit increases its spontaneous activity generating dominant recurrent ensembles that inter-
rupt the temporal sequences found in control microcircuits. This activity correlates with parkinsonian pathological activity. Several
cortical stimulation protocols such as transcranial magnetic stimulation reduce motor signs of Parkinsonism. Here, we show that
cortical stimulation in vitro temporarily eliminates the pathological activity from the dopamine-depleted striatal microcircuit by turn-
ing off some neurons that sustain this activity and recruiting new ones that allow transitions between network states, similar to
the control circuit. When cortical stimulation is given in the presence of L-DOPA, parkinsonian activity is eliminated during the
whole recording period. The present experimental evidence suggests that cortical stimulation such as that generated by transcra-
nial magnetic stimulation, or otherwise, may allow reduce L-DOPA dosage.

Introduction

Parkinson’s disease (PD) is a movement disorder characterized by
bradykinesia, rigidity, resting tremor and postural, locomotor and
cognitive deficits (Dauer & Przedborski, 2003; Thomas & Beal,
2010; Kalia & Lang, 2015). These signs and symptoms appear as a
result of dopamine depletion in the basal ganglia following
dopaminergic cell loss in the substantia nigra pars compacta (SNc;
Ehringer & Hornykiewicz, 1960; And�en et al., 1964; Bernheimer
et al., 1973). Striatal neurons receive monosynaptic glutamatergic
connections from the cortex and thalamus (Kemp & Powell, 1971;
Bernard et al., 1997; Bernard & Bolam, 1998; Bolam et al., 2000;
Gerfen & Surmeier, 2011; Arias-Garc�ıa et al., 2017). These

connections have proven to be important in action selection, habits
and goal-directed behavior (Znamenskiy & Zador, 2013). Deficien-
cies in N-methyl-D-aspartate (NMDA) receptors affect action selec-
tion, learning, procedural memory, habits, coordination and storage
of motor commands (Beutler et al., 2011; Lambot et al., 2016).
In dopamine-depleted animal models, alterations in the synaptic

integration of corticostriatal commands have been reported, such as
differences in neuronal excitability (Fieblinger et al., 2014), distinct
corticostriatal synaptic integration (Flores-Barrera et al., 2011),
changes in NMDA receptor subunits (Feng et al., 2014), altered
responses to somatosensory inputs (Ketzef et al., 2017) and changes
in long-term plasticity (Picconi et al., 2012). Cortical stimulation by
several means temporarily improves the parkinsonian state (e.g.,
Dileone et al., 2017), leading some researchers think that the cortex
is a main player in the disease (Arbuthnott & Garcia-Munoz, 2016;
P�erez-Ortega et al., 2016).
Previous reports have described microcircuit behavior of the stri-

atal network in control (using NMDA as excitatory drive) and
parkinsonian conditions (Carrillo-Reid et al., 2008; J�aidar et al.,
2010; P�erez-Ortega et al., 2016). Microcircuit alterations are
reversed by L-DOPA administration (Plata et al., 2013a) as in vivo
conditions (Ketzef et al., 2017). However, there is no experimental
work in animal models that observes whether cortical stimuli may
change the striatal microcircuit activity during the parkinsonian
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state. Therefore, the aims of this work were, first, to evoke pro-
longed microcircuit activity without using chemical stimulation such
as bath application of NMDA and second, to characterize the
alteration of microcircuit activity due to cortical stimulation in
dopamine-depleted (DA-depleted) striatal circuitry after unilateral
6-OHDA lesions, a commonly used hemiparkinsonian model in
rodents. Finally, we report the mechanisms by which cortical stimu-
lation alone, or together with L-DOPA administration, acts to
improve parkinsonian pathological activity at the microcircuit level.

Materials and methods

Animal use and care

All experiments were carried out in accordance with the international
guidelines for the ethical use of experimental animals established in
the NIH guidelines, and detailed protocols were submitted and
approved by the Institutional Committee for Laboratory Animals
Care and Use of the Instituto de Fisiolog�ıa Celular (IFC), UNAM
(NOM-062-Z00-1999; project protocol JBD-59-15). Experiments
were performed in male C57BL/6 mice breaded in the animal facili-
ties of the IFC. Mice were housed in a temperature-controlled, patho-
gen-free room, on a 12 : 12 light: dark cycle and allowed food and
water ad libitum. P21-P23 mice were used for stereotaxic surgery.
P29-P40 brain slices were prepared for calcium imaging experiments.
Slices from at least four to seven different animals were used in each
experimental sample (control n = 5 slices, hemiparkinsonian n = 7
slices and hemiparkinsonian + L-DOPA in vitro, n = 4 slices). In
both surgical and perfusion protocols, animals were anesthetized with
ketamine (85 mg/kg)–xylazine (15 mg/kg) and all measures were
taken to minimize pain and discomfort trough every protocol. Body
temperature was modulated peri- and post-operatively until full
recovery. Mice were killed by decapitation, and the brains were
rapidly dissected and processed. To prevent bias, mice from each lit-
ter were randomly chosen for surgery. DA-depleted animals were
randomly used for either DA-depleted or DA-depleted + L-DOPA
experiments. A total of six animals were used to complete the control
group experiments, four intact and two sham. To perform the DA-
depleted experimental groups, 22 mice were used to perform the sur-
gical procedure described below. Nineteen mice met the DA-depleted
selection criteria, and these were used for slice preparation.

6-OHDA model

Mice P21-P23 were administered intra-peritoneal ketamine (85 mg/
kg)–xylazine (15 mg/kg) and placed under a stereotaxic instrument.
Once the skull was cleared and the coordinates located, 0.6 lL of 6-
OHDA (0.1 mg/mL) was injected at a 0.2 lL/min rate in �2.6 mm
AP, �1.5 mm LM and �4.7 mm DV from bregma. Coordinates
were previously optimized in the laboratory for better accuracy. The
whole procedure was also performed in sham mice, except that sal-
ine solution (NaCl 0.9%) without 6-OHDA was used. Body temper-
ature was modulated peri- and post-operatively until full recovery.
Caution was taken to minimize animal pain and discomfort through
all the procedures.
Post-operatively mice were allowed to recover for 7 days in the

vivarium in a temperature-controlled, pathogen-free room, on a
12 : 12 light: dark cycle and allowed food and water ad libitum.
After full recovery, lesion was confirmed by the apomorphine-

induced turning behavior test (Ungerstedt & Arbuthnott, 1970).
Mice were placed in rotameter bowls and were allowed to acclima-
tize for 5 min. Spontaneous rotations were measured for at least

30 min by the program RotaCount 2.0. After that time, mice
received a subcutaneous injection of apomorphine hydrochloride
(0.05 mg/kg) in vehicle (normal saline with 0.02% ascorbate). Rota-
tions were measured for 60 min. Clockwise (CW) and counterclock-
wise (CCW) rotations were contrasted between and within
spontaneous/ apomorphine conditions. Mice CW/CCW ratio was
inverted between spontaneous and apomorphine conditions. Moni-
tored for 60 min, mice showing > 80% of contralateral turning
unbalance (contralateral/total rotations) were considered for further
experiments. To minimize the effects of dopamine receptor priming,
experiments were performed at least 10 days after the evaluation
(Morelli et al., 1989).

Slice preparation

Mice P29-P40 were anesthetized intra-peritoneally with ketamine
(85 mg/kg)–xylazine (15 mg/kg) and perfused intracardially with
chilled sucrose solution (sucrose 234 mM, NaHCO3 28 mM, dextrose
7 mM, pyruvate 4.54 mM, ascorbic acid 0.28 mM, KCl 2.5 mM,
MgCl2 7 mM, NaH2PO4 1.44 mM, CaCl2 0.4 mM, 4 °C). Mice were
rapidly decapitated and brains extracted. A total of 250-lm-thick
horizontal slices with a 30° angle were taken in a vibratome
(PELCO easiSlicer Ted Pella, Redding, CA, USA). For the rest of
the procedures, the slices were maintained in artificial cerebrospinal
fluid (NaCl 126 mM, dextrose 15 mM, NaHCO3 26 mM, thiourea
0.2 mM, ascorbic acid 0.2 mM, KCl 2.5 mM, MgCl2 1.3 mM,
NaH2PO4 1.2 mM and CaCl2 2 mM; pH = 7.4; 300 � 5 mOsm/L)
and continually perfused with 95% O2 and 5% CO2. The procedure
was identically performed for both control and DA-depleted animals,
except that only the right hemisphere was taken in DA-depleted ani-
mals, while both hemispheres from control animals were used.

Data acquisition

Slices were incubated for a 40-min period at 37 °C in a Calcium
Orange solution (Calcium Orange 8.2 lM, 0.1% DMSO, 0.67%
Pluronic Acid in ACSF). Calcium Orange was chosen for this set of
experiments because long-term data acquisition is required and Cal-
cium Orange has very low photobleaching (Thomas et al., 2000).
Later, slices were placed in a perfusion chamber with constant
ACSF flow under a 209 immersion objective (N20X-PFH—209
Olympus XLUMPLFLN Objective, 1.00 NA, 2.0 mm WD, Center
Valley, PA, USA). Observation field was 750 9 750 lm. A
Lambda LS Illuminator (Sutter Instruments, Petaluma, CA, USA)
and a 570/30-nm light filter were used for fluorophore stimulation
and signal acquisition. Fluorescence videos were recorded using a
CoolSnap K4 camera (Photometrics, Tucson, AZ, USA) controlled
trough Im-Patch ©, an open-access software designed in the Lab-
View environment (http://www.im-patch.com), taking 4–6 frames/s
and 720–2160 frames per video. Each experiment consisted of 7–10
videos accounting for up to 60 min per experiment. Three slice con-
ditions were used: control (Ctrl), dopamine-depleted (DA-depleted)
and DA-depleted +L-DOPA. In all of them, spontaneous activity
was recorded before and after the administration of a single stimula-
tion train (CtxS = 10 pulses, 40 Hz, 1.1–1.3 mA) using a bipolar
concentric electrode (FHC, #CBCFE75, Bowdoin, ME, USA)
inserted in cortex layer V. When required, 10 lM L-DOPA was
added to superfusion bath prior to stimulation and maintained until
the end of the experiment. A 0.5 mM KCl solution was administered
at the end of each experiment to count all viable cells during the
experiment. Only slices in which 85% of the cells participating in
the experiment were still viable were taken into account.
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Data analyses

Videos were processed with Im-Patch ©. Using this software, single
cells were identified. Calcium entry into the cell (Ca2+ signals or tran-
sients) and its time derivative were calculated for each cell along time
and during the whole experiment. Using time derivatives of Ca2+

transients, moments of neuronal electrical activity were inferred as
previously reported (Carrillo-Reid et al., 2008, 2009, 2011, 2015;
J�aidar et al., 2010; L�opez-Huerta et al., 2013; Plata et al., 2013a,b;
Hernandez-Flores et al., 2015; P�erez-Ram�ırez et al., 2015; P�erez-
Ortega et al., 2016). Frames whose time derivative exceeded two
standard deviations from the noise or basal activity were considered
as active frames due to neuronal ensembles. Frame activity was trans-
ferred into an activity matrix where 1 denotes an active and 0 a not
active frame for each cell. Whole experiments are contained in these
matrices and expressed as raster plots, where each row shows the
activity of a single cell and each dot a frame in which that cell was
active. Matrices together with their coordinates were processed to
determine statistically significant coactivity peaks. The activity of all
the cells in every frame was added to build a coactivity histogram.
To determine significant coactivity peaks, Monte Carlo simulations
were used (see P�erez-Ortega et al., 2016). Briefly, the activity of
every cell was shuffled over time and new randomized coactivity his-
tograms were obtained (1000 iterations); the randomized histograms
were compared to the original one, by counting the frames with a
given number of coactive cells (from 0 to the number of cells). The
threshold to consider significant activity peaks is established at the
minimal value in which the experimental data showed greater occur-
rence of coactive cell events than 95% of the randomized data. The
significant activity peaks were built from the frames in which the
threshold was overcome and a 12- to 18-frame time bin was used.
Coactivity peaks were compared based on a similarity index calcu-
lated as the cosine of the angle between vectors obtained with the dot
product of each pair of vectors with significant activity normalized
by their magnitude (Carrillo-Reid et al., 2008) retrieving a similarity
matrix. Peaks were grouped using hierarchical clustering analysis to
determine neuronal ensembles or network states shown with different
colors or tones in raster plots as previously reported (P�erez-Ortega
et al., 2016). To compare individual cell activity through different
sections of the experiment, activity of each cell was determined sim-
ply as the total number of active frames/total number of frames.
To quantify the amount of activity per experiment, a cumulative

activity plot was built; the value of the coactivity histogram per frame
was added over time during the experiment. To compare the activity
of multiple experiments, a linear fit was approximated to cumulative
activity plots. Slopes of fitted lines represent the cumulative activity/
time over the course of the experiment. This value was used to com-
pare different experiments and experimental conditions. To quantify
the significant activity peaks/min, the number of frames in which the
coactivity histogram value was greater than the threshold determined
by the Monte Carlo method was divided by the total length of the
experiment in minutes. To compare the cellular activity among differ-
ent experimental conditions, a cumulative distribution function was
made with the cellular activity of all the active cells in all of the
experiments per section, namely control (Ctrl), control plus cortical
stimulation (Ctrl + CtxS), DA-depleted, DA-depleted + CtxS,
DA-depleted + L-DOPA and DA-depleted + L-DOPA + CtxS.
For neurons that belong to different groups, their cellular activity

on each fragment of the experiment was determined as described
above. To consider an activity increase or decrease, a 20% activity
change was necessary, otherwise the neuron was considered with
constant activity. The parkinsonian state is characterized by a

dominant more recurrent state interrupting ensembles sequences
(J�aidar et al., 2010; P�erez-Ortega et al., 2016). To detect the appear-
ance of these pathological network states across a sample of experi-
ments, we calculated a recurrence index for every state with respect
to the other states in each condition. The recurrence index is the rel-
ative proportion of recurrence of any state:

RIndex ¼ RiP
Rn6¼i

where Ri is the recurrence of a given state; the appearance of the state
has values 1 (one appearance) to p, where p is the number of times in
which the state appeared repeatedly without alternation. This number
was divided by the sum of recurrences of the other states in the
experiment. In the case some network states have an excess of recur-
rence (dominant pathological states) circuits will be divided into two
populations of network states those with high and those with low
recurrence and the variance of that sample will reflect this sampling
separation. In the cases where there is no predominance of any net-
work state, all of them would have a similar recurrence index and
sample variance would be smaller. In this way, we could compare all
different states through sampling different experiments using neu-
ronal ensembles no matter the duration of the particular conditions.
In this case, recurrence of network states of compared samples used
the O’Brien Homogeneity of Variance test.

Statistical analysis

To determine the significance threshold for coactivity peaks, Monte
Carlo simulations were used; this test was programmed into a
MATLAB script (MATLAB R2015a; The MathWorks, Inc. Natick,
MA, USA). GraphPad Prism (GraphPad Software, Inc. La Jolla, CA,
USA) was used to compare the different activity metrics among the
four groups: Ctrl, DA-depleted, Ctrl + CtxS and DA-
Depleted + CtxS. Tests used and their purposes are indicated as fol-
lows: multiple comparison Kruskal–Wallis ANOVA test with the post
hoc Dunn test for pairwise comparisons, paired Wilcoxon t-test with
a one-tail Spearman approximation to compare the activity of the
same sample from one condition to another, the contingency pie chart
test to compare the proportion of activity from each cellular popula-
tion, the Friedman ANOVA test with post hoc Dunn test to compare the
activity of individual cells in experiments with three different treat-
ments, Kolmogorov–Smirnov tests to compare distributions of data
sets (MATLAB) and O’Brien Homogeneity of Variance test to com-
pare the recurrence index in the different conditions (MATLAB).
Note that samples with dominant states have their variance increased.

Suppliers & reagents

The reagents used were as follows: Calcium Orange (Molecular
Probes�, Life technologies, Mexico City, Mexico); pluronic acid
(pluronic TM F-127, P3000MP; Life Technologies Corporation, OR,
USA); 6-OHDA (6-hydroxydopamine hydrochloride; Sigma-Aldrich
H4381-100MG); L-DOPA (3,4-dihydroxy-L-phenylalanine, Sigma-
Aldrich D9628); and apomorphine (R-(-)-apomorphine hydrochlo-
ride hemihydrate Sigma-Aldrich A4393-250MG).

Results

Cortical stimulation in brain slices

The spontaneous cellular activity in the dorsal striatum was recorded
for several minutes (Ctrl; Fig. 1A). A single train of 10 pulses at

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 49, 834–848

836 A. Aparicio-Ju�arez et al.



40 Hz in motor cortex layer V or in cortical afferents (CtxS;
Fig. 1A arrowhead) could activate the striatal microcircuit revealing
continuous sequences of significant peaks of neuronal coactivity for
at least 30 min. In this way the evoked activity of dozens of neu-
rons was observed simultaneously, using calcium imaging with sin-
gle-cell resolution in horizontal mouse brain slices without adding
any drugs to the preparation (cf. Carrillo-Reid et al., 2008). A raster
plot of this activity is shown in Fig. 1A following such stimulus;
each row represents the activity of a single neuron. At the bottom, a
histogram of the summed activity along time shows significant
peaks of coactivity where the dashed line represents the significance
threshold determined with Monte Carlo simulations (P < 0.05). Sig-
nificant coactivity peaks are marked in the raster plot and bottom
histogram with thicker (or colored) dots or lines. In the plot to the
right, individual cellular activity over the course of the experiment
measured as the sum of activity per cell divided by the number of
frames is illustrated. The moment of CtxS evokes a significant activ-
ity peak which is composed by stimulated neurons and is different
to the spontaneous peaks of coactivity that follow. The significant
coactivity peaks were grouped according to their similarity (see
Methods) and classified, using hierarchical cluster analysis, as neu-
ronal ensembles (raster plot) or network states (temporal sequences).
The temporal sequence of ensembles activation is shown in Fig. 1B.
Clearly, CtxS activates the microcircuit increasing the number of
spontaneously active ensembles (n = 5 slices from different ani-
mals). The time sequence is summarized into network states transi-
tion cycles before and after CtxS (Fig. 1C). Note a change in the
number of active ensembles after CtxS, thus generating reverberat-
ing microcircuit dynamics (Carrillo-Reid et al., 2008).

In the DA-depleted striatum, there is an excess of neuronal activ-
ity as compared to the non-stimulated control striatum (J�aidar et al.,
2010; Plata et al., 2013a,b; P�erez-Ortega et al., 2016).This can be
observed in the raster plot and coactivity histogram in Fig. 2 before
CtxS is given. This hyperactivity is characterized by the excessive
recurrence of one of the network states (J�aidar et al., 2010; P�erez-
Ortega et al., 2016). After CtxS, alternations between network states
become more balanced and transitions are recovered; this new
dynamics is maintained for several minutes after stimulation
(Fig. 2A; CtxS is marked with an arrowhead). Time sequence of
ensembles activation (Fig. 2B) shows that before CtxS, there are
several coactivity peaks with one of them exhibiting high recurrence
(state ‘c’ at top), as though the microcircuit is trapped in state ‘c’.
As a consequence, transitions cycles per 3 min are commonly open
(Fig. 2C left). After CtxS transitions, cycles became closed (Fig. 2C
right; P�erez-Ortega et al., 2016).

To compare global activity in the striatal microcircuit under dif-
ferent treatments, we analyzed cumulative activity (summed activity
of coactive cells over time; from histograms at the bottom in
Figs 1A and 2A) taking all the cells from each experiment. Solid
lines in Fig. 3A illustrate cumulative activity in a representative
experiment. Straight lines were fitted to experimental data (dashed).
The non-stimulated striatal microcircuit (Ctrl) shows the lowest
spontaneous activity along time. Significant higher activity appears
after cortical stimulation (CtxS) in control conditions (n = 5; Wil-
coxon t-test; P < 0.01), and the DA-depleted striatal microcircuit
was confirmed to have higher spontaneous activity than the non-sti-
mulated control (Fig. 3B; slopes of fitted straight lines were used to
show box plots of samples distributions; P < 0.05; n = 7; Kruskal–

Fig. 1. Cortical stimulation activates the striatal microcircuit. (A) Raster plot of a cortical stimulation (CtxS) protocol. The moment of stimulation is shown
with an arrowhead on top. Each row represents the activity of a single cell over time. Colored dots represent cells that activate together significantly. At the bot-
tom, a coactivity histogram with the sum of active neurons per frame is shown. The dotted line shows the threshold for significant coactivity peaks (P < 0.05,
after Monte Carlo simulations). Significant activity peaks were classified as neuronal ensembles using hierarchical cluster analyses. Different ensembles are
shown in the histogram and raster plot with different tones and thicker lines. The right histogram represents individual cellular activity: the sum of the active
frames divided by the total number of frames. (B) Once ensembles were identified, each dot in the sequence graph represents its activation: ensembles time
sequence. Note network states that alternate their activity (a–c: bottom, middle and top). The stimulus is represented by the larger (purple) dot with an arrow-
head at the top. (C) Transitions summary: before the stimulus, only two ensembles were significant and rarely active. After the stimulus, there were three
ensembles that activate more frequently showing transitions between them.
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Wallis ANOVA with post hoc Dunn tests). After cortical stimulation,
the DA-depleted microcircuit did not significantly increase its cumu-
lative activity in spite of the changes induced in circuit behavior
(Fig. 2). Similar results were found when we measured significant
peaks of coactivity (Fig. 3C). Only the analysis of cumulative distri-
butions of individual cellular activity showed that, first, non-stimu-
lated control circuit activity distribution is different from all other
distributions (P ≤ 0.0000124), and second, that cellular activity dis-
tribution of the DA-depleted microcircuit was different to the one
found after CtxS, both in control (P = 0.000205) and in DA-
depleted stimulated circuits (P = 0.000043; Fig. 3D; Ctrl n = 116
cells, Ctrl + CtxS n = 161 cells, DA-depleted n = 440 cells, DA-
depleted + CtxS n = 180 cells; Kolmogorov–Smirnov tests). We
conclude that the differences between control and pathological
microcircuits do not mainly consist of differences in global neuronal
activity but more subtle differences in network behavior and
composition.

Cellular activity in the DA-depleted striatum before and after
cortical stimulation

Because changes in global neuronal activity cannot explain changes
in circuit behavior in the DA-depleted microcircuit after CtxS, we
asked whether CtxS induces change in the neuronal subpopulations
making up circuit activity by comparing neuronal activity present in
the circuit before and after CtxS. Simply, cells were classified into
three classes (i, ii, iii) according to their activity before and after
CtxS (Fig. 4A): cells that decreased or stopped their activity after

CtxS (i), cells with constant activity before and after CtxS (ii) and
cells whose activity increased or that became recruited into the cir-
cuit after CtxS (iii). A decrease or increase in 20% of cellular activ-
ity was used as threshold to classify neurons into the different
groups. If the activity changed in a smaller proportion, cells were
considered as constant activity cells (ii). Cells that changed their
activity (i, iii) are illustrated in Fig. 4B. This analysis showed that
while some cells stopped or decreased their activity, others began or
increased their activity after CtxS. Finally, we quantified the contri-
bution of each population before and after CtxS, for all the experi-
ments. Before CtxS, most of the activity was generated by group ‘i’
(62%). After CtxS, most of activity (64%) came from group ‘iii’.
This change in active neuronal subpopulations might explain the
changes in microcircuit dynamics observed in Fig. 2. Therefore,
besides changing the microcircuit’s activity, CtxS recruits a new
neuronal subpopulation while stopping the firing of another subpop-
ulation; this effect of CtxS lasted for at least 30 min. Over longer
periods of time (> 30 min), the effects of the stimulus were lost.
Figure 5 shows an experiment in which neuronal activity was fol-

lowed over a longer period of time. Figure 5A is the raster plot of
neuronal activity. Each row represents the activity of a single cell
over the course of the experiment, and three temporal segments or
epochs of activity are shown divided by vertical dotted lines (1–3).
Epoch 1 is a sample of the activity before stimulation, Epoch 2 is
the period right after the stimulus, and Epoch 3 is at least 30 min
after the stimulation. According to the activity in each epoch, cells
were divided into five groups (i-v, right part of the raster), according
to their decrease, increase or no change in their activity in any of

Fig. 2. Cortical stimulation modifies network state transitions in the DA-depleted striatal microcircuit. (A) Raster plot of a DA-depleted slice microcircuit
before and after CtxS. Stimulation is signaled with an arrowhead on top. Each row represents the activity of a single neuron over time. Coactivity histogram is
at the bottom with the sum of active neurons per frame. The dotted line shows the threshold for significant activity peaks. The significant activity peaks were
classified into neuronal ensembles after hierarchical clustering. Different ensembles are shown in the histogram and raster plot with different tones (or colors)
and thicker dots and lines. Individual cellular activity, the sum of all the active frames divided by the total number of frames, is at right. (B) Time sequence of
ensembles activation showing significant peaks of coactivity represented by circles. The position and letters represent the ensembles to which they belong, a–c
(bottom, middle and top). The stimulation is signaled by a larger circle with an arrowhead on top. Note that in the DA-depleted microcircuit, a dominant ensem-
ble activates more recurrently than the others (c). However, after CtxS, activity of ensembles alternates more between different ensembles. (C) Network states
transition cycles. Before the CtxS, a network state activates recurrently (pseudo-loop) with little participation of other states. After the stimulus, transitions
between states become more frequent showing closed cycles and reverberating dynamics.
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the three epochs, using a 20% change as threshold. As shown in
Fig. 5C, group i reduced its activity after CtxS but has high activity
before and 30 min after CtxS (epochs 1 and 3). Cells in group ii
have high activity before CtxS, but their activity goes down after
CtxS, and it does not return at a later time (epochs 2 and 3). Group
iii becomes more active right after CtxS and even more active
30 min after CtxS (epochs 2 and 3). Group iv cells show the highest
activity right after CtxS. Group v has nearly constant activity at all
times. We made coactivity histograms for each population and com-
pared them with the whole coactivity histogram (Fig. 5B; gray his-
togram in the background) to better illustrate the contribution of
each neuron group to the whole circuit activity. For example, the
greater contribution right after the CtxS was from group iv. To con-
clude, individual neuronal activity changes after CtxS and this
change is reverted 30 min after the stimulus. We next investigated
how these changes in neuronal activity rearrange microcircuit
dynamics after CtxS.

Changes in architecture and dynamics of the DA-depleted
microcircuit after cortical stimulation

Functional neuronal network connectomics was used to follow the
changes that CtxS induces in the DA-depleted striatum (Fig. 6). In
each graph, the nodes are active neurons during an epoch

represented by circles in the periphery of a circular visualization,
and functional connections were chosen as the moments of neuronal
coactivity in an activity peak. One type of graph used the groups of
cells as defined in Fig. 5; neurons were grouped according to the
changes in activity they undergo after CtxS (Fig. 6A2 and 30 min
after CtxS; Fig. 6A3). It can be seen that some neuron groups get
most connections before CtxS (i and ii), while after CtxS, other
groups come into action and become highly connected (iii and iv)
although groups i and ii remain active. However, 30 min after CtxS,
most connected groups change again: Group i recovers its connec-
tions, and surprisingly, group iii remains strongly connected while
group iv is severely reduced in the number of neurons and connec-
tions (Fig. 6A3). Taken together, these data indicate that the micro-
circuit is temporarily remodeled by CtxS.
We also used a more traditional way to group the same neurons:

those neurons making up the significant activity peaks in the coac-
tivity histograms built from raster plots of neuronal activity in
Figs 1 and 2 defined as neuronal ensembles (Carrillo-Reid et al.,
2008, 2011; P�erez-Ortega et al., 2016). This neuronal ensemble defi-
nition is based on the proved Hebbian assumption that neurons that
fire together have preferential connections with each other (Carrillo-
Reid et al., 2016), nodes again are seen as circles in the perimeter.
These different ways of analyzing neuron groups do not coincide
because in this case, neurons may belong to more than one

Fig. 3. Neuronal cumulative activity in the striatal microcircuit under different conditions. (A) Continuous lines: cumulative activity (sum of coactive cells per
frame along time) of single representative experiments under different conditions: control without stimulus (Ctrl), cortical stimulation in control conditions
(Ctrl + CtxS), DA-depleted striatal microcircuit without stimulus (DA-depleted) and DA-depleted striatal microcircuit after a cortical stimulus (DA-
depleted + CtxS). Straight lines (dashed) are fitted to the data. (B) Cumulative activity over time for all the experiments. Box plots show the distribution of
slopes from the lines fitted to cumulative activity (shown in A) for all of the experiments and conditions. There is a significant increase in neuronal activity after
CtxS in control conditions (P < 0.05). DA depletion also shows increased activity compared to the controls without stimulation (P < 0.05). There is no signifi-
cant increase in activity between the stimulated control and DA-depleted microcircuits. CtxS does not significantly increase the total activity of the DA-depleted
microcircuit; it only changes the behavior of the circuit (Fig. 2). (C) Number of significant coactivity peaks before and after CtxS in Ctrl and DA-depleted
microcircuits (P < 0.05). (D) Average cumulative distribution functions of cellular activity over time for all experiments and conditions. The cumulative distri-
bution of cellular activity in non-stimulated controls is different to all other conditions (P ≤ 0.0000124). The activity distribution of the stimulated control cir-
cuit is similar to that from the stimulated DA-depleted microcircuits (P ≤ 0.000205; Ctrl n = 116 cells, Ctrl+CtxS n = 161 cells, DA-depleted n = 440 cells,
DA-depleted + CtxS n = 180 cells; Kolmogorov–Smirnov tests) (Global Kruskal–Wallis ANOVA for (B) and (C): P < 0.05). ‘*’ indicates statistical significance.
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ensemble or significant peak of coactivity (neurons that participated
in more than one ensemble are indicated by labels). Functional con-
nections are still defined as moments of coactivity. In spite of the
different grouping methods, both networks show similar phenomena
after CtxS, suggesting intrinsic robustness. Before CtxS (Fig. 6B1),
most connections were monopolized by ensemble ‘b’; this state of
affairs changed after CtxS (Fig. 6B2) when several ensembles con-
nect with each other and a group of neurons participate in all
ensembles. Finally, 30 min after the stimulus (Fig. 6B3), ensemble
‘b’ becomes again the one with more neurons and gets most of the
connections. To summarize, both methods of graphing show that
CtxS changes both the neurons participating in the circuit as neu-
ronal ensembles and their connectivity. Moreover, if each main
group from the ensembles coactivity networks is taken as a network
state, we can see that transitions between network states show a dif-
ferent evolution after CtxS.
Thus, time sequences of transitions between network states show

that before CtxS (Fig. 6C1), state ‘b’ is dominant as it is the most
recurrent and attracts more transitions. Right after the stimulus
(Fig. 6C2), transitions between all three main ensembles are more
balanced; 30 min after the stimulus (Fig. 6C3), the pathological
dynamics returns: Network state ‘b’ becomes the most recurrent and
transitions decrease as though the circuit gets trapped in one state.
To conclude, a cortical stimulus changes the architecture and
dynamics of the DA-depleted microcircuit even if neuronal activity

remains high as compared to the control non-stimulated microcircuit
(Fig. 3B). Previous work has shown that application of L-DOPA
turns the DA-depleted microcircuit less active, similar to the control
non-stimulated microcircuit (Plata et al., 2013a). However, it has
not been shown whether this less active microcircuit would resemble
the control-stimulated microcircuit upon CtxS (Fig. 3B).

Effects of cortical stimulation in the presence of L-DOPA
actions in a DA-depleted microcircuit

Figure 7 is similar to Fig. 5; it shows changes in neuronal activity
in the DA-depleted microcircuit under two different treatments, first,
the administration of 10 lM L-DOPA, and second, a cortical stimu-
lation (CtxS) during L-DOPA actions. The aim was to see whether
the evoked circuit activity during L-DOPA corresponds more to a
control-stimulated circuit or, else, better resembles the pathological
network. Experiments were followed more than 30 min. Neurons
were divided into five groups (i–v), according to their change in
activity during the different epochs of the experiment. The raster
plot (Fig. 7A1) and the histogram of coactivity (Fig. 7B1) show
what neuronal subpopulations were preferentially activated in the
DA-depleted microcircuit before the stimuli i and ii. After adding L-
DOPA to the superfusion, activity of all neurons decreased
(Figs 7A,B2; Plata et al., 2013a); thus, Epoch 2 when L-DOPA was
administered was not considered for measuring activity changes as

Fig. 4. Changes in neuronal subpopulations before and after cortical stimulation in the DA-depleted striatal microcircuit. (A). Raster plot of a representative
experiment of CtxS in a DA-depleted slice. Each row represents the activity of a single neuron over time. Neurons were sorted and grouped according to the
activity before (1) and after CtxS (2, dashed line). The neurons at the top: had greater activity before the stimulus and reduced or stopped their activity after the
stimulus (i). Neurons at the bottom enhanced their activity after the stimulus or were even recruited by the stimulus; hence, they were not active before (iii).
Middle neurons had similar activity in both conditions (ii). The threshold to consider a change in activity as significant was a decrease or increase in 20% from
one epoch to the other. (B) Activity of the neurons classified into each group before and after the stimulation. Cells in group “i” decreased their activity after
CtxS. Some of these cells stopped their activity. Activity of cells in group iii increased after CtxS, while many other cells in this group began their activity after
CtxS. C. Pie plots illustrating percentages of activity generated by neurons classified into groups i–iii, in each epoch, for all the experiments. There was signifi-
cant change in neuronal subpopulations active (n = 10 microcircuits, 451 cells, contingency of pie charts P < 0.0001) after CtxS.
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no significant peaks of coactivity were present. After CtxS
(Figs 7A,B3) activity clearly increased, however, a recruitment of
different neuronal subpopulations which now contribute to the cir-
cuit activity resembling a control-stimulated circuit is observed (e.g.,
iii and iv), these subpopulations do not participate in the initial
pathological dynamics. Thirty minutes after CtxS in the presence of
L-DOPA (Figs 7A,B4), a set of neurons that were active before the
administration of the drug and CtxS reactivate. A subpopulation of
neurons (v) did not change its activity along the experiment. The
contribution of each subpopulation to the total histogram of activity
is shown in Fig. 7B. Figure 7C shows the activity of each neuron
set during epochs 1, 3 and 4. We conclude that the DA-depleted
microcircuit reconfigures itself after L-DOPA plus CtxS differen-
tially changing the activity of diverse neuronal subpopulations.
Next, we asked how the architecture and dynamics of the remod-

eled microcircuit change under these conditions. To appreciate the
remodeling in microcircuit architecture and dynamics, we built two
types of networks (Fig. 8; cf. Fig. 6). One points out the

subpopulations of neurons that change their activity after L-DOPA
and CtxS (Fig. 8A epochs 1, 3, 4), and the other one shows the
neurons that form part of the neuronal ensembles during the signifi-
cant peaks of coactivity (Fig. 8B epochs 1, 3, 4). In the first case,
the number of elements making the groups as well as their connec-
tions changed after L-DOPA and CtxS and tended to return to the
original circuit after 30 min. In the second case, there is a dominant
ensemble ‘b’ in the original DA-depleted microcircuit (J�aidar et al.,
2010; P�erez-Ortega et al., 2016) that clearly stays after L-DOPA
plus CtxS. However, it allows more transitions between ensembles
after CtxS in the presence of L-DOPA, and its preponderance does
not return after 30 min. When we make the time sequence of transi-
tions between main ensembles or network states (Fig. 8C epochs 1,
3, 4), clearly the number of transitions between the three states
increases. In contrast to the experiment without L-DOPA, they
remain alternating their activity after 30 min. We conclude, first,
that L-DOPA decreases the activity of the DA-depleted microcircuit
in a way that significant peaks of coactivity become hard to observe,

Fig. 5. The effects of cortical stimulation on the DA-depleted microcircuit are temporary. Thirty minutes after CtxS, the active neuronal subpopulations change
again. The present representative experiment was divided into three epochs (1–3). (1) Before stimulation, (2) right after CtxS and (3) > 30 min after CtxS. (A)
The raster plot of neuronal activity shows three fragments of each epoch divided by vertical dashed lines, the moment of CtxS was removed. Each row repre-
sents the activity of a neuron during the three epochs. Neurons were divided into five subpopulations according to their activity in each epoch: (i) Neurons that
had high activity before CtxS, low activity right after CtxS, and recovered or had larger activity 30 min after CtxS. (ii) Neurons that had high activity before
CtxS, less activity right after CtxS and that did not recover their activity 30 min after CtxS. (iii) Neurons with low or no activity before CtxS, which increase
their activity right after CtxS and even more activity 30 min after CtxS. (iv) Neurons with the greatest activity right after CtxS but less activity before and
30 min after CtxS. (v) Neurons that kept constant activity before and after CtxS. The threshold to consider a significant change in activity was 20%. (B) Contri-
bution of each neuronal subpopulation to the whole coactivity histogram. The histogram of each neuronal subpopulation (i–v) is shown over the total histogram
(light gray) to demonstrate the contribution of each subpopulation per epoch. (C) Activity of each cell group per epoch (1–3) divided into the different subpopu-
lations (i–v).
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thus dissolving the most recurrent activity of the dominant ensemble
(Plata et al., 2013a). In addition, when the circuit was turned on by
a CtxS in the presence of L-DOPA actions, it did not behave as the
pathological DA-depleted circuit but showed alternating behavior
between ensembles. In contrast to CtxS without L-DOPA, it remains
behaving this way after 30 min. Thus, the striatal microcircuit
became functional for a longer period of time.
Because cumulative distributions of cellular activity showed sta-

tistical differences between different treatments (Fig. 3D), we com-
pared these distribution with those obtained with both cortical
stimulus and L-DOPA (Fig. 9) taking into account all cells from all
samples. In the case of CtxS only, cumulative distributions for DA-
depleted microcircuits have a significant difference with the initial
distribution right after CtxS (P ≤ 0.0135; Figs 3D and 9A). How-
ever, this difference is lost 30 min after the stimulus (Fig. 9A).
In the case of CtxS plus L-DOPA, Fig. 9B shows, first, that L-

DOPA reduced cellular activity in the DA-depleted microcircuit
(n = 7, Wilcoxon t-test P = 0.015, data not shown). Second, after

CtxS during L-DOPA actions, cumulative distribution of cellular
activity increased as the circuit was turned on (Figs 2, 7, 8); how-
ever, it remained significantly different to the original cellular activ-
ity distribution of the DA-depleted microcircuit (P = 0.00000003).
Third, in contrast with the case without L-DOPA, the circuit
remained with this level of activity after 30 min. This means that in
the presence of L-DOPA, the evoked activity by CtxS resembles
that of a control-stimulated circuit and remains for longer periods of
time. That is, L-DOPA reduces the activity to that of a control not
activated circuit, and upon stimulation, it behaves as a control-stimu-
lated circuit. Pie charts of Fig. 9C and D show the contribution of
neuron groups as defined by their cellular activity (Figs 5, 7: i–v)
under each condition and for all of experiments. Pie chart contin-
gency chart tests show that there is no significant difference between
equivalent experimental conditions in both sets of experiments: DA-
depleted + CtxS (Fig. 9C) vs. DA-depleted + L-DOPA + CtxS
(Fig. 9D). For DA-depleted neurons, most activity comes from sub-
populations i and ii across all experiments (P = 0.6227 comparing

Fig. 6. The effect of corticostriatal stimulation on microcircuit architecture and dynamics. We illustrate microcircuit architecture with two types of graphs: activity
group networks and ensembles coactivity networks. (A) Activity group networks separate groups of neurons (nodes represented by circles in the perimeter) accord-
ing to their activity before (1), right after (2) and 30 min after (3) the cortical stimulus (Fig. 5). The functional connections between them (gray lines, see Methods)
indicate moments of coactivation in significant activity peaks. Only active neurons during a given epoch are represented. Before CtxS groups i and ii get most con-
nections, after CtxS group iii and iv have most connections but members of groups i and ii remain connected. Thirty minutes after CtxS, group i recovers many con-
nections and surprisingly group iii remains strongly connected while group iv is severely decreased. (B) Ensemble coactivity networks are sets of neurons (nodes
seen as circles in the periphery) that form significant peaks of coactivity in the coactivity histograms obtained from the raster plots (Figs 1 and 2). There can be neu-
rons belonging to more than one ensemble. Functional connections are also defined as moments of coactivity. Groups of neurons in (A) and (B) do not coincide since
they illustrate divergent ways to define neuronal groups; however, they show similar phenomena. Neurons that participated in more than one ensemble are indicated
by labels. Still, note that before CtxS (1), most connections are monopolized by ensemble b, right after the stimulus (2) several ensembles share connections and one
of them has neurons that belong to all ensembles, and finally, 30 min after the stimulus (3) the b ensemble has recruited more members and gets most connections
again. C. Time sequences of network states illustrate the dynamics of such architectures: before CtxS most transitions occupy state b (1), right after CtxS (2) the
number of transitions increases between the three major ensembles and 30 min after CtxS (3) the dominant ensemble returns, transitions decrease and the network
gets trapped most time in network state b.
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DA-depleted circuits from both sets of experiments). After CtxS
without (Fig. 9C2) or with L-DOPA (Fig. 9D3), a significant reno-
vation (P = 0.0001) of the neuronal subpopulations contributing to
the circuit occurred: now group iv and part of group iii contribute
with most neurons in the microcircuit, and there were no significant
differences with or without L-DOPA (P = 0.16). Thirty minutes
after CtxS, group i returns and group iv activity decreases in both
samples while many neurons from group iii remain showing no sig-
nificant differences with or without L-DOPA (Figs 9C3, D4;
P = 0.2078). We conclude that CtxS reconfigures the active neu-
ronal populations in the presence or absence of L-DOPA, but that
30 min after the stimulus, neuronal groups that sustained the DA-
depleted microcircuit return. However, it is shown below that
dynamics of these circuits differ depending on L-DOPA actions.
Figure 10A and B illustrates patterns of network states recurrence

under different conditions in two samples of experiments (see recur-
rence index in Methods): DA-depleted + CtxS (Fig. 10A) and DA-
depleted + L-DOPA + CtxS Fig. 10B). When a network state has a

high pathological recurrence (J�aidar et al., 2010; P�erez-Ortega et al.,
2016) with respect to the other states, the sample exhibits two differ-
ent clusters and augmented variance as that seen in the left box of
Fig. 10A, B (DA-depleted microcircuit). When no network states
has a significant higher recurrence than the other states, sample dis-
tribution appears homogenous as a single cluster with no dominant
network state, as seen in the middle box plots of Fig. 10A,B (DA-
depleted circuits + CtxS and DA-depleted circuits + L-
DOPA + CtxS). That is, CtxS eliminates the pathological ensemble
in both cases: without (P = 0.007586; O’Brien test for Homogeneity
of Variance in this and other P values of this section) and with L-
DOPA (P = 0.03712), restoring ensembles alternation (n = 12 net-
work states from four experiments in each condition obtained from
eight different slices and animals). However, a difference between
the two conditions was evident 30 min after CtxS: without L-DOPA
highly recurrent pathological ensembles returned (Fig. 10A right
box; P = 0.01532 compared with CtxS). In addition, highly recur-
rent ensembles appeared to be more recurrent than in the initial DA-

Fig. 7. Corticostriatal stimulation of the DA-depleted microcircuit during L-DOPA action. During the increased spontaneous neuronal activity of a DA-depleted
microcircuit (1), 10 lM L-DOPA was administered in the bath saline (2); then, cortical stimulation was delivered (3), and activity was followed after 30 min
(4). As in Fig. 5, neurons were sorted in the raster plot (A) and in the histograms of coactivity (B) according to their decrease or increase in activity and their
participation in the whole activity is illustrated (pale histogram in the background). The threshold to consider a significant change in activity is 20%. During L-
DOPA administration, all neuronal activity decreased to levels found in non-stimulated control microcircuits (2) and no significant peaks of coactivity were
found in this experiment. Therefore, activity changes were compared only for epochs 1, 3 and 4 and neurons were divided into five subpopulations. (A) Sorted
raster plot where each row is the activity of a single cell along time. (B) Coactivity histograms. Before stimulation (1), activity was high in neuron groups i and
ii (C), after L-DOPA (2), activity decreased in all groups, and after CtxS in the presence of L-DOPA (3), activity returned; however, other neuron groups, iii
and iv, contribute to the activity together with some neurons from groups i and ii. After 30 min of CtxS (3), activity in groups i and iii returned while that in
groups ii and iv decreased. Neurons in group v did not change their activity except during L-DOPA. C. Activity of neuronal subpopulations during epochs 1, 3
and 4.
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depleted condition (P = 0.01869) as though the parkinsonian state
returned worse than before. In contrast, in the presence of L-DOPA,
the microcircuit remained without highly recurrent ensembles
30 min after CtxS (Fig. 10B right box; P = 0.03582 as compared to
the original DA-depleted circuits). Taken together, these results
demonstrate that even when neuronal subpopulation activity or neu-
ronal ensembles tend to return after being temporarily reconfigured
by CtxS (Figs 6, 8, 9), L-DOPA prevents the circuit to regain its
pathological activity.

Discussion

Cortical stimulation in control and DA-depleted microcircuits

It is being discussed whether the signs and symptoms of parkinson-
ism have a cortical origin (Arbuthnott & Garcia-Munoz, 2016) as
abnormal neuronal correlations are recorded in the motor cortex
before motor signs of the disease are apparent (Li et al., 2012).
Some cortical influences over striatal circuitry and its changes dur-
ing parkinsonism have been described (Calabresi et al., 1996, 2015;
Hammond et al., 2007; P�erez-Ortega et al., 2016). Accordingly,
extradural cortical stimulation in patients (Cilia et al., 2007;

Bentivoglio et al., 2012), transcranial magnetic stimulation of the
cortex in patients and rodents (Kanno et al., 2004; Gonz�alez-Garc�ıa
et al., 2011; Dileone et al., 2017), direct motor cortex stimulation in
primates and patients (Drouot et al., 2004; Benninger et al., 2010),
optogenetic cortical stimulation in rodents (Gradinaru et al., 2008;
Sanders & Jaeger, 2016) and antidromic stimulation of corticofugal
axons in rodents (Li et al., 2007, 2012) all relieve parkinsonian
signs. In the present work, we asked what the mechanisms are.
Therefore, our aim was to observe the changes produced in the stri-
atal microcircuit by cortical stimulation in in vitro brain slices of
DA-depleted striata.
The control striatal microcircuit is characterized by having low

spontaneous activity which increases during action initiation (e.g.,
Cui et al., 2013). In vitro, we have shown that activity increases
with network-related behavior after adding an excitatory drive to the
superfusion saline such as NMDA at low concentrations (Grillner,
2006). Once turned on, microcircuit activity is characterized by
exhibiting significant spontaneous peaks of neuronal coactivity that
resemble neuronal ensembles, whose neurons work in concert. This
allowed us to use neuronal coactivity in a given time frame to build
functional connections and microcircuit representations (Carrillo-
Reid et al., 2008; P�erez-Ortega et al., 2016). Network activity

Fig. 8. The effects of L-DOPA and corticostriatal stimulation on the DA-depleted microcircuit architecture and dynamics. (A) Microcircuit built with neuronal
subpopulations that changed their activity after the treatments: neuronal networks per epoch: (1) DA-depleted microcircuit before CtxS, circuit while L-DOPA
is administered is omitted (2), (3) In the presence of L-DOPA, microcircuit right after CtxS and (4) 30 min after stimulation. Each neuron is a node (circles in
the perimeter), each link is a moment of coactivity. Only active neurons in a given epoch are represented, and they are classified into groups according to Fig. 7
(i–v). See the changes in the number of elements and connections of each group after CtxS. (B) Ensembles coactivity networks composed by neurons that make
significant peaks of coactivity: main ensembles a–c, neurons that participated in more than one ensemble are grouped separately as indicated by labels. Changes
in ensembles and connectivity are obvious after CtxS in the presence of L-DOPA. (C) Network states time sequences per epoch. A more recurrent state (b) is
not lost but allows more transitions to other states after L-DOPA and CtxS (3). In contrast to CtxS alone (cf. Fig. 6), transitions persist after 30 min.
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revealed high-order processing as ensembles show recurrence and
alternating activity with reverberating closed cycles during various
minutes, and are modulated in different ways by cholinergic or
dopaminergic agonists (Carrillo-Reid et al., 2009, 2011). In vivo
research has shown that, indeed, this activity encodes motor actions
in space (Klaus et al., 2017). Here, we show that it is possible to
evoke this network behavior without adding chemical excitatory
drives such as NMDA, and instead, using an adequate cortical elec-
trical stimulus (see Methods and Fig. 1). Once it is evoked, micro-
circuit activity can be followed for more than 30 min in brain slices
in vitro. Activity recorded in the striatal microcircuit arises from

several neuronal subpopulations. Some cholinergic and GABAergic
interneurons have spontaneous activity (Goldberg & Wilson, 2010;
Tepper et al., 2010), which suggests that they are participating in
the microcircuit. Additionally, both low threshold spiking interneu-
rons and cholinergic interneurons communicate with each other
through ionotropic and metabotropic receptors (Elghaba et al.,
2016).
The DA-depleted parkinsonian microcircuit has dynamics that

radically differ from that of the control microcircuit (J�aidar et al.,
2010; L�opez-Huerta et al., 2013; Plata et al., 2013a; P�erez-Ortega
et al., 2016). A dominant neuronal ensemble with a high level of

Fig. 9. Cellular activity groups under different conditions for all experiments. (A) Cumulative activity distribution of the cellular activity for the DA-depleted
microcircuit treated with CtxS only: there is a significant difference between DA-depleted activity and DA-depleted plus CtxS distributions (P ≤ 0.0135), this
difference disappears after 30 min of the stimulus. (B) Cumulative activity distribution of the cellular activity for the cases of L-DOPA plus CtxS; there is a sig-
nificant difference in activity after L-DOPA administration (P = 9.4 9 10�15). Activity is recovered after CtxS in the presence of L-DOPA and remains signifi-
cantly different than that of the DA-depleted microcircuit (P = 0.00025). In contrast to CtxS alone, activity distribution remains significantly different after
30 min when L-DOPA was present (P = 0.0253; Kolmogorov–Smirnov tests). (C, D) Pie charts illustrating the contribution of different neuronal subpopulations
as classified by their activity before and after CtxS (see Figs 5 and 7) for all experiments pooled together. (1) Groups i and ii were predominant in DA-depleted
circuits in both cases (P = 0.6227). After CtxS, a significant renovation in the neuron subpopulations making up the circuits was observed without (C2) and
with L-DOPA (D3). A rise in the neurons of group iv was evident in both cases (P < 0.0001), but there was no significant difference in this neuronal redistribu-
tion without or with L-DOPA (P = 0.16). Thirty minutes after CtxS, group i returns and group iv decreases in both cases (P = 0.2078 comparing C3 and D4).
Contingency pie chart tests.
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recurrence absorbs most neurons and connections in the observed
circuits, thus trapping them in a single network state during most of
the time (Figs 2, 9, 10). Transitions between network states become
scarce, which is very metaphorically, as it corresponds to the motor
impairment shown by parkinsonian subjects. By obtaining a recur-
rence index (see Materials and methods and Fig. 10), we found that
DA-depleted microcircuits divide their ensembles into those with
high and those with low recurrence, thus increasing the variance.
Because previous reports show that cortical stimulation ameliorates
Parkinsonism, we wanted to confirm this in vitro. Observing
whether ensembles with high recurrence are decreased. Thus,
another finding of this work is that cortical stimulation releases the
microcircuit activity from the parkinsonian state, allowing the circuit
to return to ensembles alternation and transitions. By observing
graphed microcircuits built with single neurons as nodes and coac-
tivity time frames as the functional connections, it is seen that
highly recurrent ensembles that monopolize most activity and con-
nections decrease, leaving way to more balanced connections among
different ensembles. In patients, this phenomenon can be related to
events of Kinesia Paradoxa, in which a strong sensory input may
temporarily alleviate the signs of PD (Banou, 2015). In addition,
new neuronal subpopulations are recruited into the active circuit and
other neuronal subpopulations, that sustain the pathological state,
stop firing. Some neurons lower their activity while others increase
it. A working hypothesis to explain how some neurons are either
silenced or recruited probably would involve the action of striatal
inhibitory interneurons known to receive special large numbers of
cortical synapses (Bennett & Bolam, 1994; Gittis et al., 2010; Plan-
ert et al., 2010). These interneurons have also been reported to con-
nect densely with striatal projection neurons (Straub et al., 2016).
Apparently, these interneurons are necessary to observe control net-
work activity such as neuronal ensembles alternation and reverbera-
tory behavior (P�erez-Ortega et al., 2016). To conclude, a cellular
substrate that may explain how cortical stimulation may be acting to
alleviate parkinsonism was encountered. This finding correlates with
changes in long-term synaptic plasticity found in DA-depleted stri-
atal synapses (Calabresi et al., 1996; Ghiglieri et al., 2012).
Nonetheless, the effects of CtxS on the DA-depleted microcircuit
only last for a few minutes. After 30 min, most tested microcircuits
had returned to the parkinsonian state.
The most used treatment for PD is L-DOPA which greatly amelio-

rates motor signs (Mercuri & Bernardi, 2005) and improves
somatosensorial responses (Ketzef et al., 2017). In vitro, L-DOPA has
been shown to help in the recovery of control long-term synaptic plas-
ticity (Ghiglieri et al., 2012). In agreement with previous data, the
present results demonstrate that L-DOPA returns the DA-depleted stri-
atal microcircuit into a low-activity circuit, similar to the one found in
control conditions (Plata et al., 2013a). Therefore, a main question to
ask was whether in the presence of L-DOPA, activity evoked in the
striatal DA-depleted microcircuit corresponds to the alternating activ-
ity between neuronal ensembles similar to the one found in control
conditions or else the pathological circuit comes into action. We found
that cortical stimulation during L-DOPA actions induces new subpop-
ulations of neurons to activate while many neurons that were active
during pathological activity become silent.
In the presence of L-DOPA, CtxS produced network activity sim-

ilar to control-stimulated circuits and similar to CtxS of DA-depleted
circuits. However, in contrast to CtxS without L-DOPA, L-DOPA
allowed circuits to remain as in control conditions for longer periods
of time. Cumulative distribution of cellular activity did not return to

Fig. 10. Recurrence of network states. To test whether the recurrence is pre-
dominant in certain network states, we calculated the recurrence of each net-
work state with respect to the others across all experiments (see Materials
and methods). In the case some network states have an excess of recurrence
(dominant pathological states), the circuit will be divided into two popula-
tions of network states those with high and those with low recurrence and
the variance of that sample will reflect this separation. In the cases where
there is no predominance of any network state, all of them would have simi-
lar recurrence and sample variance would be smaller. (A) Box plots compar-
ing recurrence of network states in DA-depleted circuits before and after
CtxS: before CtxS, there clearly are two subpopulations of network states
one of them with higher recurrence than the others (left). After CtxS, all net-
works states tended to group together (middle; P = 0.007586 with respect to
DA-depleted circuits). However, 30 min after CtxS, network states separated
again and dominant networks states became even more recurrent (right;
P = 0.01532 with respect to CtxS and P = 0.01869 with respect to DA-
depleted circuits before CtxS), suggesting that the parkinsonian state returned
worse than before. (B) Comparison of network states recurrence before and
after CtxS plus L-DOPA. DA-depleted circuits showed network states with
high and low recurrence (left). After CtxS during L-DOPA actions, all net-
work states tended to have the same recurrence (middle; P = 0.03712 with
respect to DA-depleted circuits). In contrast to the case without L-DOPA,
30 min after CtxS in the presence of L-DOPA, the circuits remained with
network states with the same incidence of recurrence (right; P = 0.03582
with respect to the DA-depleted circuits). N = 12 network states taken from
four different circuits and slices from different animals. (O’Brien Homogene-
ity of Variance test). ‘*’ indicates statistical significance.
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resemble the DA-depleted microcircuit during the rest of the record-
ing period even though cells that participated in the pathological
state reactivated. Therefore, not all phenomena can be explained
with changes in neuronal participation. In the presence of L-DOPA,
changes in network dynamics evoked by cortical stimulation such as
alternation between neuronal ensembles and closed cycles of rever-
beratory activity lasted for the rest of the recording period (more
than 30 min), even when much activity of original subpopulations
of neurons returned. Neuronal ensembles that monopolized most
activity in the pathological microcircuit were dissolved, and more
balanced connections and alternations with other ensembles remain.
If we think of the cortical stimulation as the command that initiates

action, the action initiated in the presence of L-DOPA was more simi-
lar to the control-stimulated microcircuit, than to the pathological one.
In conclusion, L-DOPA and cortical stimulation work synergi-

cally. Therefore, the question becomes whether the two treatments
may be balanced somehow as to reduce L-DOPA dosage if continu-
ous cortical stimulation devices are developed.

Supporting Information

Additional supporting information can be found in the online ver-
sion of this article:
Video S1. Unstimulated striatal control activity.
Video S2. Stimulated striatal control activity.
Video S3. Parkinsonian striatal activity.
Data S1. Supplementary material.
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Streptomyces are mycelial bacteria adapted to grow in soil. They have become
important producers of biomolecules with medical applications, but their growth in
industrial fermenters is challenged by their peculiar morphology in liquid culture: the
hyphae tend to clump and grow as large pellets, which are oxygen- and nutrient-limited,
grow slowly and present diminished protein production. Here, by implementing an
experimental evolution strategy, a S. coelicolor strain, 2L12, with dispersed morphology
and reduced pellet size in liquid culture and no defects in either differentiation or
secondary metabolism was selected. Genome sequencing revealed a single amino
acid substitution in a sensor kinase, Sco5282, of unknown function to be responsible
for the morphological changes. Moreover, genetic and biochemical scrutiny identified
Sco5283 as the cognate response regulator and demonstrated that the acquired
mutation activates this two-component system. Finally, transcriptomic analysis of the
mutant strain revealed changes in expression of genes involved in central processes
such as glycolysis, gluconeogenesis, stress-signaling pathways, proteins secretion and
cell envelope metabolism. Thus a novel two-component system is proposed to play a
key role in the control of Streptomyces extracellular metabolism.

Keywords: Streptomyces, morphology, two-component systems, HAMP domain, aggregation, biofilm

INTRODUCTION

Streptomyces is a genus of soil-dwelling mycelial actinobacteria (Hopwood, 2007). In the presence of
nutritious substrates in the soil, their spores are able to germinate, leading to growth of hyphae that
adhere to the soil particles and to each other, and grow as a packed vegetative mycelium (Bobek
et al., 2017). When conditions become suboptimal, they go through a developmental program,
growing out of the soil and forming the reproductive aerial mycelium (Flärdh and Buttner, 2009).
There is a concerted lysis of the vegetative hyphae, which releases nutrients for the growing
aerial mycelium (Manteca et al., 2005). During this stage antibiotics are also produced preventing
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competitors from feeding on the lysed mycelium. Subsequently
aerial hyphae septate by undergoing synchronous cell divisions,
which later become chains of spores. This is the only stage of the
Streptomyces life cycle in which unigenomic cells exist (Bush et al.,
2015; Zhang et al., 2016).

This genus has been widely studied because of the vast
array of antibiotics they produce. In recent years many species
have also been exploited for the production of heterologous
proteins. Because of their mycelial morphology, Streptomyces
growth in liquid media is unlike that of unicellular bacteria. For
example, germinating spores of the model organism S. coelicolor
tend to clump together, and the hyphae stick to each other,
leading to growth as tight mycelial pellets (Zacchetti et al.,
2016). As a consequence, the inner hyphae have limited access
to nutrients and oxygen (Walisko et al., 2015), leading to
slower growth rates. This morphology in liquid cultures has
also a clear impact on production of different molecules: while
pelleted forms present increased antibiotic synthesis (Martin and
Bushell, 1996; Manteca et al., 2008) they are disadvantageous for
protein production, because of the reduced contact with inducer
molecules (van Wezel et al., 2006).

For this reason, strategies have been developed to control the
morphology of mycelia in liquid culture. Increasing agitation or
viscosity of the medium (by addition of sucrose, for example) are
simple methods that intensify shear forces, reducing aggregation
but also increasing energy input and mechanical stress on the cells
(van Dissel et al., 2014). A different approach has been to engineer
strains where hyphae do not aggregate. For example, deletion of
cslA, which encodes a cellulose synthase-like enzyme, leads to
pellet dispersion. However, this mutant also exhibits pleiotropic
effects on growth and differentiation (Xu et al., 2008). A different
set of genes, matAB, were identified among the mutations in
a dispersed-growing strain of S. lividans, a close relative of
S. coelicolor, isolated from a chemostat after 100 generations
(van Dissel et al., 2015). These genes were initially identified for
their similarity to a biofilm operon of Staphylococcus spp., and
their deletion was sufficient to induce dispersed growth in both
S. lividans and S. coelicolor (van Dissel et al., 2015). More recently
the mat genes have been shown to be responsible for synthesis
of extracellular poly-β-1,6-N-acetylglucosamine, which provides
hyphal adhesion to hydrophylic surfaces (van Dissel et al., 2018).

We sought to isolate new strains of S. coelicolor with a
dispersed-growth phenotype through directed evolution.
A study about the origin of multicellularity in the unicellular
yeast Saccharomyces cerevisiae described an experimental
evolution method to isolate aggregating mutants, based on the
selection of fast-sedimenting cell clumps, eventually obtaining
“multicellular” strains (Ratcliff et al., 2012). We adapted this
method to obtain slower sedimenting S. coelicolor strains
by applying the opposite selection: subculturing the slower
sedimenting pellets. One of the obtained strains, 2L12, showed
significantly reduced pellet size and dispersed growth even in
medium without sucrose, although its secondary metabolism
and differentiation in solid medium was not affected. We show
that this phenotype is caused by an activating mutation in a
histidine kinase of a novel two-component system. Finally,
transcriptomic analysis of the 2L12 mutant strain revealed

molecular targets able to explain the dispersed growth phenotype
of the selected mutant strain.

MATERIALS AND METHODS

Streptomyces Cultures
Streptomyces spores were obtained from MS agar plates and
preserved in 20% glycerol at −20◦C (Kieser et al., 2000). Liquid
cultures were grown in LB + 25% sucrose or 2xYT (Kieser et al.,
2000), without sucrose. Growth curves were performed in 2xYT
or YEME media (Kieser et al., 2000), using freshly harvested
spores to give an initial OD450 = 0.01. Samples (10 mL) were taken
at the indicated times and filtered through 0.45 µm cellulose
acetate filters (Millipore, HAWP02500); the mycelium was then
dried at 100◦C for dry weight determination. Total actinorhodin
was determined by lysing 1 mL aliquots of the culture with 1
M KOH, which were then centrifuged to remove debris and
measuring OD640 (Kieser et al., 2000).

Experimental Evolution
Spores of S. coelicolor M145 were used to inoculate test tubes
(16x150 mm) containing 2.5 mL of LB + 25% sucrose, which
were incubated with orbital shaking at 30◦ C. After 48 h of
growth, the tubes were left standing without shaking for 10 min
to allow most of the mycelial pellets to sediment. Then, the upper
0.2 mL of each culture was transferred to a new tube with fresh
medium and incubated as before. The process was repeated every
48 h until the culture consisted of slow sedimenting mycelium
which appeared visibly dispersed. When this stage was reached,
the mycelium was transferred to MS agar plates and allowed to
sporulate. Spores were then streaked onto fresh plates for single
colony strain purification. Spores from individual colonies were
tested in LB + 25% sucrose, and spore preparations were made
of those strains maintaining dispersed morphology after single
colony purification.

Microscopy and Pellet Size
Determination
Six independent cultures of M145 and 2L12 were grown in non-
viscous medium (2xYT), and the morphology of mycelial pellets
was analyzed using a Nikon Eclipse 6000 microscope. In order to
measure the complete pellets of strain M145, consecutive bright-
field images under 10× amplification were taken and stitched
together using the ImageJ plugin Stitching (Preibisch et al., 2009)
as pellets of the wild type were often too large to fit in a single
field. The area of the cross-section of the pellet was measured
using ImageJ tools.

DNA Extraction, Genome Sequencing
and Mutation Analysis
For total DNA isolation, a modification of procedure 4 of
Hopwood et al. (1985) was used. Briefly, 25 mL cultures of strains
M145 and 2L12 were grown in LB+25% sucrose medium for 48 h,
the mycelium was then harvested by centrifugation, washed with
25 mL of a 10% sucrose solution, and resuspended in 5 mL of lysis
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buffer (25 mM Tris–Hcl, 25 mM EDTA, pH = 8.0) containing
5 mg of freshly dissolved lysozyme and 250 µg of RNase A,
and incubated at 37 C for 1 h. After lysis, 2.5 mL of a 2% SDS
solution was added followed by vortexing for 30 s. The resulting
lysed mycelium was extracted several times with an equal volume
of saturated phenol:chloroform until a clear interphase was
observed after centrifugation. Total DNA was then precipitated
with ethanol, dried and resuspended in 0.5 mL of distilled water.
The libraries were constructed with a TrueSeq DNA PCR-Free
Library Prep kit (Illumina, 215962), and sequenced in an Illumina
MiSeq equipment at a 2× 150 cycles configuration at the Unidad
Universitaria de Secuenciación Masiva y Bioinformática of the
Universidad Nacional Autónoma de México1.

For variant calling, pair-end reads were aligned to the
reference S. coelicolor A3(2) genome (NC_003888.3) using
Bowtie 2 software (Langmead and Salzberg, 2012). Variant calling
was performed using Samtools (Li, 2011) and VCFtools (Danecek
et al., 2011). Only variants with a quality score above 100
were considered, and analyzed individually against the reference
genome using Artemis (Carver et al., 2012). Variants present in
both M145 and 2L12 were filtered out, as were variants with a
lower quality score not present in at least 95% of all individual
reads. The bam files used for variant calling, which contain all
the sorted and aligned reads, are available from the NCBI with
accession no. PRJNA499125.

Sedimentation Time Determination
Spores of the strains to be tested were used to inoculate liquid
LB + 25% sucrose medium to obtain dispersed mycelium,
which was then used to inoculate 2xYT medium at a 1:20 ratio.
Mycelial pellets were cultured for 48 h at 30◦C. To measure the
sedimentation time of the pellets, cultures were diluted with one
volume of water and left to settle at the bottom of the tube before
taking 0.5 mL to overlay on top of a 2 cm column of a 10% sucrose
solution in a 13 × 100 mm test tube. The time reported in this
work is the time it took for the first pellet in each tube to reach
the bottom of the solution.

Genetic Manipulation
PCR targeting (Datsenko and Wanner, 2000) was performed
as described by Gust et al. (2004). The aac3(IV)-oriT (apra)
cassette described by Gust et al. (2004), which confers resistance
to apramycin, was amplified with oligonucleotides SCO5282For
and SCO5282Rev (Table 1) and used to replace the sco5282
gene in cosmid StCB12 (Redenbach et al., 1996). This cosmid
(StCB121sco5282::apra) was introduced by conjugation from
the non-methylating Escherichia coli strain ET12567/pUZ8002
(Gust et al., 2004) into the wild type strain M145 to obtain
apramycin-resistant exconjugants, which were then tested for
kanamycin resistance. A kanamycin sensitive exconjugant was
purified and confirmed by PCR as a 1sco5282::apra null mutant
(strain IB94). The StCB121sco5282::apra cosmid was also used
to clone the sco5282-D125G allele by introducing it into strain
2L12, and selecting exconjugants resistant to both apramycin
and kanamycin, in order to obtain strains with the cosmid

1www.uusmd.unam.mx

TABLE 1 | Oligonucleotides used in this work.

Name Sequence 5′ →3′

SCO5282For GCACGGCGTGGGCTACGCCTTGGAGACGCCGACGCC
ATGATTCCGGGGATCCGTCGACC

SCO5282Rev CGCAGTGGATCTTGACGCTCCGCTTCGAACCCTACG
TCATGTAGGCTGGAGCTGCTTC

SCO5282Up GTGGACAGCCACATCAAGG

SCO5282Down GTTCATCGTCGCGTAAGTCA

SCO5283For CCACGGATTCCGGAAAGCACACCTCAGGGGCGGGCG
ATGATTCCGGGGATCCGTCGACC

SCO5283Up GGATCATTCAAGCGTCAAGC

cl5282For CATATGAGCAGCAGAGGACGGGA

cl5282Rev GAATTCAACCGGACGTCGACGGCA

cl5282Sol CATATGTCGCTGACCGCCCCGCTG

cl5283For CATATGGAGCAGACACAGACCTCC

cl5283Rev GAATTCATGGCGTCGGCGTCTCC

ATTB_FOR CCATGCATGCACAGCTCAGGCAGACGTTA

ATTB_REV GTGTGCATGCGACCGGTACTTGTCATGG

For RT-qPCRs

0753for GAAATGGCTATACGAAGGGAAG

0753rev GACGGCGTTCACGTTCAG

0754for ACCTCGAAGTCCACGAAGAG

0754rev AGGGTCATGGAGGTCAGTTC

mbl2for GGCATGATCCTCGACGTG

mbl2rev TGGGTGTCGACGATGGAG

gap3for CGATCGTCGAGCTGAACAC

gap3rev GTGATGTCGGAGGAGACCAG

gap2for GACGACTCGTTCACCAACTG

gap2rev CTGACCACCGACTTGTTCAC

pckGfor GAGGGCTTCTTCGTCAAGG

pckGrev GCGAGATGTACTTGGTGCTG

whiDfor AAGGAGGTCTGCATGAGGTG

whiDrev CCCGTCCCATGAGTTCTTC

matBfor ACGCCATGGACAACAAGTC

matBrev TGTTGACGACGACGAGGTAG

sigBfor GGGAGTTGTCGAAGCTGTTC

sigBrev ATCTCGATCAGCGTGTTGC

hrdBfor GGTCGAGGTCATCAACAAGC

hrdBrev TGGACCTCGATGACCTTCTC

secDF-for TCATTCTGGTCGGTGTGTTC

secDF-rev GAGTCGTTCACCGAGTAGCC

inserted into the chromosome. These strains were grown non-
selectively in liquid culture, and covalently closed circular DNA
was purified, which was then introduced into E. coli strain DH5α

by transformation, with selection for kanamycin and ampicillin
resistance. About half of the colonies were resistant to apramycin
and carried the StCB12Dsco5282::apra cosmid, whereas the
other half were apramycin-sensitive and therefore carried the
StCB12sco5282-D125G allele, which was confirmed by DNA
sequencing. The StCB12sco5282-D125G cosmid was introduced
into strain IB94 to replace the apramycin resistance cassette with
the cloned sco5282-D125G allele, yielding strain M145sco5282-
D125G. Allele replacement was confirmed by sequencing the
PCR product obtained from chromosomal DNA of the resulting
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strain with primers SCO5282Up and SCO5282Down, which
flank the kinase gene.

The apramycin resistance gene of strain IB94 was removed
by recombination between the FLP sites of the cassette,
resulting in a 81 bp non-polar scar sequence (Gust et al.,
2004). This apramycin-sensitive 1sco5282::scar strain
(IB95) was used in subsequent studies. The same procedure
was followed to obtain strains lacking both genes for the
two-component system, resulting in strains IB96 (1sco5282-
sco5283::apra) and IB97 (1sco5282-sco5283::scar), using primers
SCO5283For and SCO5282Rev.

Genetic Complementation
Wild-type and mutant sco5282 kinase genes were amplified by
PCR with Pfu Ultra DNA polymerase (Agilent Technologies)
from chromosomal DNA of M145 and 2L12, respectively, using
primers clSCO5282For and clSCO5282Rev, which add an in-
frame NdeI site at the start codon, and an EcoRI site at the 3′ end
after the stop codon. The blunt-end PCR products were cloned in
plasmid pBlueScript II SK (Alting-Mees and Short, 1989) digested
with EcoRV, and their DNA sequence was confirmed using
universal M13 primers. The wild type and mutant genes were
then subcloned in vector pIJ6902 (Huang et al., 2005) using NdeI
and EcoRI, thereby placing them under control of the inducible
promoter PtipA. The resulting plasmids were transferred to
S. coelicolor via conjugation with E. coli ET12567/pUZ8002.
Sedimentation times of the mycelial pellets of the complemented
strains were measured in the absence of thiostrepton.

Merodiploid Strains
The ampicillin-resistance gene of cosmids StCB12 and
StCB12sco5282-D125G were replaced by PCR targeting with the
apramycin-resistance cassette from pIJ784 bearing the origin of
transfer oriT (Gust et al., 2004), so that they could be introduced
to Streptomyces by conjugation. Exconjugants for each cosmid
were selected and maintained in the presence of both kanamycin
and apramycin, to select for the presence of the integrated
cosmids. Sedimentation times of the mycelial pellets grown
in the presence of 25 µg/mL kanamycin were determined as
described above.

Phosphorylation Assays
The sco5283 gene coding for the response regulator was amplified
by PCR with primers clSCO5283for and clSCO5283rev (Table 1)
and cloned in pET28a using the NdeI and EcoRI sites. The region
encoding the cytosolic domain of the wild type and mutant sensor
kinases (amino acids 80-375), were amplified by PCR from the
wild type sco5282 and mutant sco5282-D125G genes, respectively,
with primers clSCO5282sol and clSCO5282rev (Table 1) and
also cloned in pET28a with NdeI and EcoRI. The plasmids
were then introduced into E. coli Rosetta 2 (Novagen) for
protein expression. Protein purification was carried out using
a Ni-NTA Superflow Cartridge (QIAGEN, 30721) in an FPLC
system (ÄKTAprime plus; GE Healthcare) according to the
manufacturer instructions.

Autophosphorylation and transphosphorylation assays were
performed as described by Álvarez and Georgellis (2012).

RNA Extraction, Sequencing and
Analysis
For RNA extraction, three independent cultures of strains IB97
and M145-D125G were grown in 2xYT medium until mid-log
phase (24 h), in shaking flasks without coils to allow pellet
formation. Mycelium was harvested by filtration as described
in Hopwood et al. (1985) and RNA isolation was carried out
as described in Kieser et al. (2000), but using a modified Kirby
mixture (1% SDS, 6% EDTA, 6% saturated phenol solution,
150 mM β-mercaptoethanol, 50 mM Tris–Hcl, pH = 8.3) as
follows: pellets were filtered through ice-cold Whatman paper
after pouring the cultures over a funnel containing ice, placed
above the filter; the filter was washed with ice-cold water and
the mycelium was then scraped into ice-cold modified Kirby
solution and vortexed with an equal volume of 4 mm glass
beads for 2 min, then five pulses of 30 s. The suspension was
extracted with equal volumes of phenol:chloroform until the
interphase was clear, then precipitated with sodium acetate and
isopropanol. Total nucleic acids were treated with RNAse-free
DNAse I (Ambion, AM2222; Thermo Fisher Scientific) until
no PCR product was detected after 30 cycles using primers
ATTB_FOR and ATTB_REV (Table 1). rRNA was depleted by
subtractive hybridization with the Ribo-Zero Gram-positive kit
(Illumina, MRZGP126); mRNA libraries for each of the three
independent cultures of each strain were constructed using the
TrueSeq stranded mRNA Library Prep kit (Illumina 20020594)
and sequenced in an Illumina NextSeq 500 equipment, with up to
107 paired reads/sample. Raw RNA sequencing reads are available
through the NCBI Sequence Read Archive (BioProject Accession
No. PRJNA499125).

Sequences were mapped to the reference genome of
S. coelicolor A3(2) (NC_003888.3) and differential expression
evaluated with packages DESeq2 1.18.1 (Love et al., 2014), edgeR
3.20.9 (Robinson et al., 2010) and NOISeq 2.22.1 (Tarazona
et al., 2011). Genes were considered differentially expressed
if they showed a log2 fold-change above 1 and an FDR-
controlled p-value below 0.05. Genes that resulted positive
with at least two tests were annotated with eggNOG-mapper
(Huerta-Cepas et al., 2017).

RT-qPCRs to Validate Differential Gene
Expression
RNA obtained as described before was used in RT-qPCR using
the Luna Universal One-Step RT-qPCR kit (NEB, E3005S),
following the manufacturer’s instructions with 100 ng total
RNA/reaction plus 5% DMSO (NEB, B0515). Differential
expression was calculated according to the 11Ct method (Livak
and Schmittgen, 2001), using the hrdB gene as calibrator. Primers
used are listed in Table 1.

Statistical Analysis
Pellet size and differential gene expression were compared
by Student’s t-test. Due to the asymmetrical distribution
of the sedimentation time, the corresponding assays were
analyzed by the non-parametric Kruskal-Wallis test for multiple
comparisons, with post hoc Dunn test with Benjamini-Hochberg
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correction of experiment-wise error rate. Statistical significance
was determined at p-value < 0.05. All statistical procedures were
performed using R version 3.4.4 (R Core Team, 2018).

RESULTS

Experimental Evolution for Selection of
Slow-Sedimenting Strains
Since wild type S. coelicolor grows in liquid medium as tight,
dense mycelial pellets that settle quickly when the culture is left
without shaking, we sought to isolate mutants showing dispersed
growth by adapting a gravity-based sedimentation strategy used
previously by Ratcliff et al. (2012). Our strategy consisted of
sequentially transferring the uppermost part of settled cultures
for reinoculation, as opposed to the strategy used to isolate
multicellular derivatives of S. cerevisiae, which consisted of
sequentially transferring the lower part of the settled cultures.
Thus, any mutation which allowed for more dispersed mycelium
and less dense mycelial pellets would be positively selected.
By applying this selection to independent cultures of the wild
type M145 strain, we observed more dispersed morphologies
appearing after 12–56 transfers. The different isolates were
transferred to solid medium and purified from single colonies
after one sporulation round. Most of the purified strains no
longer showed dispersed growth in liquid medium, or showed

increased antibiotic production and reduced spore viability and
were no longer considered. Only one strain, which was named
2L12, was phenotypically indistinguishable from M145 on solid
MS medium and retained the slower sedimenting, dispersed
growth phenotype when reinoculated in liquid medium.

Microscopically, the main difference between strain 2L12 and
the parental strain M145 was the pellet size when both were
grown in liquid media without sucrose (Figure 1). The pellets
of 2L12 were smaller, like the one shown in Figure 1 (with an
area of 0.242 mm2), and frequently appeared breaking apart,
suggesting increased fragility. Pellets of the wild type M145
frequently reached at least the size of the pellet shown in Figure 1
(with an area of 0.621 mm2). It is worth noting that, under these
conditions, we never found in the 2L12 strain a pellet of the size
depicted for M145, whereas on almost every experiment the wild
type pellets reached at least this size (Supplementary Table S1)
The growth rate of 2L12 was indistinguishable from that of M145,
either in liquid YEME medium with 34% sucrose or in 2xYT
medium (Figures 2A,B), indicating that the reduced pellet size
was not due to a major growth defect.

In order to have an objective way to compare the phenotypes
of the M145 and 2L12 strains, we measured the time it took for
the pellets of either strain to settle through a 2 cm high column
of a 10% sucrose solution in a 1 cm wide test tube, since loose
and smaller pellets would take longer to settle to the bottom of
the tube because of their lower density. As expected, the selected

FIGURE 1 | Pellet morphology of strains M145 and 2L12. Bright field microscopy of representative pellets, grown in 2xYT medium. (A) M145 pellet with an area of
0.621 mm2 and (B) 2L12 pellet with an area of 0.242 mm2. These areas are around the average of the distribution for each strain. It is worth noting that under these
conditions, no pellets were found in the 2L12 strain of the size shown for M145, whereas in almost every experiment the M145 pellets reached at least this size. The
scale bar corresponds to 0.2 mm. (C) Pellet area quantification. Each dot represents the average area of pellets from an independent culture; the raw data for each
independent culture are shown in Supplementary Table S1. Bars represent mean ± standard deviation. An asterisk indicates significant difference at p < 0.01.
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FIGURE 2 | Growth and actinorhodin production by M145 and 2L12 strains. (A,B) show the growth curves in YEME and 2xYT media, respectively; (C,D) show
actinorhodin production in YEME and 2xYT media. Each dot represents a measurement from each of three independent cultures; black vertical lines represent the
means ± standard deviation.
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2L12 strain settled significantly slower to the bottom of the tube
than the M145 wild type strain (Figure 3), confirming the validity
of our experimental evolution strategy (i.e., slower sedimentation
due to increased mycelial dispersion).

We also measured total actinorhodin production of both
strains grown in liquid media. In YEME, where neither strain
forms large pellets due to the increased viscosity caused by the
34% sucrose present in the medium, there was no significant
difference in actinorhodin production (Figure 2C). On the
other hand, in 2xYT, where the wild type strain forms large,
dense, pellets, only M145 produced actinorhodin (Figure 2D).
This is consistent with previous studies which showed that
most antibiotic production takes place inside pellets (Manteca
et al., 2008). Together, these results demonstrate that, although
strain 2L12 produces less actinorhodin under this condition,
this difference is due to its morphology and is not caused by a
mutation specifically affecting synthesis of this antibiotic.

A Single Amino Acid Substitution Is
Responsible for the Dispersed Growth
Phenotype of Strain 2L12
In order to determine the genetic change responsible for
the phenotype of 2L12, we sequenced the genome of this
strain and also the genome of the isogenic M145 wild-type

strain, grown from the same spore vial used for the evolution
experiment that led to isolation of 2L12. After variant calling
and filtering, a single nucleotide change, a T to C transition
in nucleotide 5,754,703 of the S. coelicolor genome sequence
(GenBank accession NC_003888) appeared as the likely mutation
responsible for the differences observed between both strains
(Supplementary Table S2). This mutation lies in the sco5282
gene, which encodes a histidine kinase of a two-component
system of unknown function. This kinase gene is translationally
coupled to an upstream gene, sco5283, which encodes an OmpR-
type response regulator. The Sco5282 kinase is predicted to be
membrane-anchored by two transmembrane domains, followed
by a cytosol located HAMP domain, which functions as a signal
transmitter domain in many two-component sensor kinases
(Parkinson, 2010). The HAMP domain is followed by the
histidine kinase (HisKA) domain and a C-terminal HATPase
domain (Figure 3A). The mutation found in 2L12 causes a
substitution of an aspartate to a glycine (D125G) in the second
helix of the HAMP domain of the kinase (herein referred to
as sco5282-D125G). Analysis of the variants between genome
sequences revealed two other possible mutations: one inside
the sco4820 gene and the other one in the intergenic region
between sco6571 and sco6572. However, these variants had much
lower quality scores (179 and 160, vs. 222 of sco5282-D125G)
and, in the case of the variant in the sco4820 gene, not all the

FIGURE 3 | (A) Domain structure of the Sco5282 histidine kinase. TM, transmembrane domain; HAMP, HAMP domain; HisKA, histidine kinase domain, HATPase_c;
ATPase domain. An asterisk shows the position of the D125G mutation. (B) Sedimentation time of sco5282 mutants. Spores were germinated in viscous medium,
then grown in thin medium. Pellets were deposited on top of a 2 cm tall 10% sucrose solution, and the time it took for the first pellet to reach the bottom of the tube
was measured. Each dot represents the measurement from an independent culture; bars show the mean ± standard deviation; asterisks indicate statistical
significance (p < 0.01).
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aligned reads showed the presence of this putative mutation, as
opposed to sco5282-D125G where the mutation was present in
all the aligned reads (Supplementary Table S2). For this reason,
we focused on the mutation in the sco5282 gene. Interestingly,
when the presence of Sco5282/Sco5283 orthologs was analyzed
by reciprocal BLASTP searches using the Actinoblast database
(Chandra and Chater, 20142) this two-component system was
found to be prevalent in the Streptomycineae, but not in other
actinomycetes suborders (Supplementary Figure S1).

To demonstrate that the sco5282-D125G allele was responsible
for the phenotype of strain 2L12, we transferred it to the wild
type M145 background by recombining this mutation in vivo,
using the StCB12 cosmid (which carries the sco5282 and sco5283
genes) as described in Materials and Methods. This resulting
strain, M145sco5282-D125G, was grown in liquid culture and
its sedimentation time was measured. It was found that this
strain had the same slow-sedimentation phenotype as the 2L12
strain, demonstrating that the mutation in the histidine kinase
gene sco5282 is sufficient to cause a dispersed, slow-sedimenting
morphology (Figure 3B). We also constructed a mutant carrying
an in-frame deletion of the sco5282 gene, IB95, and a mutant
lacking both the kinase and response regulator genes (1sco5282-
5283), IB97, and tested their sedimentation time. Interestingly, a
wild-type phenotype, with fast sedimentation times was obtained
for both the IB95 and IB97 mutant strains (Figure 3B). This result
suggested that the sco5282-D125G allele is a gain-of-function
mutation. It also implies that, during normal growth this two-
component system is most likely inactive, since the absence of

2http://streptomyces.org.uk/actinoblast

the Sco5282 kinase resulted in wild-type growth. To confirm
that the sco5282-D125G allele is responsible for the dispersed
morphology phenotype, we cloned the mutant allele under the
control of the PtipA promoter in the integrative expression vector
pIJ6902, and introduced it into strain IB95, to complement the
1sco5282 null mutation. As can be seen in Figure 4, expression
in trans of the mutant allele restored the dispersed growth
phenotype, even without adding thiostrepton as inducer. This
indicates that the mutant sco5282-D125G allele is able to produce
a dispersed morphology even when it is expressed at the low
constitutive level observed for the PtipA promoter in the absence
of thiostrepton (Ali et al., 2002). When the same plasmid was
introduced into strain IB97, the mutant kinase alone did not
cause the slow-sedimenting phenotype (Figure 4), indicating that
the Sco5282-D125G mutant kinase exerts its effect through the
Sco5283 cognate response regulator.

The D125G Mutation Is Recessive
Since the sco5282-D125G allele appeared to be a gain of function
mutation, we decided to determine whether it was dominant
over the wild type gene. To this end, we introduced the pIJ6902
plasmid derivative carrying the mutant sco5282-D125G allele into
the wild type M145 strain. Surprisingly, the mutant allele did not
promote dispersed growth in the presence of the wild type gene
(Figure 4) and therefore appeared to be recessive. To confirm
this, we constructed merodiploid strains by inserting either the
wild type StCB12 or the mutant StCB12sco5282-D125G cosmids
into both the M145 and 2L12 strains, through homologous
recombination. In this way, two copies of the two-component
system, each one expressed from its own promoter, could be

FIGURE 4 | Sedimentation times of complemented strains. Vector pIJ6902 was introduced either empty or with the cloned sco5282-D125G gene into the indicated
strains. Each dot represents the measurement from an independent culture; bars show the mean ± standard deviation; an asterisk indicates statistical significance
(p < 0.01).
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tested in the proper homozygous or heterozygous combinations.
Measuring the sedimentation time of these strains revealed that
insertion of a wild-type cosmid in strain 2L12 resulted in a wild-
type phenotype, whereas insertion of the D125G cosmid did not
result in a dispersed-growth phenotype in M145 (Figure 5). Both
wild-type and mutant cosmids were also introduced into strain
IB97, resulting in wild-type and mutant phenotypes, respectively
(Figure 5). Taken together these results confirm that the sco5282-
D125G mutation is recessive and also rule out the possibility that
doubling the gene dose of the neighbor genes which are present
in the cosmid might affect the growth phenotype.

The D125G Substitution in the HAMP
Domain Results in Activation of the
Sco5282 Kinase
As mentioned above, the D125 to G mutation in Sco5282 appears
to result in enhanced phosphorylation of the Sco5282/Sco5283
two-component system. To test this, His6-tagged versions of
the Sco5283 protein and also of the cytosolic portions of the
wild-type and mutant Sco5282 proteins were overexpressed in
E. coli, purified by Ni-NTA-agarose affinity chromatography and
used in in vitro autophosphorylation and transphosphorylation
assays with [γ-32P]ATP (Figure 6). Although both the wild type
and the mutant kinase proteins had similar kinetics regarding
their autophosphorylation, the mutant Sco5282-D125G kinase
exhibited a significantly higher transphosphorylation rate of the
Sco5283 response regulator as compared to the wild type Sco5282
kinase protein. Net phosphorylation of Sco5282-D125G was also

higher in the presence of Sco5283 as compared to Sco5282. Thus
the D125G substitution in the Sco5282 kinase appears to be an
activating mutation.

Transcriptomic Differences Between
Dispersed and Pelleting Strains
Since strain 2L12 is carrying an activating mutation in the
Sco5282/Sco5283 two-component system, it is reasonable to
argue that its dispersed growth is caused by the activation
of genes that are normally not expressed or that have a low
expression level. To investigate which genes were affected, we
decided to analyze the transcriptomes of a strain with wild-type
morphology and one with dispersed morphology. In order to
maximize the differences in expression of target genes of the two-
component system, we chose the strain M145sco5282-D125G
as the strain exhibiting dispersed slow-sedimenting growth,
and IB97 (i.e., the null 1sco5282-5283 mutant) as the tightly
pelleting fast-sedimenting strain. Total RNA was extracted from
three independent cultures of each strain at mid-log phase
grown in 2xYT, the medium where morphological differences are
maximal. After rRNA subtraction the samples were sequenced
and gene abundances were compared using three statistical
packages: DESeq2 (Love et al., 2014), edgeR (Robinson et al.,
2010) and NOISeq (Tarazona et al., 2011). Comparisons were
made between M145sco5282-D125G and IB97, so that positive
log2 Fold Change represents genes that were either highly
overexpressed in the dispersed strain, or repressed in the pelleting
strain. 437 genes were found to be differentially expressed, and
354 of them were identified by all three statistical tests. Genes

FIGURE 5 | Sedimentation times of merodiploid strains. Merodiploid strains were constructed by insertion of the StCB12 cosmid harboring either a wild-type or
mutant version of sco5282-sco5283 as indicated. Each dot represents the measurement from an independent culture; bars show the mean ± standard deviation;
asterisks indicate statistical significance (p < 0.05).
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FIGURE 6 | In vitro phosphorylation assays. Wild-type and mutant Sco5282 kinases were overexpressed in E. coli, purified and incubated with [γ-32P]ATP.
(A) shows a time course of autophosphorylation in the absence of the Sco5283 response regulator and (B) shows a time course of transphosphorylation in its
presence. Each dot represents an individual phosphorylation assay. The positions of the cytosolic portion of the Sco5282 histidine kinase and Sco5283 response
regulator are indicated by SK and RR, respectively.

identified by at least two tests were annotated with the program
eggNOG-mapper (Huerta-Cepas et al., 2017) to assign functional
categories (Figure 7). Differential expression of relevant genes
mentioned in the sections below and shown in Tables 2–4, was
validated by qPCR as described in “Materials and Methods,” and
shown in Table 5. A table showing the differentially expressed
genes identified by all three statistical packages is provided as
Supplementary Table S4.

Genes Involved in Envelope Maintenance
Among the most overexpressed genes in the dispersed
M145sco5282-D125G strain were many involved in protein
secretion and envelope maintenance (Table 2). The single
most overexpressed gene was sco0753 which encodes a 77
amino acid peptide of unknown function. This gene is located
upstream of an operon for a secretion system (sco0754-sco0756),
homologous to a type I secretion system and similar to
bacteriocin secretion systems (Håvarstein et al., 1995). The
Sco0753 peptide has been predicted as a probable bacteriocin-
like ribosomal lanthipeptide (van Keulen and Dyson, 2014).

It is predicted to be very hydrophobic (57% of hydrophobic
amino acids) reminiscent of the hydrophobic proteins that coat
the hyphae during differentiation helping them to break free
from the aqueous medium (Flärdh and Buttner, 2009). The
fact that these four genes are conserved in many Streptomyces
species, with the same genomic organization, suggests that
this hydrophobic peptide is exported by the above mentioned
secretion system.

Another gene with upregulated expression in the dispersed
strain was mbl2 (sco6166), which encodes one of the three
MreB homologs present in S. coelicolor. Previous studies have
shown that mbl2 was expressed only in vegetative mycelium
and repressed during differentiation (Heichlinger et al., 2011),
in contrast to the other two paralogs, MreB and Mbl1, which
were found to regulate cell wall deposition during sporogenic cell
division, with a similar role to the one played by homologous
proteins in unicellular bacteria.

The Sec system component SecDF (sco6160) was also greatly
overexpressed in the dispersed strain. This protein consists of
domains paralogous to SecD and SecF, but fused into a single
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FIGURE 7 | Summary of the differentially expressed genes. (A) Venn diagram showing the number of differentially expressed genes as analyzed by the statistical
analysis packages DESeq2, EdgeR, and NOISeq. (B) Cluster of orthologous groups (COG) annotation of RNAseq-identified differentially expressed genes. C, energy
production and conversion; D, cell cycle control and mitosis; E, amino acid metabolism and transport; F, nucleotide metabolism and transport; G, carbohydrate
metabolism and transport; H, coenzyme metabolism; I, lipid metabolism; K, transcription; L, replication and repair; M, cell wall/membrane/envelop biogenesis; O,
post-translational modification, protein turnover, chaperone functions; P, inorganic ion transport and metabolism; Q, secondary structure; T, signal transduction; U,
intracellular trafficking and secretion; V, defense mechanisms; S, function unknown.

polypeptide, which is normally expressed at very low levels
(Zhou et al., 2014). It appears to be part of an operon which
includes a two-component system, since all these genes had
similar expression levels. SecDF promotes the release of secreting
polypeptides, providing the proton motive force and enhancing
protein secretion (Tsukazaki et al., 2011). This suggests that the
dispersed strain is dealing with protein secretion stress, although
it is not yet possible to tell whether this is a cause or a consequence
of the mutant morphology.

On the other hand, exopolysaccharide synthesis proteins were
repressed in the dispersed-growing strain. Of special interest is
the gene encoding the MatB protein (sco2962), whose absence
is known to lead to mycelial dispersion (van Dissel et al.,
2015). However, the upstream gene, matA, was not differentially
expressed. Further analysis is required to determine whether
these genes are transcribed as a single unit, and in that case,
the mechanism by which the system Sco5282-Sco5283 could be
affecting such differential regulation. Even though cslA and glxA
were not part of the set of genes identified by all three statistical

analysis packages as differently expressed, their expression levels
were lower in the dispersed mutant, and in the case of cslA this
reduced expression was found to be statistically significant by two
of the packages (see Supplementary Table S3).

Primary Metabolism Genes
A majority of the genes identified as differentially expressed were
annotated in the primary metabolism category. This was not
surprising, since pellet formation is known to exert stress on the
cells and limit the amount of oxygen and nutrients available to
hyphae. Therefore, cell metabolism must adapt to the different
conditions imposed by the morphology.

The main metabolic routes affected were those for branched-
chain amino acids and purine degradation, which were
stimulated in the dispersed strain, along with the regulatory
enzymes of gluconeogenesis (Table 3). Glycolysis, on the
contrary, was repressed in this strain. Together, these findings
suggest that strain M145 sco5282-D125G is taking up carbon
from amino acids and purines, the main components of 2xYT

Frontiers in Microbiology | www.frontiersin.org 11 July 2019 | Volume 10 | Article 1568

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01568 July 6, 2019 Time: 12:43 # 12

Arroyo-Pérez et al. Two-Component System Affecting Morphology

TABLE 2 | Differentially expressed genes involved in cell envelope maintenance.

FDR-controlled p-value

Gene Function Log2 fold change COG1 EdgeR DESeq2 NOISeq

SCO0753 Natural ribosomal product; predicted secretion signal
peptide

6.3 1.5E-91 4.1E-15 1.0E-13

SCO0754 Secreted protein; homolog of type I secretion system
protein HlyD

4.4 M 7.6E-51 1.5E-47 2.1E-14

SCO0755 ABC transporter component 4.25 V 2.6E-49 3.6E-60 2.9E-15

SCO0756 ABC transporter component 4.25 V 1.8E-50 1.1E-58 5.6E-16

SCO0757 Exopolyphosphatase; involved in phosphate
metabolism

1.58 F, P 2.7E-08 7.8E-09 6.2E-06

SCO6160 secDF; alternative secretion system protein 2.89 U 1.4E-26 3.8E-02 0.0E+00

SCO6161 Secreted protein 1.51 – 1.4E-07 4.0E-06 2.8E-03

SCO6162 Response regulator 2.21 T 1.8E-16 5.3E-02 0.0E+00

SCO6163 Histidine kinase 2.13 T 1.7E-15 1.2E-01 0.0E+00

SCO1741 Secreted serine protease 4.10 O 5.3E-41 1.3E-36 1.1E-16

SCO0381 Polyprenyl glycosyl transferase; involved in
exopolysaccharide syntesis

−1.86 M 3.3E-10 2.8E-01 1.5E-02

SCO0382 UDP-glucose/GDP-mannose dehydrogenase (algD);
catalyzes the reaction GDP-mannose + NAD+→
GDP-mannuronate + NADH

−1.37 M 7.1E-06 3.7E-01 2.0E-02

SCO0836 Mechanosensitive ion channel −1.31 M 1.2E-05 5.0E-09 1.6E-03

SCO2589 CDP-glycerol poly(glycerophosphate)
glycerophosphotransferase; involved in teichoic acid
biosynthesis

2.24 M 5.1E-17 7.6E-39 0.0E+00

SCO2590 CDP-glycerol poly(glycerophosphate)
glycerophosphotransferase; involved in teichoic acid
synthesis

2.37 M 7.6E-19 5.5E-41 3.3E-15

SCO2591 N-acetylmuramoyl-L-alanine amidase −3.77 M 2.3E-41 3.0E-125 5.3E-14

SCO2962 Transferase (matB); involved in exopolysaccharide
synthesis

−1.73 M 3.0E-10 2.0E-23 1.1E-16

SCO6131 D-alanyl-D-alanine carboxypeptidase; penicillin-binding
protein family 4

2.93 M 2.9E-27 5.9E-47 0.0E+00

SCO6164 dksA-like zinc-finger protein 2.53 K 5.7E-21 3.0E-01 0.0E+00

SCO6165 dksA-like protein 2.71 K 1.5E-23 1.7E-01 0.0E+00

SCO6166 mreB/mbl2; cell wall synthesis regulator 2.77 S 1.3E-24 9.1E-02 5.8E-04

SCO6167 Proline rich protein 1.48 S 5.6E-08 8.8E-05 5.6E-16

1The cluster of orhologous groups (COG) categories in this table are: F, nucleotide metabolism and transport; K, transcription; M, cell wall/membrane/envelope biogenesis;
O, post-translational modification, protein turnover, chaperone functions; P, inorganic ion transport and metabolism; T, signal transduction; U, intracellular trafficking and
secretion; V, defense mechanisms; S, function unknown.

medium, while the pelleting IB97 strain is using carbohydrates.
Most likely this is a consequence of the lysis occurring inside the
pellets, which releases murein for the growing hyphae to feed on.

It is noteworthy that the genes for glyceraldehyde-3-phosphate
dehydrogenase, for which S. coelicolor has three copies, were
all differentially expressed. Two of them, including the most
important gap gene during vegetative growth (sco1947, Li and
Townsend, 2006) were repressed in the dispersed strain, while
sco7040 was overexpressed. This suggests specialized functions
for the enzyme encoded by each gene, that may be related to their
role in glycolysis and gluconeogenesis.

Other genes, strongly repressed in the dispersed strain, are
those of the pentose-phosphate pathway.

Regulatory Genes
The genes for 24 transcriptional regulators were found to be
differentially expressed. Of those with known function, regulators
of stress responses that indirectly promote differentiation and

sporulation stand out. For example, SigB (sco0600) is an osmotic
stress response sigma factor (Cho et al., 2001), which promotes
differentiation by activating SigM (sco7314, Lee et al., 2005) and
its own anti-anti-sigma factor RsbV (sco4005, Lee et al., 2004).
Although SigK is a negative regulator of sporulation, its transcript
is accumulated at the onset of the differentiation process (Mao
et al., 2009). RamR is an orphan response regulator which also
promotes sporulation indirectly (Keijser et al., 2002). All of these
stress-response sporulation-promoting genes are overexpressed
in the pelleting IB97 strain (Table 4), in agreement with previous
knowledge that tight clumping induces stress in the mycelium.

No direct regulators of sporulation were identified, with
the exception of WhiD, a regulator required for sporulation
that normally is not expressed in liquid media, where no
sporulation takes place (Molle et al., 2000). Nevertheless,
this regulator was overexpressed in the dispersed mutant
(Table 4), opposite to the trend of the indirect sporulation
regulators. It has to be mentioned that little is known about
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TABLE 3 | Differentially expressed genes for primary metabolism.

FDR-controlled p-value

Gen Function Log2 fold change Metabolic pathway COG1 EdgeR DESeq2 NOISeq

SCO4979 Phosphoenolpyruvate carboxykinase 2.37 Gluconeogenesis C 7.45E-19 3.81E-03 0.00E+00

SCO7040 Glyceraldehyde-3-phosphate dehydrogenase 1.48 Glycolysis/Gluconeogenesis G 5.98E-08 1.18E-01 3.03E-05

SCO5047 Fructose-1,6-bisphosphatase 1.45 Gluconeogenesis G 1.11E-07 3.97E-04 1.67E-15

SCO7638 Enolase −1.22 Glycolysis/Gluconeogenesis G 5.90E-05 2.76E-03 5.66E-03

SCO5423 Pyruvate kinase −1.38 Glycolysis G 7.14E-07 1.21E-04 2.89E-15

SCO1947 Glyceraldehyde-3-phosphate dehydrogenase −1.67 Glycolysis/Gluconeogenesis G 9.66E-10 8.63E-07 1.44E-15

SCO7511 Glyceraldehyde-3-phosphate dehydrogenase −5.22 Glycolysis/Gluconeogenesis G 2.49E-69 1.56E-09 1.01E-14

SCO6659 Phosphohexose isomerase −4.00 Glycolysis/Gluconeogenesis G 1.45E-45 1.41E-03 1.44E-15

SCO2774 Acyl-CoA dehydrogenase 1.56 Amino acid degradation I 8.90E-09 1.41E-04 4.44E-16

SCO2776 Carboxylase 2.11 Amino acid degradation I 3.14E-15 1.33E-01 3.77E-15

SCO2777 Carboxylase 2.12 Amino acid degradation I 1.85E-15 1.16E-01 0.00E+00

SCO2778 Hydroxymethylglutaryl-CoA lyase 1.96 Amino acid degradation I 2.54E-13 2.75E-01 1.06E-03

SCO2779 Acyl-CoA dehydrogenase 2.08 Amino acid degradation I 6.17E-15 1.50E-01 0.00E+00

SCO4800 Isobutiryl-CoA mutase 1.16 Amino acid degradation I 4.36E-05 2.09E-04 2.03E-03

SCO5398 Methylmalonyl-CoA epimerase 1.38 Amino acid degradation I 5.03E-07 1.03E-05 0.00E+00

SCO5399 Acetyl-CoA acetyltransferase 1.63 Amino acid degradation I 1.63E-09 1.41E-09 0.00E+00

SCO5415 Methylmalonyl-CoA mutasa 1.47 Amino acid degradation I 7.03E-08 2.39E-01 0.00E+00

SCO6701 Acetyl-CoA acetyltransferase 1.44 Amino acid degradation I 7.60E-07 4.84E-04 4.18E-03

SCO6702 Acetyl-CoA acetyltransferase subunit B 1.81 Amino acid degradation I 3.26E-10 4.79E-02 8.24E-03

SCO4972 Xanthine dehydrogenase 2.65 Purine degradation F 7.57E-23 1.38E-02 2.22E-15

SCO6209 OHCU decarboxylase 3.11 Purine degradation F 8.62E-27 9.16E-19 5.50E-09

SCO6247 Dihydroorotase 2.92 Purine degradation F 2.17E-26 7.02E-20 0.00E+00

SCO6248 Allantoate amidinohydrolase 2.43 Purine degradation F 4.30E-19 2.53E-13 1.51E-11

SCO1679 Gluconokinase −2.54 Pentose phosphate G 5.38E-20 4.82E-02 6.66E-16

SCO6497 Transketolase −1.99 Pentose phosphate G 1.32E-12 3.37E-16 0.00E+00

SCO6658 6-phosphogluconate dehydrogenase −3.92 Pentose phosphate G 2.50E-44 1.07E-03 3.33E-16

SCO6661 glucose-6-phosphate 1-dehydrogenase −4.84 Pentose phosphate G 9.78E-62 1.86E-04 0.00E+00

SCO6662 Transaldolase −5.33 Pentose phosphate G 2.54E-71 1.10E-04 0.00E+00

SCO6663 Transketolase −6.12 Pentose phosphate G 1.51E-87 3.66E-05 4.33E-15

SCO1224 Ribose-5-phosphate isomerase 1.55 Pentose phosphate G 1.33E-08 1.09E-06 0.00E+00

1The cluster of orhologous groups (COG) categories in this table are: C, energy production and conversion; G, carbohydrate transport and metabolism; I, lipid transport
and metabolism; F, nucleotide metabolism and transport.

the role of WhiD, other than the fact that it possesses a
[4Fe-4S] nucleus capable of binding oxygen and nitric oxide
(Jakimowicz et al., 2005; Crack et al., 2009).

Recently, it has been revealed that cytosolic copper is a major
modulator of germination and development in S. coelicolor, and
that its levels depend on the copper export system, encoded by
the sco2730 and sco2731 genes. As is shown in Supplementary
Table S3, no significant differences in the expression of these
genes was observed in the dispersed mutant.

No regulators of antibiotic biosynthesis were differentially
expressed, which is probably due to the fact that the RNA
samples were taken at mid-log phase, when there is no
antibiotic biosynthesis.

Gas Vesicles
Among the most differentially expressed genes was one of the
two clusters of gas vesicle genes in the S. coelicolor genome
(genes sco6499-sco6508). Despite being widespread among
actinobacteria, there are no reports of functional gas vesicles

in these organisms (van Keulen et al., 2005). Transcriptional
activation of this cluster has been seen in mutants of the arginine-
synthesis regulator gene argR (Botas et al., 2018), of the nitrogen
sensor glnK (Waldvogel et al., 2011), in response to saline stress,
in a SigB dependent manner (Lee et al., 2005) and in the presence
of antibiotics that target cell wall biosynthesis (Hesketh et al.,
2011). These genes were greatly overexpressed in strain IB97,
suggesting that their expression might be related to the general
stress response shown by this strain.

DISCUSSION

In this study, we set up an experimental approach to focus
on the factors governing mycelial aggregation in liquid culture.
By working with liquid S. coelicolor cultures, it is possible
to restrict the phenomenon to the non-sporulating vegetative
mycelium. By applying a very general selective pressure,
as is sedimentation speed, it was possible to isolate many
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TABLE 4 | Differentially expressed genes for transcriptional regulators.

FDR-controlled p-value

Gene Function Log2 fold change COG1 EdgeR DESeq2 NOISeq

SCO6164 dksA-like zinc-finger protein 2.53 K 5.72E-21 3.03E-01 0.00E+00

SCO6165 dksA-like protein 2.71 K 1.50E-23 1.67E-01 0.00E+00

SCO6166 mreB/mbl2; cell wall synthesis regulator 2.77 S 1.34E-24 9.08E-02 5.81E-04

SCO6167 Proline-rich protein 1.48 S 5.63E-08 8.79E-05 5.55E-16

SCO1897 DeoR-type regulator 2.15 K 3.20E-15 1.14E-06 2.21E-05

SCO0864 ECF sigma factor 1.69 K 1.27E-08 5.50E-05 7.98E-03

SCO4767 WhiD; sporulation regulator 1.45 K 7.60E-07 1.45E-04 7.85E-03

SCO6685 RamR; sporulation regulator −1.48 T 7.25E-05 2.15E-02 1.33E-02

SCO3198 DeoR-type regulator −1.59 K 1.13E-08 2.03E-01 9.10E-03

SCO6520 SigK; differentiation sigma factor −1.65 K 4.32E-09 8.41E-07 4.09E-03

SCO0600 SigB; stress sigma factor −1.70 K 4.36E-10 3.06E-23 3.22E-15

SCO7325 RsbV; SigB anti-anti-sigma factor −1.28 T 7.68E-06 2.38E-03 4.55E-03

SCO4005 ECF sigma factor −1.81 K 3.10E-11 4.31E-17 0.00E+00

SCO1658 GylR; glycerol responsive regulator −2.05 K 2.88E-14 1.36E-07 1.78E-15

SCO2845 GntR-type regulator −2.62 K 1.17E-16 2.93E-02 5.13E-03

SCO7314 SigM; differentiation sigma factor −2.75 K 2.56E-22 7.35E-18 0.00E+00

SCO2846 ROK-type regulator −3.49 K 3.83E-36 1.03E-02 4.44E-16

1The cluster of orhologous groups (COG) categories in this table are: K, transcription; T, signal transduction; S, function unknown.

different slow-sedimenting strains with dispersed morphology.
Even though none of them reached a level of dispersion or
fragmentation like the one seen in S. venezuelae, the fact that
several different mutational events could be found, even in such
a relatively short time (12 transfers), indicates that submerged
culture morphology is a multifactorial trait that can be affected
through many different ways. Initial concerns that too many
mutations could arise in such experiments, complicating further
analysis, were dissipated upon discovery that few generations
were needed to obtain a visibly distinct phenotype, given that
many different independent cultures were set up since the
beginning. Strain 2L12 appeared on the 12th transfer, the
fastest of all cultures used in this study, and it is most likely
because of this that it differed from the wild type strain by a
single point mutation.

It was important to identify mutations that did not have
pleiotropic effects that could be causing fragmentation as a
secondary effect to other major metabolic changes or that showed
altered viability or differentiation. In this regard, we chose to
work with strain 2L12 because it did not have any differentiation
or sporulation problems. Even more so, growth kinetics showed
that it was indistinguishable from wild-type M145, proving
that it had no major defects in primary metabolism. It was
surprising to find that in medium without sucrose, where
morphological differences are the most pronounced between the
two strains, growth proceeded at exactly the same rate, since
pelleted forms are known to show reduced growth (Walisko et al.,
2015). Nevertheless, it has been reported previously that those
differences are especially seen in bioreactors, and not in cultures
grown in shake flasks (van Dissel et al., 2015).

Metabolic adaptations were expected to take place in order
to compensate for the different morphologies. Indeed, a third of

TABLE 5 | qRT-PCR validation of selected differentially expressed genes.

Gene name log2 fold change (M145-D125G vs. IB97)1

SCO0753 8.10 ± 2.62∗

SCO0754 5.79 ± 1.60∗

SCO6166 (mbl) 5.27 ± 3.14∗

SCO7511 (gap3) −2.89 ± 1.81∗

SCO7040 (gap2) 3.59 ± 2.58∗

SCO4979 (pckA) 4.35 ± 2.99∗

SCO4767 (whiD) 0.65 ± 2.73

SCO2962 (matB) −0.86 ± 1.40

SCO0600 (sigB) 1.97 ± 3.76

SCO6160 (secDF) 3.68 ± 2.17∗

1Values represent the average of four biological replicates ± 95% confidence
interval. An asterisk indicates statistical significance. Correlation between RNAseq
and qRT-PCR resulted in R2 = 0.9129.

the functional categories assigned to the differentially expressed
genes belong to primary metabolism (Figure 7). Thus, the
two different strains were on two different metabolic states
despite growing at the same rate: the slow-sedimenting dispersed
strain was using the carbon source in the medium through
gluconeogenesis, whereas the fast-sedimenting tight-pelleting
strain was using carbohydrates. This difference is probably
due to the increased lysis that the pelleting strain is going
through, since it has a larger proportion of hyphae inside
the pellets, which is where lysis takes place (Manteca et al.,
2008). Nonetheless, the pellets continue to grow (Manteca et al.,
2008), which is the reason that they reach the same final
biomass (Figure 2A).

Frontiers in Microbiology | www.frontiersin.org 14 July 2019 | Volume 10 | Article 1568

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01568 July 6, 2019 Time: 12:43 # 15

Arroyo-Pérez et al. Two-Component System Affecting Morphology

An Activating Mutation in the HAMP
Domain
Genome sequencing revealed that strain 2L12 had a single point
mutation that caused a substitution of an aspartate residue
for a glycine in the HAMP domain of a histidine kinase of a
two-component system of unknown function. Transferring the
mutant allele to a wild-type background demonstrated that this
mutation was sufficient to confer the dispersed slow-sedimenting
phenotype. Further genetic analysis showed that this is not a
loss-of-function mutation, that it does not change the specificity
of the kinase for its cognate response regulator, and that it is
a recessive allele. These are interesting findings for a HAMP
domain mutation. The HAMP domain is composed of two
helices, AS1 and AS2 that form a 4 helix-bundle when the kinase
dimerizes. A phase-stutter at the contact of the helices allows
them to rotate upon detection of the signal (Parkinson, 2010).
Aspartate 125 is located in the membrane-distal part of the AS2
helix, opposite to the contact side of the helices, suggesting that it
is probably not directly involved in the conformational changes
of signal transmission.

Nevertheless, a substitution for a glycine is likely to interrupt
the helical structure. Previously, destabilizing mutations in
the membrane-distal half of the AS1 helix were identified as
activating mutations of the PhoQ kinase (Matamouros et al.,
2015). A model was proposed in which interactions between
the HAMP and catalytic domains repress kinase activity.
Extracellular signaling would disrupt these interactions,
leading to kinase activation (Matamouros et al., 2015).
Therefore, destabilizing mutations in the HAMP domain
could lead to increased kinase activity. In this work, a similar
mutation was found in the AS2 helix, with the same activating
effect. Even though in vitro autophosphorylation was almost
identical between the wild-type Sco5282 and Sco5282-D125G
kinases, transphosphorylation of the response regulator
by Sco5282-D125G was greatly increased, with a maximal
phosphorylation level of the target almost twice that of the
wild type. A possibility could be that the equilibrium between
phosphorylation and dephosphorylation in the mutant kinase
is displaced toward phosphorylation, resulting in increased
activation in vivo.

This model could also explain why the activating D125G
mutation is recessive. The HAMP domain is where the
kinase dimerizes. In a heterozygous cell, both wild-type and
mutant monomers are produced, which entails formation of
heterodimers. These molecules would have one destabilized
HAMP domain and one functional, which may still interact
with the catalytic domain and repress it. Thus, heterodimers
would display wild-type transphosphorylation activity, and
consequently a wild-type phenotype.

Transcriptional Changes Related to the
Dispersed Morphology
Streptomyces morphology is a complex trait. Even though
all species have a common life cycle in the soil, growing
as a multicellular vegetative mycelium, their growth in the
laboratory reveals widely different morphologies. S. venezuelae

and S. coelicolor can form similar vegetative mycelia on solid
medium, and yet they represent opposite sides of the morphology
spectrum in liquid media: the first grows as fragmented, separate
hyphae, while mycelium of the latter becomes inextricably
matted in giant nets (van Dissel et al., 2014), which results
in formation of large, dense pellets. Many parallels have been
drawn between pelleted growth and biofilm formation: like a
biofilm, a pellet’s matrix is composed of different polymers,
at least extracellular DNA and polysaccharides (Xu et al.,
2008). Polysaccharides are produced in germinating hyphal
tips, to allow adhesion to the substrate and to each other
(Zacchetti et al., 2016). Most surprisingly, when faced with
nutrient scarcity, pellets disassemble, like a starving biofilm
(Zacchetti et al., 2018).

Perhaps because most morphological studies of this genus
have focused on sporulation, the part of the life cycle that occurs
outside of the substrate, little is known about the importance
of hyphal aggregation and biofilm-like mycelial growth. Some
components of this extracellular matrix, however, are already
known to be important in the Streptomyces life cycle: the
polysaccharide synthesized by CslA is necessary to guide the
hydrophobic chaplin layer that allows aerial hyphae to erect out of
the water (de Jong et al., 2009). The other polysaccharide known
to be a part of the Streptomyces extracellular matrix, synthesized
by MatAB, seems to be non-essential for surface growth (van
Dissel et al., 2015). Of course, nothing is known about the timing
and regulation of these events.

The phenotype of strain 2L12 could be explained by the
reduced expression observed in the matB gene, whose deletion
is known to be sufficient to obtain dispersed growth. This
is an important finding, since the Sco5282/Sco5283 two-
component system would be the first identified regulator
which affects expression of these exopolysaccharide synthases.
Since clsA and glxA expression is also reduced, it is likely
that reduced aggregation caused by lower expression of these
genes also contributes to the phenotype. Even, though there
is reduced expression of matB, the expression of the upstream
matA gene is not altered, suggesting that changes in matB
expression are most likely not caused by direct regulation
by Sco5283. Therefore it appears it is more probable that
reduced expression of matB is an indirect effect, probably
exerted by one of the 24 transcriptional regulators identified
as differentially expressed (Figure 7), 16 of which have no
known targets. Further indication that matAB is not part
of the direct regulon of Sco5282/Sco5283 is its narrow
distribution among Streptomyces species: whereas matAB is
lacking in some species like S. venezuelae, sco5282-sco5283
has orthologs in all Streptomyces genomes present in StrepDB
(Chandra and Chater, 2014).

Other genes identified as differentially expressed are more
likely to be direct targets of the Sco5282-Sc05283 system.
The lantibiotic-like peptide Sco0753 was the single most
overexpressed gene in the strain carrying the activating Sco5282-
D125G allele, with over 60-fold overexpression. Together
with its putative secretion system encoded downstream, these
genes were almost completely silent in the null mutant.
S. coelicolor is known to produce another lantibiotic-like peptide
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with morphogenic properties, SapB, which is a surfactant
peptide required for aerial mycelium erection in some
conditions (Willey et al., 2006). It is possible that the Sco0753
peptide could induce changes in the surface of hyphae,
although it is unlikely to function exactly as SapB, since it
has no cysteins, which lantibiotics require to be processed
(Sahl and Bierbaum, 1998).

Another morphogenic protein identified as differentially
expressed was the MreB paralog Mbl2. Of the three paralogs
encoded in the S. coelicolor genome, Mbl2 seems to be expressed
exclusively in the vegetative mycelium and its deletion does not
affect sporulation in solid medium (Heichlinger et al., 2011).
Given the role of MreB coordinating synthesis of the cell
wall, it is an obvious candidate to contribute to the alterations
observed in strain 2L12.

Other genes differentially expressed suggest an activated
protein secretion stress response. SecDF, which is normally not
expressed, was activated in the presence of the constitutive
kinase. It is interesting that a previous study considered the two-
component system Sco5282-Sco5283 as a candidate homolog
of Bacillus subtilis CssRS, which responds to the Sec secretion
pathway stress. It was dismissed because its transcript levels
remained unchanged after induction of protein secretion stress
(Gullón et al., 2012), although that does not disprove the
possibility that it may act as a sensor in this route. Sco5282
has only four amino acids in its extracellular loop, leaving
the transmembrane helices as the only regions that could
act as a sensor domain, for example to detect stalled Sec
complexes. Curiously, among the overexpressed genes in our
RNA-seq experiment, there was a serine protease, Sco1741, like
the HtrA-like proteases of the CssRS response (Gullón et al.,
2012). Protein secretion rate is bound to affect cell envelope
structure, since it controls the rate at which remodeling enzymes
can be translocated. Thus, strain 2L12 could have a weaker
extracellular matrix due to improved secretion of polysaccharide-
degrading enzymes.

Further research will be needed to discern the role of these
proteins in vegetative mycelium morphology.

In general, our study provides insight into the molecular
adaptations to morphological constraints. Most transcriptomic
studies are performed in viscous media, where Streptomyces
forms few or small pellets. In our experiment, RNA samples
were specifically taken from 2xYT, a medium that promotes
pellet formation, so that the main difference between strains
was the pellet size. It is interesting that our results provide
further confirmation that pelleted growth induces stress in the
cells, as seen by the activation of many stress sigma factors
in the null mutant. Surprisingly, gas vesicle genes were also
activated in this condition. This cluster had been seen to
be activated upon saline stress, in a SigB-dependent manner.
SigB is also activated during pelleted growth, suggesting that
it may also be regulating gas vesicle genes in this condition,
which is unrelated to saline stress. A simple explanation
could be that inner hyphae are lacking oxygen, and gas
vesicles are formed in an attempt to find shallow waters with

greater oxygen pressure. Another explanation is that gas vesicle
proteins have a different role in a more generalized stress
response, as has been previously suggested (Lee et al., 2005;
Hesketh et al., 2011; Botas et al., 2018), in a process
thus far unknown.

Even though this study has been carried out only with
S. coelicolor, the prevalence of orthologs of the Sco5282/Sco5283
two-component system among different members of the
Streptomycineae raises the possibility that genetic manipulation
to activate this system could be used to modify morphology
of Streptomyces species that grow in a pelleted form.
It will also be interesting to explore whether the altered
morphology can be used as a tool to increase extracellular
enzyme production.
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Abstract—Neurogenesis in the substantia nigra (SN) has been a controversial issue. Here we report that neurogenesis

can be induced in the adult rodent SN by transplantation of embryoid body cells (EBCs) derived from mouse embryonic

stem cells. The detection of Sox2+ dividing (BrdU+) putative host neural precursor cells (NPCs) between 1 and 6 days

post-transplantation (dpt) supported the neurogenic capacity of the adult SN. In agreement with the awakening of NPCs

by EBCs, only host cells from implant-bearing SN were able to generate neurosphere-like aggregates in the presence of

Egf and Fgf2. Later, at 15 dpt, a significant number of SN Dcx+ neuroblasts were detected. However, a continuous BrdU

administration after transplantation showed that only a fraction (about 20–30%) of those host Dcx+ progeny derived from

dividing cells and few BrdU+ cells, some of them NeuN+, survived up to 30 dpt. Unexpectedly, 25–30% of Dcx+ or Psa-

Ncam+ cells at 15 dpt displayed astrocytic markers such as Gfap and S100b. Using a genetic lineage tracing strategy,

we demonstrated that a large proportion of host Dcx+ and/or Tubb3+ neuroblasts originated from Gfap+ cells. Remark-

ably, new blood vessels formed in association with the neurogenic process that, when precluded, caused a reduction

in neuroblast production. Accordingly, two proteins secreted by EBCs, Fgf2 and Vegf, were able to promote the emer-

gence of Dcx+/Psa-Ncam+, Tubb3+ and NeuN+/BrdU+ cells in vivo in the absence of EBCs. We propose that the adult

SN is a mostly silent neurogenic niche with the ability to generate new neurons by typical and atypical mechanisms. ©

2019 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: neurogenesis, astrocytes, substantia nigra, transdifferentiation, transplantation.
INTRODUCTION

In the mammalian adult brain only two neurogenic regions
show abundant production of new neurons (Alvarez-Buylla
and Lois, 1995;Alvarez-Buylla and Garcia-Verdugo, 2002).
The neurogenic niches that harbor dividing neural stem cells
(NSC) are the subventricular zone (SVZ) lining the lateral
ventricles (Lois and Alvarez-Buylla, 1993) and the subgranu-
lar zone (SGZ) in the hippocampus (Cameron et al., 1993).
Adult neurogenesis in other brain areas, especially in those
Covarrubias).
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affected by neurodegenerative diseases, has been the focus
of recent studies (Gould, 2007). In particular, evidence that
supports neurogenesis in the substantia nigra (SN) remains
controversial. While there is evidence that the SN contains
proliferating precursor cells with a demonstrated plasticity to
generate new neurons when transplanted to a neurogenic
niche (Lie DC et al., 2002), others postulate that dopaminer-
gic neurogenesis continue throughout life, though at a low
rate (Albright et al., 2016;Morrison, 2016) and could be
increased by a lesion (Zhao et al., 2003;Shan et al., 2006).
Conversely, Frielingsdorf et al. (2004) reported the absence
of dopaminergic neurogenesis. Alternatively, evidence has
been provided to support that new neurons in the SN upon
damage may originate from NPCs (neural precursor cells)
residing in the aqueduct periventricular region (Hermann et
al., 2006;L'Episcopo et al., 2014).
Commonly, neurogenesis in the adult brain is estimated by

detecting dividing cells and the presence of neural markers.
The caveat of approaches based in these determinations is
the assumption that neuronal differentiation in all regions
and conditions occurs by a similar mechanism. It is worth
considering that the inability to detect neurogenesis in certain

https://doi.org/10.1016/j.neuroscience.2019.03.042
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regions may be related to the poor environment for NPC dif-
ferentiation or for survival of mature neurons under regular
physiological conditions. A pro-neurogenic environment
may be constantly present or emerge upon particular physio-
logical conditions or damage. We recently showed that the
capacity of the adult brain to support neurogenesis could be
determined by transplanting cells with neurogenic potential.
Embryoid body cells (EBCs) derived from mouse embryonic
stem cells (ESCs), which possess a high neurogenic poten-
tial (Baizabal and Covarrubias, 2009), efficiently differentiate
into neurons in distinct adult brain host regions and condi-
tions. The striatum shows poor capacity to support neurogen-
esis, but this capacity improves after an experimental
damage. Interestingly, the intact SN promotes neurogenesis
of transplanted cells with high efficiency, similar to that deter-
mined within a classical neurogenic area. Therefore, new
neurons in the SN could originate from either migrating NPCs
or latent NSCs awaiting for activation signals.
In the present study, we tested the hypothesis that

cells with neurogenic potential exist in the adult SN. This
consideration arose from the observation of putative Dcx+/
Psa-Ncam+ neuroblasts surrounding implanted EBCs,
particularly abundant in the SN. We provide evidence of the
emergence of cells with NPC characteristics in the SN few
days after transplantation. Interestingly, many of those Dcx-
+/Psa-Ncam+ neuroblasts appeared to derive from non-
dividing glial cells, which are coincident with recent reports
supporting that astrocytes are the source of new neurons
(Magnusson et al., 2014;Nato et al., 2015). We conclude that
new neurons in the SN could originate from residing cells
through typical and atypical mechanisms in the presence of
proper inducing signals, some of which could be angiogenic
factors.
EXPERIMENTAL PROCEDURES

Embryoid body formation

Two mouse ESC lines were used to generate embryoid
body aggregates (EBs): the R1 and its derivative R1B5
that constitutively expresses the enhanced green fluorescent
protein (Egfp). To generate EBs, we followed the protocol
described by Maya-Espinosa et al. (2015). Briefly, ESCs
were seeded on gelatin-coated culture plates covered with
mitomycin-treated mouse embryonic fibroblasts (MEFs) as
feeder cells and grown in M15 medium (DMEM medium
supplemented with 15% FBS, 1 mM sodium pyruvate 1X glu-
tamax, 0.1 mM non-essential amino acids, 0.1 mM 2-
mercaptoethanol from Gibco). After two days in vitro, ESCs
were seeded on plates without feeder cells but supplemented
with 1000 U of leukemia inhibitory factor (Lif; Chemicon) for 3
days. To form EBs, 5 × 105 ESCs were transferred to non-
adherent 10 cm bacterial culture dishes and cultivated during
4 days without Lif; during this time evident aggregates were
formed most of them surrounded by endodermal-like cells
(Maya-Espinosa et al., 2015). For transplantation, 4-day
EBs (Fig. 1A) were disaggregated with 0.25% trypsin, centri-
fuged and resuspended in Optimem medium (Gibco).
Animals

We used 2–3 months old Wistar male rats (300 g) or 2–
3 months old wild-type mice (28–30 g). Depending on the
transplantation protocol, in some cases host mice were those
of the 129/Sv strain carrying the Egfp, the tdTomato/Egfp
[B6.129(Cg)-Gt(ROSA)26Sor tm4(ACTB-tdTomato-EGFP)Luo/J,
https://www.jax.org/strain/007676; referred ahead as tdTo-
mato mice], or two transgenes Gfap-cre/ERT2 [B6.Cg-Tg
(GFAP-cre/ERT2)505Fmv/J, https://www.jax.org/strain/
012849] and –tdTomato/Egfp. In tdTomato mice, all cells
constitutively express tdTomato, whereas in Gfap-cre/
ERT2;Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP) double trans-
genic mice, after CreERT2-induced recombination in the pre-
sence of tamoxifen, only Gfap expressing cells turn off
tdTomato and turn on Egfp expression. One week before sur-
gery, double transgenic mice were administered with i.p.
tamoxifen (200 mg/kg), five doses in total, one every other
day. All animals were maintained under standard colony con-
ditions (12-h light/12-h dark cycle) with food and water ad libi-
tum. Animals were sacrificed by a pentobarbital overdose
and underwent transcardiac perfusion with a 0.1 M PBS solu-
tion followed by a 4% PFA solution. The experiments were
carried out in accordance with the local bioethical committee
(project number 293) of the Instituto de Biotecnología (Uni-
versidad Nacional Autónoma de México).

Transplantation of EBCs and infusion of Fgf2
and Vegf

Stereotaxic coordinates for SN were obtained from Paxinos
and Watson (2005) for adult rats (AP −5.0, L −2, DV −8.0)
and from Franklin and Paxinos (2013) for adult mice (AP
−3.0, L −1.2, DV −4.2). Animals were transplanted under
ketamine (10 mg/kg)–xylazine (1 mg/kg) anesthesia by injec-
tion of 1 μl of the cell suspension (approximately 1.5 × 105

cells in rats and 5 × 104 cells in mice) using a 5-μl Hamilton
syringe. As controls, we considered the intact contralateral
SN and animals injected with the delivery medium Optimem.
For cell proliferation analysis, rats were injected with one
50 mg/kg i.p. dose of BrdU per day during the first 6 days
post-trasplantation (dpt), whereas mice were injected with
one 50 mg/kg i.p. dose of BrdU every day from day 3 to
day 15. For Fgf2 (fibroblast growth factor) and Vegf (vascular
endothelial growth factor) infusions in the SN, 10 ng of
recombinant human Fgf2 (Peprotech) and 10 ng of recombi-
nant human Vegf (Peprotech) were embedded in Puramatrix
hydrogel (BD) (1:1) and injected in the same coordinates
used for EBCs under ketamine–xylazine anesthesia. Angio-
genesis inhibition was attained by administering 20 mg/kg i.
p. of cyclosporine A (CypA; Sandimmune, Novartis) diluted
in saline solution (0.9% w/v NaCl), one every other day dur-
ing 15 days, to tdTomato mice previously transplanted with
R1B5 EBCs, as described above.

Neurosphere culture

Neurosphere formation assays were performed on 6-day
transplanted and intact contralateral SN in the presence of
Egf (epidermal growth factor) and Fgf2 (20 ng/ml each;

https://www.jax.org/strain/007676
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Peprotech). We followed a protocol similar to the one
described by Baizabal et al. (2012). Briefly, we dissected
the SN, and the SVZ as a positive control, under a stereo-
scopic microscope. The dissected tissue was placed in a 6-
cm culture dish containing DMEM/F12 and cut into ≈1-mm
pieces. Then, the tissue was transferred to a dissociation
solution [124 mM NaCl, 5 mM KCl, 3.2 mM MgCl2, 0.1 mM
CaCl2, 26 mM NaHCO3, 10 mM D-glucose, 0.2 mg/ml
kynurenic acid, 0.67 mg/ml type IV hyaluronidase (SIGMA)
and 1.33 mg/ml trypsin (ThermoFisher Scientific)] and incu-
bated for 1 h at 37 °C. This step was followed by the addition
of a trypsin inhibitor solution (1 mg/ml; SIGMA) and mechan-
ical dissociation. The cell suspension derived from each tis-
sue fragments was centrifuged at 1500 rpm for 7 min and
the pellet was resuspended in 1 ml neurosphere culture
media [DMEM/F12 supplemented with 25 μg/ml insulin
(Gibco), glutamax 1× (ThermoFisher Scientific), 100 μg/ml
transferrin, 20 nM progesterone, 60 μM putrescine, 30 nM
selenium, and 2 μg/ml heparin (SIGMA)] containing Fgf2
and Egf (20 ng/ml each). To remove undissociated tissue
fragments and debris, the suspension obtained was filtered
through a 70-μm nylon membrane (BD Falcon). 1.8 × 105

cells were seeded in 35-mm culture dishes. Cultures were
maintained at 37 °C in humidified 5% CO2–95% atmospheric
air incubators for 18 days.
A similar procedure was followed to evaluate the genera-

tion of neurospheres from SN cells that were exposed in vitro
to Vegf and Fgf2 delivered from a Puramatrix hydrogel (BD).
Briefly, 20 ng of Vegf and Fgf2 were embedded in a propor-
tion 1:1 with hydrogel. Then, the mixture was left to settle
down for 30 min and hydrogel polymerization was induced
by adding 50 μl of neurosphere culture media. Finally,
5 × 104 cells were seeded per well (24-well microplate) and
cultured for 12 days at 37 °C in a humidified 5% CO2–95%
atmospheric air incubator to allow the formation of neuro-
spheres. At the end of the culture, the number of neuro-
spheres was determined.
Tissue preparation and immunolabeling

All brains were removed and cryopreserved in a 30%
sucrose solution. Brain 30-μm coronal sections were
obtained using a cryostat and stored as free-floating in an
antifreeze solution (25% ethylene glycol, 25% glycerol and
50% 0.1 M PBS) until immunolabeling. We followed a stan-
dard technique for immunochemistry, except for BrdU detec-
tion in which we added a 1-N HCl incubation step at 37 °C for
30 min after permeabilization. Three slices per brain were
selected for analysis of each immunophenotypical marker.
Brain slices were rinsed three times with 0.1 M TBS, followed
by a 0.1% Triton X-100 incubation and treated with 1×
immune DNA-retriever citrate buffer (Bio SB) at 65 °C for
30 min, and washed three times with TBS. After blocking in
a 10% donkey serum/0.1% TX-100 solution, the slices were
incubated in the corresponding primary antibody (Table 1)
solution (containing 1% donkey serum/ 0.1% TX-100) over-
night at 4 °C. After three times rinsing in TBS, slices were
incubated for 2 h at room temperature with the appropriate
secondary antibody (Table 1) 1:1500 in a solution containing
2% donkey serum/ 2% TX-100. Finally, the brain slices were
counterstained with a 1:10,000 DAPI solution, rinsed with
TBS and mounted in glass slides with Prolong Gold (Thermo-
Fisher Scientific) mounting medium. We used typical neuro-
genic zones and regions (SVZ-OB and SGZ-dentate gyrus)
as internal controls for the proliferation marker BrdU, and
NSC and neuroblast markers.

Imaging and cell counting

Since no difference in response to EBC transplantation was
evident for cells in the SN pars compacta or the SN pars reti-
culata portions, the whole SN was considered for the analy-
sis. Endogenous reporter gene expression such as Egfp
from the R1B5 cell line or the tdTomato/Egfp from the trans-
genic mice allowed us to discriminate between the host and
the transplanted cells. We use an Olympus FV1000 confocal
microscope for image acquisition. Cell and blood vessel
counting was carried out in coronal sections considering the
area comprised within the adjacent 600 μm to the trans-
planted cells or the hydrogel and covering their rostro-
caudal distribution. We obtained three brain slices from at
least three independent subjects, and two photomicrographs
were taken from each slice with a 20× objective; Z stack
images were taken with a 60× objective to analyze co-
expression when required. All results are expressed as the
mean ± SEM (cells/mm2, blood vessels/mm2 or transplant
diameter) or as the percentage (mean ± SEM) of double
positive cells from the total Gfap or Egfp positive cells when
applicable.

Statistical analysis

Cell count data were analyzed with the Shapiro–Wilk normal-
ity test and Levene equal variance test to confirm their normal
distribution. To compare two groups the t-student test was
done and to compare three or more groups we performed a
one way-ANOVA test. SIGMAPLOT V12.0 software (Systat
Software, Inc.) was used for all statistical analysis of data.
For comparisons between the number of BrdU+ cells at two
subsequent time points (i.e. 2 hpt vs 24 hpt; 24 hpt vs 48
hpt), the multiple comparison procedure (Fisher LSDMethod)
was applied. P values of statistically significant differences
are indicated as: *p < 0.05 or **p < 0.01.
RESULTS

Transplantation of EBCs stimulates neurogenesis
in the adult rat and mouse SN

Proliferation of putative NPCs has been associated with
active neurogenesis. Accordingly, BrdU incorporation
occurred above basal levels immediately (2 h) after trans-
plantation of EBCs to the adult rat SN increasing, with an
apparent synchrony (considering a 20-h cell cycle), up to
48 h post-transplantation (hpt; Fig. 1B, C and Table 2). After
this period, incorporation rate diminished by 72 hpt, but a sig-
nificant number of BrdU+ cells continued to be detected the
following days and few remained at 30 dpt (Fig. 1C and
Table 2). Very few cells incorporated BrdU in the contralateral
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Table 1. Antibodies employed for immunohistochemistry procedures.

Antibody Name Dilution Vendor and Catalog Number Research Resource Identifier (RRID)

Rabbit anti-Gfp polyclonal 1:1000 Santa Cruz Biotechnology Cat# sc-8334 AB_641123
Mouse anti-BrdU monoclonal 1:100 BD Biosciences Cat# 347580 AB_400326
Goat anti-Sox2 polyclonal 1:200 Santa Cruz Biotechnology Cat# sc-17,320 AB_2286684
Goat anti-Sox1 polyclonal 1:200 Santa Cruz Biotechnology Cat# sc-17,318 AB_2195365
Mouse anti-Nestin monoclonal 1:500 Millipore Cat# MAB353 AB_94911
Goat anti-Dcx polyclonal 1:200 Santa Cruz Biotechnology Cat# sc-8067 AB_2088491
Mouse anti-Psa-Ncam monoclonal 1:200 Millipore Cat# MAB5324 AB_95211
Rabbit anti-Gfap polyclonal 1:5000 Dako Cat# Z0334 AB_10013382
Rabbit anti-S100b polyclonal 1:5000 Abcam Cat# ab41548 AB_956280
Rabbit anti-Tubb3 polyclonal 1:500 Covance Research Products Inc. Cat# PRB-435P-100 AB_291637
Mouse anti-NeuN monoclonal 1:200 Millipore Cat# MAB377 AB_2298772
Rabbit anti-NeuN polyclonal 1:500 Novus Cat# NBP1–92716 AB_11033614
Rabbit anti-Th polyclonal 1:1000 Millipore Cat# AB152 AB_390204
Rat anti-CD31 monoclonal 1:100 BD Biosciences Cat# 550274 AB_393571
Mouse anti-O4 monoclonal 1:100 R&D Systems Cat# MAB1326 AB_357617
Rabbit anti-NG2 monoclonal 1:100 Millipore Cat# AB5320 AB_11213678
Rabbit anti-Lmx1a polyclonal 1:1000 Millipore Cat# AB10533 AB_10805970
Goat anti-Neurog2 polyclonal 1:100 Santa Cruz Biotechnology Cat# sc-19,233 AB_2149513
Anti-rat Cy3 polyclonal antibody 1:1000 Rockland Cat# 612–104-120 AB_218631
Goat anti-mouse IgG Alexa Fluor 488 1:3000 Thermo Fisher Scientific Cat# A11001 AB_2534069
Goat anti-mouse IgG Alexa Fluor 594 1:3000 Thermo Fisher Scientific Cat# A11005 AB_2534073
Goat anti-mouse IgG Alexa Fluor 647 1:3000 Thermo Fisher Scientific Cat# A21235 AB_2535804
Goat anti-rabbit IgG Alexa Fluor 488 1:1250 Thermo Fisher Scientific Cat# A11008 AB_143165
Goat anti-rabbit IgG Alexa Fluor 594 1:1250 Thermo Fisher Scientific Cat# A11012 AB_2534079
Goat anti-rabbit IgG Alexa Fluor 647 1:1250 Thermo Fisher Scientific Cat# A21244 AB_2535812
Donkey anti-goat IgG Alexa Fluor 488 1:1250 Thermo Fisher Scientific Cat# A11055 AB_2534102
Donkey anti-goat IgG Alexa Fluor 594 1:1250 Thermo Fisher Scientific Cat# A11058 AB_2534105
Donkey anti-goat IgG Alexa Fluor 647 1:1250 Thermo Fisher Scientific Cat# A21447 AB_2535864
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SN (Fig. 1C and Table 2). The NPC identity of most BrdU+

cells detected shortly after transplantation (i.e., up to 72 hpt)
is supported by the detection of Sox2 in the majority of them
(Fig. 1D, E, E' and Table 3).
Sox2 expression, as well as other similar markers, is not

exclusive of NPCs. In particular, reactive astrocytes prolifer-
ate upon brain damage and express several NPC markers
(Gotz et al., 2015). Actually, many glial cells with reactive
astrocyte characteristics (i.e., high levels of Gfap, hypertro-
phy and proliferation) were found after EBCs transplantation
(Fig. 1D, F, F' and Table 3). However, since reactive astro-
cytes have no neurogenic potential in vivo, the NPC identity
of the proliferating Sox2+ cells emerging in response to EBCs
transplantation can be determined by tracing the neuronal
progeny from them (i.e., those retaining the incorporated
BrdU). In agreement with this possibility, as incorporation of
BrdU diminished, an increasing number of BrdU+ cells were
also positive for the immature neuronal marker Dcx (white
arrowheads in Fig. 1G; see also Fig. 1D and Table 3) but,
in addition, many endogenous Dcx+ cells detected were not
positive for BrdU (yellow arrowheads in Fig. 1G; see also
Table 3). In coincidence with the disappearance of
Fig. 1. Transplantation of EBCs induces neurogenesis in the adult rat SN. (A) ES
transplantation, 4-day EBs were disaggregated. (B) Schematic representation of
used for these experiments. (C) BrdU-labeled cells in the adult rat transplanted S
SEM; P values are indicated as *p < 0.05 and **p < 0.01. (D) Percentage of BrdU
ferent time points after transplantation. (E–H) Confocal Z-projections showing BrdU
Dcx (at 15 dpt) and NeuN (at 30 dpt) in the rat SN. White arrowheads indicate ce
labeled with Dcx. (E'–H′) Orthogonal views. Scale bar 10 μm. (For interpretation
the web version of this article.)
transplanted cells, very few cells derived from the proliferat-
ing NPCs remained in the long term (30 dpt; Fig. 1C). Occa-
sionally, BrdU+ cells containing the mature neuronal marker
NeuN were found at this time (Fig. 1D, H, H' and Table 3).
Similar to the fate of NPCs derived from the transplanted cells
(Maya-Espinosa et al., 2015), no cell positive for Th, an early
marker of dopaminergic neurons, derived from dividing
NPCs.
Similar results were obtained when transplantations were

performed in the mouse (Fig. 2A). Several BrdU+ cells were
detected at 6 dpt, their number increased by 15 dpt, but very
few were found at 30 dpt (Fig. 2B and Table 4). NPCs were
detected by the presence of Sox1 and Nes (also named Nes-
tin), markers more restricted to activated NPCs than Sox2
(Venere et al., 2012;Codega et al., 2014). At 6 dpt, a signifi-
cant proportion of BrdU+ cells expressed Nes and Sox1
(Fig. 2C–E and Table 5). Supporting the NPC identity of
these proliferating cells, nearly half of the BrdU+ cells
detected at 15 dpt expressed Dcx (Fig. 2C, F, F' and
Table 5) but, in addition, many endogenous Dcx+ cells
detected were not positive for BrdU (yellow arrowheads in
Fig. 2F). Since administration of BrdU was maintained from
Cs form spherical aggregates (EBs) under non-adherent conditions. For
the experimental strategy in the rat; EBCs from R1B5 cells (Egfp+) were
N (white circles) and contralateral SN (dark circles). Error bars indicate

+ cells colabeled with: Sox2, Gfap, Dcx, NeuN and Th in the rat SN at dif-
+ cells colabeled with the neural markers Sox2 (at 24 hpt), Gfap (at 15 dpt),
lls colabeling with BrdU and yellow arrowheads in (G) indicate those only
of the references to color in this figure legend, the reader is referred to

nif-antibody:AB_641123
nif-antibody:AB_400326
nif-antibody:AB_2286684
nif-antibody:AB_2195365
nif-antibody:AB_94911
nif-antibody:AB_2088491
nif-antibody:AB_95211
nif-antibody:AB_10013382
nif-antibody:AB_956280
nif-antibody:AB_291637
nif-antibody:AB_2298772
nif-antibody:AB_11033614
nif-antibody:AB_390204
nif-antibody:AB_393571
nif-antibody:AB_357617
nif-antibody:AB_11213678
nif-antibody:AB_10805970
nif-antibody:AB_2149513
nif-antibody:AB_218631
nif-antibody:AB_2534069
nif-antibody:AB_2534073
nif-antibody:AB_2535804
nif-antibody:AB_143165
nif-antibody:AB_2534079
nif-antibody:AB_2535812
nif-antibody:AB_2534102
nif-antibody:AB_2534105
nif-antibody:AB_2535864


Table 2. BrdU-labeled cells per mm2 (mean ± SEM) in the transplanted
adult rat SN.

Post-transplan-
tation period

Rat

Contralateral SN Transplanted SN

2 hpt
(n = 2)

1.23, 3.70 39.56, 49.45

24 hpt
(n = 3)

3.29 ± 0.41 45.74 ± 8.56

48 hpt
(n = 4)

4.32 ± 1.28 124.56 ± 19.58

72 hpt
(n = 4)

4.63 ± 1.05 110.04 ± 20.05

6 dpt
(n = 5)

11.20 ± 1.21 167.68 ± 18.12

15 dpt
(n = 3)

13.51 ± 2.55 198.20 ± 3.17

30 dpt (n = 2) 1.63, 1.63 12.36, 29.67

BrdU-labeled cells were counted (see Material and Methods) at different times post-
transplantation. The corresponding contralateral SN was used as control for each
time. The number of subjects (n) per group is specified between parentheses.
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the 3 to 15 dpt, and up to just 2 h before sacrifice, neuro-
blasts without detectable BrdU unlikely emerged due to incor-
porated BrdU dilution after extensive proliferation. At 30 dpt,
some BrdU+ expressed NeuN (Fig. 2C, G ,G' and Table 5)
but, again no BrdU+ cell was found positive for Th (Fig. 2C).
Furthermore, no cell positive for Lmx1a or Neurog2, two early
Table 3. BrdU-labeled cells per mm2 (mean ± SEM) colabeling with neural, neuro

Post-transplantation period Cell markers

2 hpt
(n = 2)

Sox2+/BrdU+

Sox2+/BrdU−

24 hpt
(n = 3)

Sox2+/BrdU+

Sox2+/BrdU−

48 hpt
(n = 4)

Sox2+/BrdU+

Sox2+/BrdU−

72 hpt
(n = 4)

Sox2+/BrdU+

Sox2+/BrdU−

6 dpt
(n = 5)

Sox2+/BrdU+

Sox2+/BrdU−

15 dpt
(n = 3)

Sox2+/BrdU+

Sox2+/BrdU−

6 dpt
(n = 3)

Nes+/BrdU+

Nes+/BrdU−

6 dpt
(n = 4)

Dcx+/BrdU+

Dcx+/BrdU−

15 dpt
(n = 3)

Dcx+/BrdU+

Dcx+/BrdU−

6 dpt
(n = 3)

Gfap+/BrdU+

Gfap+/BrdU−

15 dpt
(n = 3)

Gfap+/BrdU+

Gfap+/BrdU−

6 dpt
(n = 4)

NeuN+/BrdU+15 dpt
(n = 3)
30 dpt
(n = 2)
30 dpt (n = 2) Th+/BrdU+

BrdU-labeled cells that also showed the markers indicated were counted (see Material and Meth
BrdU were also counted. The number of subjects (n) per group and the percentage (mean ± S
markers of mesencephalic dopaminergic progenitors
detected in embryos before Th expression (Guerrero-Flores
et al., 2017), was found. It is relevant to mention that in mice,
in contrast with observations in rats [present report and in
Maya-Espinosa et al., 2015], transplanted EBCs continued
proliferating and a large mass of transplanted cells was com-
monly observed at 30 dpt, a condition that might affect the
final outcome.
Transplanted EBCs efficiently differentiate into Dcx+ neuro-

blasts in the SN (Maya-Espinosa et al., 2015). To discard the
possibility that the Dcx+ cells detected in previous experi-
ments were not the result of EBCs progeny that downregu-
lated Egfp expression, we transplanted wild-type EBCs to
an Egfp+ host brain (Fig. 3A, A') or the Egfp+ R1B5 EBCs
to the brain of tdTomato mice (Fig. 3B, B'). As expected for
the host origin of Dcx+ cells surrounding the implant, a high
proportion of them were Egfp+ cells (315.6 ± 26.7 cells/mm2)
or tdTomato+ (358.24 ± 42.18 cells/mm2), respectively.
Nonetheless, EBCs carried the inducing neurogenic factor,
since very few cells incorporated BrdU and no Dcx+ cell
was found in the contralateral intact SN or after injecting the
basal culture medium (Optimem) without EBCs (Figs. 1C,
2B and Tables 2 and 4). In agreement with this conclusion,
mouse embryonic fibroblasts (MEFs) transplantation to the
SN of Egfp+ mice produced a moderate glial reaction but no
Dcx+ cell was found at 15 dpt (Fig. 3C).
nal and glial cell markers in the transplanted adult rat SN.

Number of cells (% BrdU+ cells)

35.85 (84.72%)
80.98
41.62 ± 6.3 (93.15 ± 3.43%)
91.08 ± 20.81
89.09 ± 13.66 (70.12 ± 7.17%)
146.24 ± 11.45
61.2 ± 6.26 (58.87 ± 4.75%)
130.44 ± 24.79
68.85 ± 14.18 (46.08 ± 5.99%)
233.2 ± 46.27
12.71 ± 4.75 (8.87 ± 4.87%)
7.24 ± 4.64
30.91 ± 6.18 (28.84 ± 9.61%)
90.25 ± 8.65
68.92 ± 6.02 (48.73 ± 6.65%)
106.33 ± 11.95
91.84 ± 23.95 (55.83 ± 4.64%)
175.21 ± 44.06
39.56 ± 2.47 (17.46 ± 0.60%)
77.48 ± 23.56
51.1 ± 4.36 (30.11 ± 3.66%)
97.26 ± 27.98

4.94 ± 0.8 (3.05 ± 1.27%)

2.47 ± 0 (1.42 ± 0.85%)

8.65 (41.87%)

0%

ods) at different times post-transplantation; cells positive for the marker but negative for
EM) of total BrdU+ cells are specified between parentheses.
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Cells of the transplanted adult mouse SN generate
neurospheres

To confirm the emergence of cells with NPC characteristics
after transplantation of EBCs, we performed a neurosphere
formation assay for cells derived from the intact and trans-
planted SN at 6 dpt (Fig. 4A). In agreement with the abundant
number of cells expressing NPC markers found at this stage
in the transplanted SN, neurospheres-like aggregates were
formed with cells from the host tissue (51.0 ± 10.8 neuro-
spheres from 1.8 × 105 total cells; Fig. 4B, C) but none from
cells of the intact SN. The time to form these neurospheres
was longer than that required to form neurospheres from
SVZ cells (15 vs. 7 days, respectively; Fig. 4B, C). In addi-
tion, they were generally smaller in size in comparison with
those derived from the SVZ (around 80 vs. 250 μm diameter)
and evidently different from those flat colonies formed by the
EB-derived cells (Egfp+; Fig. 4B, bottom panel). Nonetheless,
to confirm their NPC properties and similarity to SVZ cells
they were able to produce secondary neurospheres (Fig.
4D) and expressed typical neurosphere markers such as
Nes and Gfap (Fig. 4E; right panel).

Non-dividing resident Gfap+/S100b+ cells acquire
neuroblast markers after EBCs transplantation

The number of total Dcx+ cells detected in the rat SN after
EBCs transplantation moderately increased (1.5-fold) from 6
dpt to 15 dpt (Table 3). However, although BrdU was applied
during the first 6 days after transplantation, only a fraction of
those Dcx+ cells colabeled with BrdU (approximately 30% at
15 dpt). Thus, activation of NPCs and generation of Dcx+

cells might occur after 6 dpt. However, for transplantation to
mouse SN, BrdU was applied daily from 3 to 15 dpt and,
yet, the proportion of Dcx+/BrdU+ was not larger than 20%
of total Dcx+ cells (Table 5). This would mean that the
remaining 80% Dcx+ cells originated from non-dividing pro-
genitor cells. Accordingly, many Sox2+ cells emerging at 6
dpt did not show BrdU incorporation (Tables 3 and 5). These
observations opened the possibility to the participation of a
differentiated cell type (e.g., astrocytes) as a precursor of
neuroblasts by a mechanism that does not involve cell divi-
sions. In the adult brain, Gfap+ cells represent either par-
enchymal astrocytes or NSCs in the neurogenic areas. In
the intact SN, Gfap+ cells are scattered mainly within the
SNpr and the glia limitans layer (Fig. 3D, left panel). Interest-
ingly, we found many Gfap+ cells around the implanted cells
(Fig. 3D, right panel), with a corresponding reduction in the
glia limitans layer, some of which were also labeled for Dcx
at 6 dpt (4.15 ± 0.97% of total Gfap+ cells within 600 μm from
the transplant border, n = 3; Fig. 5H), which number mark-
edly increased by 15 dpt (25.46 ± 2.37%, n = 7; Fig. 5B, B',
F, F′, I). Similar results were obtained in Dcx colabeling deter-
minations with S100b at 15 dpt (29.42 ± 4.4% S100b+/Dcx+,
n = 7, Fig. 5G, G', I; see also S100b/Psa-Ncam colabeling,
n = 3, in Fig. 5E, I), a marker that characterizes a terminal
maturation stage of astrocytes (Raponi et al., 2007) and is
not expressed by SVZ NSC (Codega et al., 2014).
The fact that the number of Dcx+ cells increased while the

proportion of Dcx+ cells also positive for Gfap remained
constant (17.51 ± 3.38% at 6 dpt and 18.15 ± 2.29% at 15
dpt) suggests that the co-expression of astrocytic and neuro-
blast markers is a transient event. As expected, Psa-Ncam+/
Sox2+ cells were rarely detected (0.75 ± 0.29% of total Psa-
Ncam+ cells, n = 4; Fig. 5A, I), but a significant proportion of
cells Sox2+/Gfap+, (39.85 ± 4.02% at 6 dpt, and 32.16 ±
1.09% at 15 dpt, n = 3; Fig. 5C, C', H, I) or Nes+/Gfap+

(38.83 ± 4.36% at 6 dpt and 57.02 ± 3.05% at 15 dpt, n =
3; Fig. 5D, D', H, I) were found. Many of those cells might
be reactive astrocytes, but the possibility that some of them
represent a transient event to become a neuroblast should
be considered. In concordance with data of a recent report
by Magnusson et al. (2014), these observations suggest that
fully differentiated parenchymal astrocytes can give rise to
new neurons, in our case, possibly through a direct transdif-
ferentiation process that does not require cell divisions. It is
important to mention that at 15 dpt Dcx+/Tubb3+ cells or Dcx-
+/Th+ positive cells were not detected discarding a neuronal
dedifferentiation process. Tubb3 is a neuronal marker pre-
sent in young and mature neurons that emerges as Dcx
disappears.
Resident Gfap+ cells give rise to new neurons in
the transplanted SN

To confirm our previous findings, EBCs from wild-type ESC
(R1 line) were transplanted to the SN of double transgenic
mice Gfap-Cre/ERT2;Gt(ROSA)26Sor tm4(ACTB-tdTomato,-

EGFP). Before transplantation, these mice were treated with
tamoxifen such that the tdTomato sequence was floxed by
the Cre/ERT2 and Egfp expression occurred in Gfap+ cells
(Fig. 6A). Using this protocol, the recombination efficiency
obtained was around 30% of all Gfap+ cells detected in the
SN; full recombination might not be achieved likely due to a
variable Gfap expression among astrocytes (Ganat et al.,
2006), but it is relevant to mention that >85% of Egfp+

expressed Gfap in the contralateral SN. We were not able
to detect any Egfp+/NG2+ (oligodendrocyte precursor cell)
or Egfp+/O4+ (oligodendrocyte), while some Egfp+/Nes+

and many Egfp+/Dcx+ cells (Fig. 6C, C', E) were detected
after transplantation. At 15 dpt, 70.48 ± 2.79% (519.78 ±
89.65 cells/mm2; n = 3) of the Egfp+ cells were also positive
for Gfap (Fig. 6B, E) and 29.35 ± 3.29% (196.32 ± 25.10
cells/mm2; n = 3) at 30 dpt (Fig. 6E). Interestingly, among
the Egfp+ cells, 53.49 ± 8.07% (484.49 ± 76.13 cells/mm2)
and 24.46 ± 4.82% (152.69 ± 33.5 cells/mm2) at 15 dpt
(n = 4), and 23.98 ± 1.90% (132.68 ± 33.03 cells/mm2) and
27.27 ± 2.97% (189.38 ± 56.18 cells/mm2) at 30 dpt (n = 4)
cells were Dcx+ or Tubb3+, respectively (Fig. 6C–E). Consis-
tent with the above determinations showing that some Gfap+

cells were also expressing neuroblast markers (Fig. 5), the
percentage of cells with neuroblast/neuronal markers among
the Egfp+ cells was larger than the percentage of cells that
were Egfp+/Gfap−. These results confirm that a high percen-
tage of putative neuroblasts emerging around the implanted
EBCs in the SN derived from Gfap+ cells and could generate
new neurons. In fact, in addition to the detection of Egfp+

cells colabeling with neuronal markers, a neuronal morphol-
ogy could be revealed in some of them (Fig. 6F).
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Table 4. BrdU-labeled cells per mm2 (mean ± SEM) in the transplanted
and control adult mouse SN.

Post-transplan-
tation period

Mouse

Vehicle Contralateral SN Transplanted SN

6 dpt
3.98 ± 1.43
(n = 3)

0.09 ± 0.03
(n = 5)

77.67 ± 7.2
(n = 10)

15 dpt
4.32 ± 0.61
(n = 3)

0.29 ± 0.02
(n = 4)

104.4 ± 18.85
(n = 4)

30 dpt ND ND 7.21 ± 2.71 (n = 7)

BrdU-labeled cells were counted (see Material and Methods) at different times post-
transplantation. The corresponding contralateral SN and the SN injected with the vehi-
cle (Optimem medium) were used as controls for 6 and 15 dpt (ND, not determined).
The number of subjects (n) per group is specified between parentheses.
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Angiogenic EBC-secreted factors induce neuro-
genesis in the SN in the absence of EBC
transplantation

In comparison with the intact SN (Fig. 7A), an increased
immunoreactivity to CD31, a blood vessel marker, was asso-
ciated with the emerging Dcx+ cells in the EBCs transplanted
SN (Fig. 7B). Furthermore, some of these Dcx+ cells showed
a tight association with blood vessels (Fig. 7C; white arrow-
heads in inset Fig. 7C'), suggesting an interaction similar to
the one observed in migrating neuroblasts from the SVZ to
the olfactory bulb (Bovetti et al., 2007;Whitman et al., 2009).
It is relevant to note that blood vessels are evident in the
tdTomato mouse without any specific labeling (see Figs. 7
and 8). To determine the role of blood vessels in the EBC-
induced neurogenic process, tdTomato mice were treated
with CypA, a calcineurin inhibitor that reduces Vegf-
mediated angiogenesis (Hernandez et al., 2001;Rafiee
et al., 2004), after transplanting R1B5 EBCs to the SN. In
comparison to controls (Fig. 7D, D'), mice treated with CypA
(Fig. 7E, E') showed a marked reduction in transplant growth
(Fig. 7F; 252.48 ± 15.14 μm vs. 432.26 ± 89.0 μm, n = 3) in
association with a decreased number of CD31+ blood ves-
sels around it (Fig. 7G; 256.23 ± 11.11 blood vessels/mm2

vs. 212.51 ± 0.786 blood vessels/mm2, n = 3). Interestingly,
these effects were accompanied by a significant reduction
in the number of Dcx+ putative neuroblasts (Fig. 7D, E, H;
101.05 ± 8.59 cells/mm2 vs. 358.24 ± 42.18 cells/mm2,
n = 3). In agreement with these observations, a reduction in
blood vessels (control group, 366.15 ± 18.31 blood vessels/
mm2 vs. CypA group, 323.24 ± 7.72 blood vessels/mm2;
n = 3) and in the number of Dcx+ cells (control group,
43.39 ± 2.06 cells per field vs CypA group, 36.46 ± 6.58 cells
per field; n = 3) was also observed in the neurogenic dentate
gyrus of CypA-treated mice.
Considering these latter observations and the soluble fac-

tors secreted by EBCs in culture (Fathi et al., 2009;Ngangan
et al., 2014), we tested Vegf and Fgf2 as molecules contribut-
ing to the activation of neurogenesis in the SN, both with
angiogenic (Cuevas et al., 1993;Seo et al., 2013) and neuro-
genic (Kim et al., 2006;Luo et al., 2015;Shen et al., 2016)
properties. Interestingly, we observed that Vegf alone or in
combination with Fgf2 (embedded in Puramatrix hydrogel)
promoted the generation of neurospheres from SN cells,
whereas no neurosphere was formed in presence of the
hydrogel vehicle alone (data not shown). Therefore, Vegf
and Fgf2 were embedded in hydrogel and implanted in the
SN of tdTomato mice for their in vivo delivery and testing of
their neurogenic inducing activity. Fifteen days postinjection
(dpi), in contrast with the SN injected with the vehicle
(Fig. 8A), though in a smaller quantity than that generated
by transplanted EBCs (185.15 ± 5.39 cells/mm2, n = 4 vs.
Fig. 2. Transplantation of EBCs induces neurogenesis in the adult wild
mouse; EBCs from R1B5 cells (Egfp+) were used for these experiments
eral SN (dark triangles) and Optimem-injected SN (white circles). Error b
6 dpt, Dcx at 15 dpt, NeuN and Th at 30 dpt; ND, not detected. (D–G) C
markers in the mouse SN. White arrowheads indicate cells colabeling w
Orthogonal views. Scale bar 10 μm.
-type mou
. (B) BrdU
ars indicat
onfocal Z-p
ith BrdU a
358.24 ± 42.18 cells/mm2, n = 4), many Dcx+ cells were
detected (Fig. 8B). Furthermore, and similar to the SN
with transplanted EBCs, we detected an association between
Dcx+ cells and blood vessels (Fig. 8C, C'). At 30 dpi the num-
ber of Dcx+ cells decreased (92.17 ± 3.77 cells/mm2, n = 3;
Fig. 8D, D', I) while NeuN+ (82.52 ± 20.29 cells per mm2,
n = 5; Fig. 8E, E', G–I) and Tubb3+ cells (146.51 ± 6.8
cells/mm2, n = 3; Fig. 8F, I) appeared around the implanted
hydrogel (those within a 600-μm distance from the implanted
hydrogel) suggesting a progressive neurogenic process,
going from Dcx neuroblast, transiting through Tubb3 imma-
ture neurons, up to becoming Tubb3/NeuN mature neurons
(Zhang and Jiao, 2015).
However, in mice that were continuously administered with

BrdU after injection of factors, only 16% of all NeuN+ cells
around the hydrogel colabeled with BrdU (13.18 ± 2.62
NeuN+/BrdU+ cells/mm2, n = 3; Fig. 8E, E', I), possibly
meaning poor survival of new neurons. We traced the possi-
ble astrocytic origin of new neurons induced by Vegf and
Fgf2 by searching for Egfp+ neurons/neuroblasts around
the growth factors-embedded hydrogel in the SN of mice
Gfap-Cre/ERT2;Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP) pre-
viously treated with tamoxifen. Interestingly, some Dcx+/Egfp-
+ at 15 dpi (Fig. 9A, A') and Tubb3+/Egfp+ cells at 30 dpi (Fig.
9B, B') were detected, as well as some Egfp+ cells with neu-
ronal morphology (Fig. 9C), though the proportion was appar-
ently low. Therefore, the combination of Vegf and Fgf2 is
capable of inducing a conversion from poorly dividing Gfap+

cells to new neurons in the SN, as observed after EBCs
transplantation, although with much lower efficiency. Accord-
ingly, very few cells co-localizing Gfap and Psa-Ncam
(4.56 ± 1.94%, n = 3; Fig. 9D) were found, in comparison
with the high frequency of co-localization between the neuro-
blast markers Psa-Ncam and Dcx (97.59 ± 2.58%, n = 3;
Fig. 9E). These latter data suggest that, unlike the effect of
EBCs transplantation, Vegf and Fgf2 promoted mostly a neu-
rogenic process through the activation of NSCs.
se SN. (A) Schematic representation of the experimental strategy in the
-labeled cells in the transplanted adult mouse SN (dark circles), contralat-
e the SEM. (C) Percentage of BrdU+ cells colabeled with: Nes and Sox1 at
rojections showing BrdU+ cells colabeled with Sox1, Nes, Dcx and NeuN
nd yellow arrowheads in (F) indicate those only labeled with Dcx. (D'–G')



Table 5. Number of BrdU-labeled cells per mm2 (mean ± SEM) colabeling with neural and neuronal markers in the transplanted adult mouse SN.

Post-transplantation period Cell markers Number of cells (percentage of BrdU+ cells)

6 dpt
(n = 3)

Sox1+/BrdU+ 20.71 ± 5.18 (35.61 ± 0.89%)
Sox1+/BrdU− 36.47 ± 11.17

6 dpt
(n = 4)

Nes+/BrdU+ 21.26 ± 4.39 (26.66 ± 6.31%)
Nes+/BrdU− 37.09 ± 6.72

15 dpt
(n = 4)

Dcx+/BrdU+ 58.11 ± 8.47 (47.13 ± 2.87%)
Dcx+/BrdU− 274.48 ± 25.77

30 dpt
(n = 3)

NeuN+/BrdU+ 2.47 ± 0.9 (33.33 ± 4.81%)
Th+/BrdU+ 0%

BrdU-labeled cells that also showed the markers indicated were counted (see Material and Methods) at different times post-transplantation; cells positive for the marker but negative for
BrdU were also counted. The number of subjects (n) per group and the percentage (mean ± SEM) of total BrdU+ cells are specified between parentheses.
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DISCUSSION

Adult neurogenesis in the mammalian brain seems to be a
restricted process to specific regions. However, based on
experimental evidence it has been proposed that, albeit at a
low rate, several brain areas possess a neurogenic capacity
or nest an NSC population that is prompted to initiate a neu-
rogenic process upon the emergence of activating signals
(Lie et al., 2002;Zhao et al., 2003;Gould, 2007;Albright et
al., 2016;Morrison, 2016). The present work was focused
on evaluating the neurogenic capacity of the adult SN taking
advantage of factors produced by EBCs which, in the context
of embryonic (Baizabal and Covarrubias, 2009) and adult
brain (Maya-Espinosa et al., 2015) environments, carry out
a neurogenic process. Our results reveal the presence of
Fig. 3. Putative neuroblasts (Dcx+ cells) and astrocytes (Gfap+ cells) around the tra
Endogenous Egfp+/Dcx+ cells (white arrowheads) detected 15 days after transplan
(A', orthogonal view); (B) Endogenous tdTomato+/Dcx+ cells (white arrowheads) de
host brain (B′, orthogonal view). (C) No Dcx+ cell was detected 15 days after transp
contralateral intact SN, many Gfap+ cells were detected in the transplanted SN pa
quiescent NSCs and the induction of what appears to be an
astrocyte to neuron transdifferentiation phenomenon in the
adult SN.

Activation of quiescent NSCs

Activation of quiescent NSCs (Codega et al., 2014) in neuro-
genic niches is a constant process that can be modulated by
specific signals (Alvarez-Buylla and Lim, 2004;Conover and
Notti, 2008). In particular, injury activates NSCs in both hippo-
campus and SVZ. Interestingly, blood vessels are commonly
associated with neurogenic niches and angiogenesis
increases upon NSC activation (Palmer et al., 2000;Licht
and Keshet, 2015). These relationships could also be present
in other regions in which neurogenesis is not a constant
nsplanted EBCs in the SN are of host origin. Confocal Z-projections of: (A)
tation of R1 EBCs (no fluorescent marker present) to an Egfp+ host brain
tected 15 days after transplantation of R1B5 EBCs (Egfp+) to a tdTomato+

lantation of wild-type MEFs to an Egfp+ host brain. (D) In contrast with the
renchyma of wild-type mice 15 days after transplantation of R1B5 EBCs.



Fig. 4.Cells of the transplanted adult mouse SN generate neurospheres. (A) Schematic representation of the experimental strategy; transplanted EBCs were
from R1B5 cells (Egfp+). (B) Representative neurospheres from different cell sources: the SVZ (top) and the transplanted SN (middle). Note the formation of
flat colonies derived from Egfp+ EBCs (bottom). Scale bar 20 μm. (C) Number of neurospheres after 7 days in vitro for cells from the SVZ (positive control)
and after 15 days in vitro for cells from the transplanted SN and contralateral SN (ND, not detected). Error bars indicate the SEM. (D) Secondary neuro-
spheres (black arrowheads) formed from cells of the transplanted SN cultured for 2 or 8 days. (E) The SN neurospheres expressed Gfap and Nes, as typical
neurospheres from the SVZ. Scale bar 50 μm.
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Fig. 5. Resident putative astrocytes express neuroblast and NPC markers after EBC transplantation. EBCs from R1 cells (no fluorescent marker present)
were transplanted to the SN of tdTomato (A–D) mice or Egfp mice (E–G) and neural markers determined after 6 and 15 dpt. (A) Confocal Z-projection of
Psa-Ncam+/Sox2+/tdTomato+ cells at 15 dpt. (B–D) Confocal Z-projections showing host Gfap+ cells (tdTomato+) in the SN that colabeled with Dcx (B; B′,
orthogonal view), Sox2 (C; C′, orthogonal view) and Nes (D; D', orthogonal view). Scale bar 10 μm. (E) Confocal Z-projection of S100b+/Psa-Ncam+/Egfp+

cells at 15 dpt. (F, G) Confocal Z-projections showing host Gfap+ (F) or S100b+ (G) cells (Egfp+) that colabeled with Dcx (F′ and G', orthogonal views). White
arrowheads indicate colabeled cells. Scale bar 50 μm. (H) Percentage of colabeled Gfap+/Sox2+(n = 3), Gfap+/Nes+ (n = 3) and Gfap+/Dcx+ (n = 3) cells
with respect to total host Gfap+ cells at 6 dpt. (I) Percentage of colabeled Gfap+/Sox2+(n = 3), Gfap+/Nes+ (n = 3) and Gfap+/Dcx+ (n = 7) cells with respect
to total Gfap+ cells at 15 dpt. Additionally, the percentage of S100b+/Dcx+ (n = 7) and S100b+/Psa-Ncam+ (n = 3) is shown with respect to total S100b+ cells
and Psa-Ncam+/Sox2+ (n = 4) cells with respect to total Psa-Ncam+ cells at 15 dpt.
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process but only occurs under specific physiological condi-
tions or damage.
Finding NSCs in regions with low neurogenic activity may

not be an easy task, since they are expected to be scarce.
Interestingly we found that, upon EBCs transplantation, divid-
ing Sox2+ and Nes+ cells emerged in the SN. Migration of
these cells from a putative neurogenic niche such as the
aqueduct periventricular region seems unlikely since Sox2+

cells were distributed evenly around the transplant and
emerged only few days after transplantation. This kinetics is
not in agreement with NPC migration from the aqueduct, a
putative neurogenic niche that shows apparent capacity to
populate the SN with new dopaminergic neurons 45–65 days
after MPTP-induced injury (L'Episcopo et al. (2014). The
identity of the dormant NSC found is uncertain since Sox1/
Sox2/Nes expression was very infrequent in the intact SN;
thus, common NSC markers may not be present or be
expressed at low levels in these putative NSCs. In addition,
although NSC markers appeared to emerge before cell divi-
sion (detected as Sox1+/Sox2+/BrdU− NSCs), at least some
of these ‘activated' NSCs (Sox1+/Sox2+/BrdU+) divide before
differentiation into Dcx+ neuroblasts (Dcx+/BrdU+) and neu-
rons (NeuN+/BrdU+). Supporting the activation of quiescent
NSCs, neurospheres could be generated from cells of the
transplanted SN; interestingly, these neurospheres resemble
those that can be generated from the SGZ (Guo et al., 2012).
As in typical neurogenic regions, survival of terminally differ-
entiated neurons was low and only few mature neurons were
found. However, this outcome was also determined by the
continuous growth of the transplant that made it difficult to
track new neurons and determine the capacity for integration
into established neuronal circuits.
EBC-induced neurogenesis involved the participation of

blood vessels since the number of Dcx+ neuroblast was
reduced by an angiogenesis inhibitor and neurogenesis in
the SN could also be induced by the infusion of angiogenic
factors (i.e., Vegf and Fgf2). Interestingly, a strong associa-
tion between NSCs and blood vessels has been observed
in the SGZ (Palmer et al., 2000) and the SVZ (Shen et al.,
2008). In agreement with a relevant role of this association,
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the intracerebroventricular infusion of Vegf stimulates neuro-
genesis in these regions (Jin et al., 2002) and the ectopic
expression of Vegf increases neurogenesis and blood ves-
sels in the SGZ (Licht et al., 2016). Furthermore, as it
appeared to occur in the SN, the simultaneous administration
of Vegf and Fgf2 in the fourth ventricle activates a dormant
NSCs population (Luo et al., 2015). In our experiments, the
capacity of Fgf2 and Vegf for stimulating the generation of
new neurons was lower than that of EBCs and, in addition,
transdifferentiation from astrocytes to neurons appeared to
occur at lower levels (see below); therefore, other factors
secreted by EBCs contribute to promote the full neurogenic
capacity of the SN.
Fig. 6. Resident Gfap+ cells acquire a neuronal fate after EBC transplantation to the
(no fluorescent marker present) were transplanted to the SN of Gfap-cre/ERT2;Gt
tamoxifen treatment and neuronal markers determined at 15 and 30 dpt. (B) Confo
heads) around the transplantation site (dashed yellow line) at 15 dpt. (C) Dcx-labe
orthogonal view). (D) Tubb3-labeled cells derived from Gfap+ cells (Egfp+; white
Gfap+/Egfp+, Dcx+/Egfp+, and Tubb3+/Egfp+ cells with respect to the total Egfp+ ce
tory of a representative Egfp+ cell found around the transplantation site (30 dpt); n
Glial cells as a source of new neurons

NPC proliferation is a characteristic of activated neurogen-
esis such that new neuroblasts and neurons are typically
identified by tracing the incorporation of nucleotide analogs.
Therefore, it was unexpected to find that only around 20–
30% of Dcx cells colabeled with BrdU, even when this latter
nucleotide analog was constantly applied during most of the
neurogenic process. This result suggests that these neuro-
blasts/young neurons do not emerge from highly dividing
NPCs. In addition, many of those Dcx+ and Psa-Ncam+ neu-
roblasts colabeled with astrocytic markers such as Gfap and
S100b. The presence of S100b was particularly relevant
SN. (A) Schematic representation of the experimental strategy. R1 EBCs
(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP) double transgenic mice 1 week after
cal Z-projection showing the recombined cells Egfp+/Gfap+ (white arrow-
led cells derived from Gfap+ cells (Egfp+; white arrowheads) at 15 dpt (C′,
arrowheads) at 30 dpt (D', orthogonal view). (E) Percentage of colabeled
lls at 15 and 30 dpt (n = 3–4). Error bars indicate SEM. (F) Z-plane trajec-
ote the projection that emerges from the cell body (white arrowheads).



Fig. 7. Angiogenesis inhibition reduces transplant growth and induced neurogenesis in the SN. (A–B) R1B5 EBCs were transplanted to the SN of wild type
mice. Dcx+ cells were not found in the contralateral SN and CD31 immunoreactivity (magenta) appeared less evident (A), in comparison with the significant
number of Dcx+ cells (red) and blood vessels (magenta) in the SN with implanted EBCs (B). (C) Dcx+ cells (red) were found tightly associated with CD31+

blood vessels (magenta; white arrowheads in C′). (D–H) tdTomato mice previously transplanted with R1B5 EBCs (Egfp+) were treated with CypA or injected
with the vehicle solution (Control) and, after 15 dpt, the number of Dcx+ cells generated was determined. (D) Confocal images showing neuroblasts (Dcx+/
tdTomato+) surrounding the R1B5 EBC transplant (Egfp+) in the tdTomato SN (magenta) at 15 dpt (Control). (E) Equivalent images from mice treated with
CypA. Dcx+ cells are shown in red and the transplant limited in picture by a yellow dashed line. Inset in (D) and (E) is shown in (D') and (E'), respectively.
Determinations in the Control and CypA-treated mice of: (F) transplant diameter, (G) the number of blood vessels per mm2, and (H) Dcx+ cells per mm2

are shown. Error bars indicate SEM; **p < 0.01.
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Fig. 8. Angiogenic factors promote neurogenesis in the SN. Vegf and Fgf2 were embedded in a Puramatrix hydrogel and then implanted in the SN of tdTo-
mato mice; neuronal markers were determined at 15 and 30 dpi. (A, B) Confocal Z-projections showing the absence of Dcx+ cells in the SN injected with a
hydrogel without growth factors (Vehicle; A), and the presence of Dcx+ cells emerging around the Fgf2 + Vegf-embedded hydrogel at 15 dpi (B). (C) Dcx+

cells (red) are associated with thick blood vessels (CD31+; green) in the Vegf+Fgf2 injected SN at 15 dpi (white arrowheads in C′ inset). (D, E) Confocal
Z-projections showing Dcx+ neuroblasts (D, white arrowheads; D', orthogonal view) and NeuN+ cells (E; E', orthogonal view of inset in E) around the Vegf+
Fgf2-embedded hydrogel in the SN of tdTomato mice at 30 dpi (n = 3–5); in E, yellow arrowheads indicate NeuN+ cells that were also positive for BrdU. (F)
Confocal Z-projection showing Tubb3+ cells (white arrowheads) at 30 dpi. (G, H) NeuN+ cells around the Vegf+Fgf2 injection site in the SN of tdTomato mice
at 30 dpi (G) and in the contralateral non-injected SN (H); note that, although only 16% of the NeuN+ cells were colabeled with BrdU, the density of NeuN
labeled cells increased around the Vegf+Fgf2 containing hydrogel in comparison with the contralateral SN. (I) Quantification of labeled cells for the markers
indicated (n = 3) near the injection site at 15 and 30 dpi is shown. Error bars indicate SEM.
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since its gene is repressed in adult SVZ NSCs and is a chrac-
teristic of 'mature' Gfap+ astrocytes with reduced NSC prop-
erties (Raponi et al., 2007). It is relevant to mention that the
level of Dcx detection in the SN was similar to the one
obtained in the rostral migratory stream and the dentate
gyrus (data not shown); thus these cells hardly correspond
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to the ones previously reported in the SN (Worlitzer et al.,
2013). Therefore, these results open the possibility that par-
enchymal Gfap+ cells are transdifferentiating into neurons.
Supporting this conclusion, lineage tracing in Gfap-cre/
ERT2; Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP) double trans-
genic mice showed that Dcx+ and Tubb3+ cells can derive
from Gfap+ cells.
The conversion of astrocytes into neurons has been

achieved by the forced expression of pro-neural factors such
as neurogenin-2 and Ascl1 (Mash1) in vitro (Berninger et al.,
2007) and in vivo (Torper et al., 2013;Rivetti di Val Cervo et
al., 2017). However, the actual intrinsic potential of astrocytes
for converting into neurons has been demonstrated mainly in
the striatum after injury (Magnusson et al., 2014;Nato et al.,
2015). In particular, Magnusson et al. (2014) showed that
the conversion observed initiates by the downregulation of
Notch1 signaling and the upregulation of Ascl1, and transits
through cells that retain astrocytic markers (Gfap, S100b) at
the time gain neuroblast markers (Dcx). This is similar to what
we found in our study, though in this case, it is apparent that
cell division is required before neuronal conversion (Fig. 10).
Fig. 9. Some SN putative astrocytes (Gfap+ cells) derive into neurons in response
tm4(ACTB-tdTomato,-EGFP) double transgenic mice, 1 week after tamoxifen treatment, w
determined at 15 and 30 dpi. (A) Some Dcx+/Egfp+ cells (white arrowheads; A', orth
heads; B′, orthogonal view) were identified at 30 dpi. (C) Z-plane trajectories of two
implanted hydrogel (15 dpi); note the projections that emerge from the two cell bodie
markers in neuroblasts detected around the injection site; only 4.56 ± 1.94% Psa-N
luation of the colabeling between Psa-Ncam and Dcx markers in neuroblasts detec
in most neuroblast identified (97.59 ± 2.58%; n = 3).
It is worth mentioning that early in the EBCs-induced neu-
rogenesis, Gfap+/Sox2+ cells were abundant (6 dpt), but later
(15 dpt) this population decreased while Gfap+/Dcx+ cells
emerged. This contrasts with the increasing number of Gfap-
+/Nes+ cells which likely represent reactive astrocytes.
Therefore, it is possible that non-dividing cells with NPC mar-
kers (Sox2+/BrdU−) emerge before becoming Dcx+/Psa-
Ncam+ neuroblasts, and also that astrocytes are a candidate
source of the dividing NPCs detected upon EBCs transplan-
tation. Due to the sharing of phenotypic markers, complete
discrimination of fully differentiated astrocytes from resident
quiescent NSCs still requires further investigation. On the
other hand, the infusion of Vegf and Fgf2 apparently was
not as efficient as EBCs transplantation to induce the direct
conversion of Gfap+ cells into neuroblasts since few cells
colabeled with markers of neuroblasts and astrocytes. How-
ever, not all neuroblasts/neurons appeared to originate from
dividing NPCs, since few of these cells around the injected
hydrogel incorporated BrdU along the neurogenic process.
The astrocytic origin was supported by tracing Dcx+ and
Tubb3+ cells from Egfp+-labeled Gfap+ cells. Therefore, a
to soluble angiogenic factors. The SN of Gfap-cre/ERT2;Gt(ROSA)26Sor
as injected with a Fgf2 + Vegf-embedded hydrogel and neuronal markers
ogonal view) were identified at 15 dpi. (B) Tubb3+/Egfp+ cells (white arrow-
representative Egfp+ cells (white and yellow arrowheads) found around the
s indicated. (D) Evaluation of the colabeling between Psa-Ncam and Gfap
cam+/Gfap+ cells of total Psa-Ncam+ cells were identified (n = 3). (E) Eva-
ted around the injection site; colabeling (white arrowheads) was observed



Fig. 10. Typical and atypical neurogenesis in the adult brain. A typical neurogenic process involves the participation of NSCs (aNSC) with self-renewal capa-
city, which give rise to highly dividing intermediates (Ascl1+), which in turn originate new neuroblasts (Psa-Ncam+/Dcx+) that mature into fully differentiated
neurons (Tubb3+/NeuN+). Regions with high neuronal renewal rate appear to have quiescent NSC-like cells (qNSC) that become active upon specific stimuli.
In contrast with this typical neurogenic process, in the SN as well as in the striatum and medial cortex, cells with mature post-mitotic astrocytic markers
(S100b+/Gfap+) can transdifferentiate or dedifferentiate into cells with neurogenic capacity upon certain inputs. These atypical neurogenic processes involve
the acquisition by parenchymal astrocytes of NPC properties with or without the requirement of cell division. Whether these latter cells represent a specific
class of quiescent NSCs remains to be determined (see text for details).
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significant number of Tubb3+ and NeuN+ cells can emerge
upon induction by either EBCs or Vegf+Fgf2 administration
from non-dividing cells. Although we cannot discard that
these are parenchymal astrocytes, an interesting possibility
is that they are equivalent to the Gfap+/S100b+/Nes+/Sox2+

adult NSCs found in the intact zebrafish telencephalon, which
are mostly quiescent and convert directly into neurons with-
out a cell division phase (Barbosa et al., 2015).
Neurogenesis in the adult SN

Dopaminergic neurons might renew throughout life at a low
rate and the process could be accelerated by induced neuro-
degeneration (e.g., disease-associated or provoked by a
toxic compound). This perception derives from experimental
observations whose interpretation is yet inconclusive. One
issue that remains to be determined is the origin of these
new neurons. BrdU incorporation has been detected during
the generation of new dopaminergic neurons in the adult
SN (Zhao et al., 2003). Without considering the possibility of
BrdU incorporation due to a DNA repair process, this has
been interpreted as an indicative of the presence of NPCs
in the SN though, strictly, this only indicates that, during the
process of renewal or repair, cell divisions occur. In another
study, based on the tracing of dopaminergic neurons with
deleted floxed Th alleles due to the activation in the adult of
CreER, whose expression was driven by either the Nes or
Sox2 promoter, it was proposed that the source of new dopa-
minergic neurons are cells Nes+/Sox2− (Albright et al., 2016).
We have not been able to detect Nes+ cells within the intact
SN, thus leaving the possibility that these precursors are
recruited from “nearby” neurogenic sites [e.g., periaqueduct;
L'Episcopo et al., 2014]. Alternatively, transient Nes expres-
sion could have occurred in putative active precursors in
the SN during tamoxifen treatment as it occurs in some stria-
tal astrocytes (Nato et al., 2015).
Here we show that scarce dividing cells or cells with NPC

markers were present in the intact SN, but cells with NPC
or neuroblast markers rapidly emerge upon EBCs transplan-
tation or Vegf+Fgf2 infusion. However, although these cells
showed neurogenic capacity, expression of the essential Th
dopaminergic gene and of genes required for mesencephalic
dopaminergic differentiation (i.e., Lmx1a, Neurog2; Guerrero-
Flores et al., 2017) was not found in neuronal derivatives at
any time. The inability of the precursors identified here for
deriving new dopaminergic neurons might be due to an inhi-
bitory effect of EBCs-secreted factors or missing factors
required for correct specification not activated under the con-
ditions tested. In this regard, it will be interesting to determine
whether the missing factors activate upon induced
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dopaminergic neurodegeneration though, at the moment, it
cannot be discarded that the neuronal fate of activated NPCs
is restricted to non-dopaminergic phenotypes.
Homeostatic renewal of neurons has been proposed for

many brain regions, including the striatum and the SN. How-
ever, an evident neurogenic niche has not been found in
these regions. On the other hand, it has been proposed that
a neurogenic process activates upon injury. Our data support
that new neurons can originate in the SN from either dormant
NSCs or parenchymal astrocytes that upon a transdifferentia-
tion phenomenon are converted into NPCs or directly into
neuroblasts (Fig. 10). However, our data do not provide evi-
dence on the adult SN capacity to generate new dopaminer-
gic neurons. Due to the biological and medical interest,
ongoing work is focused to determine whether SN glial cells
could be the source of new dopaminergic neurons.
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Glossary

Adult Neurogenesis: Process by which new mature and functional
neurons are generated in the brain of adult animals.

Dedifferentiation: Process by which a differentiated and specialized
cell regresses to an undifferentiated state, as a progenitor or stem
cell.

Embryoid bodies: ESC aggregations formed in vitro that emulate
the early developmental stage of embryo gastrulation. It is used
to promote ESC differentiation into ectodermal, mesodermal and
endodermal cells.

Transdifferentiation: Conversion of one fully differentiated cell into
another cell type without undergoing a proliferation step.
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The intracellular domain of β-dystroglycan
mediates the nucleolar stress response by
suppressing UBF transcriptional activity
Paulina Margarita Azuara-Medina1, Ariana María Sandoval-Duarte1, Sara L. Morales-Lázaro2,
Ricardo Modragón-González1, Griselda Vélez-Aguilera1, Juan de Dios Gómez-López1,
Guadalupe Elizabeth Jiménez-Gutiérrez1, Reynaldo Tiburcio-Félix1, Ivette Martínez-Vieyra3, Rocío Suárez-Sánchez4,
Gernot Längst5, Jonathan Javier Magaña4, Steve J. Winder6, Arturo Ortega 7, Rita de Cassia Ramos Perlingeiro8,
Laura A. Jacobs6 and Bulmaro Cisneros 1

Abstract
β-dystroglycan (β-DG) is a key component of multiprotein complexes in the plasma membrane and nuclear
envelope. In addition, β-DG undergoes two successive proteolytic cleavages that result in the liberation of its
intracellular domain (ICD) into the cytosol and nucleus. However, stimuli-inducing ICD cleavage and the
physiological relevance of this proteolytic fragment are largely unknown. In this study we show for the first time
that β-DG ICD is targeted to the nucleolus where it interacts with the nuclear proteins B23 and UBF (central factor
of Pol I-mediated rRNA gene transcription) and binds to rDNA promoter regions. Interestingly DG silencing results
in reduced B23 and UBF levels and aberrant nucleolar morphology. Furthermore, β-DG ICD cleavage is induced by
different nucleolar stressors, including oxidative stress, acidosis, and UV irradiation, which implies its participation
in the response to nucleolar stress. Consistent with this idea, overexpression of β-DG elicited mislocalization and
decreased levels of UBF and suppression of rRNA expression, which in turn provoked altered ribosome profiling
and decreased cell growth. Collectively our data reveal that β-DG ICD acts as negative regulator of rDNA
transcription by impeding the transcriptional activity of UBF, as a part of the protective mechanism activated in
response to nucleolar stress.

Introduction
Regulated proteolysis of cell surface receptors that liber-

ates biologically active proteins/peptides from the plasma
membrane (PM) to the cytosol is a critical step in a variety
of different signaling pathways that respond to external

stimuli. γ-Secretase is an intramembranous cleaving pro-
tease complex consisting of at least four proteins: pre-
senilin-1, nicastrin, anterior pharynx-defective phenotype 1,
and presenilin enhancer 21. γ-Secretase is known to be
required for the activation of many transmembrane pro-
teins, including the amyloid precursor protein, cadherins,
Notch12, and recently, dystroglycan3,4. Dystroglycan, a key
component of the dystrophin-associated protein complex
(DAPC), is transcribed from the DAG1 gene and translated
as a single propeptide, which is proteolytically processed to
generate the extracellular subunit α-dystroglycan (α-DG)
and the transmembrane subunit β-dystroglycan (β-DG)5.
α-DG binds to different extracellular matrix proteins
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including laminin, agrin, or perlecan6, while β-DG connects
actin through various cytolinker proteins including dystro-
phin or utrophin. Thereby, dystroglycan serves as a link
between the extracellular matrix and the actin-based
cytoskeleton, acting also as an adhesion and signaling
receptor5,7.
Besides its structural role in the maintenance of mem-

brane integrity, dystroglycan localization is not static but
dynamic. Phosphorylation of β-DG at Y890 triggers its
retrograde trafficking from PM to the nucleus, via the
membranous endosome-endoplasmic reticulum (ER)
network, with ezrin activation enhancing the intracellular
trafficking and translocon Sec61 facilitating the exit of β-
DG from the ER membrane to be accessible for importin-
dependent nuclear import through the nuclear pore8–10.
In the nucleus, β-DG is assembled with nuclear envelope
(NE) components, including emerin, and lamins A/C and
B1, to preserve the nuclear structure/function11,12 and
where it can also indirectly regulate gene expression13.
This functional diversity of β-DG, acting as a platform for
both PM- and NE-associated processes, is further
expanded by proteolytic cleavage of the protein. β-DG is
subjected to proteolytic cleavage by MMP-2 and MMP-9
to liberate its extracellular domain14,15, while the
remaining fragment, containing the transmembrane stub
and the cytoplasmic portion is thought to be subsequently
processed by γ-secretase to deliver an intracellular
domain (ICD; 12 kDa in mass but runs aberrantly on SDS-
PAGE at ~26 kDa) into the cytosol3,4. Recent evidence
showed that β-DG ICD is targeted to the nucleus in
prostate cancer cells3,13,16 nonetheless the biological sig-
nificance of such localization is largely unknown. The
nucleus is organized into distinct functional compart-
ments containing specific macromolecules that govern
nuclear processes;16 for instance, the nucleolus is a pro-
minent non-membranous nuclear organelle primarily
involved in ribosome biogenesis and cellular home-
ostasis17. Thus, identification of the destination of β-DG
ICD within the nucleus could facilitate further elucidation
of its function.
In this study we demonstrate for the first time that

β-DG ICD is target to the nucleolus where it plays a
negative role in the regulation of ribosomal RNA (rRNA)
transcription. We provide evidence that full-length β-DG
is proteolytically processed into β-DG ICD in response to
nucleolar stress, via the Notch signaling pathway.
Remarkably, β-DG ICD binds to the rDNA promoter to
suppress rRNA synthesis by impairing the expression,
localization, and ultimately activity of the RNA poly-
merase I (Pol I) transcription factor UBF (upstream
binding factor), which further results in the down-
regulation of rRNA expression and cell proliferation.
Thus, β-DG ICD appears to be a key contributor to the
nucleolar stress response.

Results
The γ-secretase-generated intracellular domain of β-DG is
targeted to the nucleolus
We previously observed localization of β-DG to the

nucleoli in C2C12 myoblasts11; but no role for β-DG has
been described in this nuclear organelle. As a first step, we
analyzed whether β-DG colocalizes with proteins that
define functionally distinct compartments of the nucleo-
lus. Cells were double-stained for β-DG (C20 antibody)
along with UBF, fibrillarin (markers of the fibrillar center,
FC), or B23 (marker of the granular component, GC) and
further analyzed by confocal microscopy. The nucleolar
immunostaining of β-DG colocalized at certain extent
with all three nucleolar proteins analyzed, as confirmed by
the line intensity scan analysis and Manders’ overlapping
coefficients (Fig. 1a). The specificity of C20 antibody was
demonstrated using both DG knockout C2C12 cells and
primary fibroblasts from a subject with Walker–Warburg
syndrome that do not express DAG1 gene all18. Nucleoli
were strongly staining by C20 in C2C12 wild-type cells,
while a faint nuclear staining that was excluded from
nucleoli was observed in DG knockout C2C12 cells
(Supplementary Figure 1A, left panel). Furthermore, the
immunoreactive band corresponding to β-DG (~43 kDa),
which was observed in primary fibroblast lysates from a
healthy subject, was absent in Walker–Warburg syn-
drome primary fibroblast lysates (Supplementary Fig-
ure 1A, right panel). Finally, pre-incubation with a
blocking peptide virtually eliminated C20 immunostain-
ing in wild-type cells (Supplementary Figure 1B). In
addition, nucleolar localization of β-DG was confirmed
using another anti-β-DG antibody (G5; Supplementary
Figure 1C). The nucleolus is a highly dynamic organelle
that responds to a variety of cellular stresses with mor-
phological changes19 and redistribution of proteins
implicated in ribosome biogenesis form perinuclear caps
upon inhibition of rDNA transcription20. C2C12 cells
were therefore treated with actinomycin D (0.08 µg/ml) or
DRB (0.3 µM) to cause nucleolar stress, and the effect of
treatments on β-DG distribution was evaluated by con-
focal microscopy. The formation of nucleolar caps and
nucleolar segregation/nucleolar necklaces was found after
treatment with Act D and DRB, respectively, as shown by
immunostaining for UBF and B23 (Fig. 1b). Treatment
with the vehicle alone dimethyl sulfoxide (DMSO) pro-
duced no change in the immunostaining pattern of
nucleolar proteins. Interestingly, nucleolar labeling of β-
DG also underwent redistribution in response to Act D
and DRB but remained in colocalization partially with
UBF and barely with B23, as shown by Manders’ over-
lapping coefficient analysis (Fig. 1b), suggesting that β-DG
might be involved in nucleolar organization/plasticity.
Next, we investigated whether the nucleolar localization
of β-DG is dependent on nucleic acid integrity. C2C12
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myoblasts were immunolabeled for β-DG before and after
nuclease treatment, and stained with DAPI to monitor
DNA degradation, or immunolabeled for hnRNP C1/C2
antibody (RNA-binding protein) to monitor RNA
removal. DNase digestion completely removed DAPI-
labeled DNA, while treatment with RNase caused hnRNP
C1/C2 redistribution from the nucleoplasm to the nuclear
periphery and cytoplasm, thus confirming the effective-
ness of nucleases treatment. DNase treatment completely
abrogated the nucleolar distribution of β-DG, while

treatment with RNase apparently increased the intensity
of β-DG nucleolar immunostaining, compared with
untreated cells (Supplementary Figure 2A and B). These
results suggest that the nucleolar localization of β-DG is
dependent on DNA.
To demonstrate conclusively that β-DG resides in the

nucleolus, C2C12 were fractionated into total, cyto-
plasmic, nuclear, and nucleolar fractions to be further
analyzed by SDS-PAGE/WB. A prominent ~30 kDa β-DG
band was found enriched, together with fibrillarin, in the
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Fig. 1 β-DG colocalizes with nucleolar proteins before and after induced nucleoli disorganization. a C2C12 cells were double immunostained
for β-DG (C20 antibodies) and B23, fibrillarin (Fib), or UBF. Cells were stained with DAPI for nuclei visualization prior to being subjected to confocal
laser scanning microscopy (CLSM; scale bar= 5 µm). Colocalization of β-DG with nucleolar proteins is denoted by arrowheads in the magnified
images. A line intensity scan along the white line in the merge images was carried using ROI manager Multiplot (middle graphs). Right: The Manders
overlap coefficient was calculated on double labeling inmunofluorescences: M1 denotes the fraction of the β-DG signal coincident with the nucleolar
proteins signal over its total intensity, and M2 denotes the fraction of the nucleolar proteins signal coincident with the β-DG signal over its total
intensity. b Cells were treated with actinomycin D (Act D) or DRB for 3 h, fixed and then double immunostained for β-DG and either UBF or B23.
Nuclei were stained with DAPI before CLSM analysis (scale bar= 1 µm). Typical single Z-sections are shown and colocalization of β-DG with nucleolar
proteins after drug-induced nucleoli disruption is indicated by arrowheads in the merge images. The Manders overlap coefficient was calculated for
each experimental condition as peer a
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nucleolar fraction, as revealed using three different anti-β-
DG antibodies: MANDAG (mouse mab that recognizes
total β-DG levels), pTyr890 (rabbit pAb that specifically
recognizes β-DG phosphorylated at Tyr890) (Fig. 2a), and
C20 (rabbit antibody that recognizes the total β-DG pool
Supplementary Figure 1D). Nup62 (nuclear pore protein)
and calnexin (endoplasmic reticulum protein) were
recovered in the nuclear and cytoplasmic fractions,
respectively, and the two proteins were absent from the
nucleolar fraction demonstrating that no cross-
contamination occurred during cellular fractionation.

Control experiments using both DG knockout C2C12 cells
and Walker–Warburg syndrome primary fibroblasts yield
no immunoreactive bands after incubation with MANDAG
antibody (Fig. 2b and Supplementary Figure 1A, right
panel), which demonstrated the specificity of this antibody
for β-DG detection. We hypothesized that the ~30 kDa
band correspond to the ICD of β-DG generated by γ-
secretase cleavage as has been described previously3,13,16.
Compatible with this assumption, lysates from cells treated
with DAPT (γ-secretase inhibitor) resulted in a dose-
dependent decrease in β-DG ICD levels that paralleled with
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Fig. 2 β-DG ICD resides in the nucleolus. a Cells were partitioned to obtain total (T), cytoplasmic (C), nuclear (N), and nucleolar (No) fractions, prior
to SDS-PAGE/WB analysis, using specific antibodies for β-DG (Mandag) or its phosphorylated counterpart (pβ-DG). Fibrillarin (nucleolar protein),
Nup62 (nuclear membrane protein), and calnexin (reticulum endoplasmic protein) were used as cellular fraction markers. b Lysates from wild-type
and DG knockout C2C12 cells were analyzed by SDS-PAGE/WB using antibodies for β-DG (Mandag) and actin (loading control), to demonstrate β-DG
antibody specificity. c Lysates from C2C12 cells treated for 24 h with the indicated concentrations DAPT (γ-secretase inhibitor) or the vehicle alone
(DMSO) were analyzed by SDS-PAGE/WB, using antibodies for β-DG, Notch intracellular domain (NICD; positive control for DAPT action), and actin
(loading control). Representative gel from three independent experiments is shown. Right. Data correspond to the mean ± SEM from three
independent experiment, with p values indicating significant differences (unpaired t-test)
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dose-dependent reduction of the intracellular domain of
Notch (NICD), a well-characterized γ-secretase substrate
(Fig. 2c). Collectively these data support the idea that the
γ-secretase-derived cleavage fragment of β-DG (~30 kDa),
named hereafter as β-DG ICD, is targeted to the nucleolus
where it possibly has a role in regulating nucleoli structure/
function.

β-DG ICD interacts with UBF and B23
Colocalization of β-DG with nucleolar proteins even

after induced nucleolar disruption (Fig. 1b), suggests their
physical interaction. Consistent with this notion, UBF and

traces of B23 but not fibrillarin were recovered in complex
with β-DG after immunoprecipitation (IP) of C2C12
lysates with anti-β-DG antibody (Fig. 3a). None of the
nucleolar proteins were immunoprecipitated using non-
specific IgG antibodies. Because anti-β-DG antibody
immunoprecipitated both β-DG full-length and β-DG
ICD, we wondered what form is bound to nucleolar
proteins. To approach this, C2C12 cells were transiently
transfected to express GFP-β-DG full-length or GFP-β-
DG ICD and subjected to GFP-based IP assays. Both UBF
and B23 were found preferentially bound to GFP-β-DG
ICD, with UBF interaction predominant over that with
B23 (Fig. 3b). GFP alone interacted with neither B23 nor
UBF, while lamin B1 (β-DG nuclear partner) was bound
to GFP-β-DG full-length but not GFP-β-DG ICD,
demonstrating the specificity of GFP-Trap assays.

Silencing of DG disrupts nucleolar morphology and
decreases B23 and UBF levels
To elucidate whether nucleolar localization of β-DG is

physiologically relevant, the impact of knocking down of
β-DG expression on nucleolar structure and expression of
nucleolar proteins was examined. Significant reduction of
dystroglycan mRNA levels and the consequent decrease
in β-DG full-length and β-DG ICD levels were observed
upon stably transfection of C2C12 cells with a vector
expressing a short hairpin RNA against DAG1 gene (DG
shRNA), compared to cells expressing an unspecific
shRNA (control shRNA) (Fig. 4a, b). Remarkably, the
depletion of β-DG resulted in decreased proteins levels of
B23 (80%), fibrillarin (30%), and UBF (60%) (Fig. 4b). Such
effects were accompanied by a clear alteration in
nucleolar morphology; while control shRNA cells contain
numerous relatively small nucleoli, β-DG-depleted cells
exhibited fewer larger and more amorphous nucleoli, as
shown by immunostaining for UBF and B23 (Fig. 4c, d)
and quantification of nucleolar area (right panels).

β-DG binds to the rDNA promoter to possibly regulate
rRNA expression
Because knockdown of β-DG resulted in decreased

levels of UBF, a key component of the RNA polymerase I
preinitiation complex in rRNA transcription, we sought to
determine the expression of 28 S and 18 S pre-rRNAs in
β-DG knockdown cells by quantitative RT-PCR (Fig-
ure 4a). β-DG knockdown cells exhibited an ~40%
decrease in 18 S levels, while 28 S expression showed a
slight but significant increase, compared with control
shRNA (Fig. 5a). To provide insight into the mechanism
by which β-DG depletion influences rDNA gene expres-
sion, we analyzed whether β-DG is physically associated
with the rDNA promoter. Chromatin was immunopreci-
pitated from wild-type and DG knockout (negative con-
trol) C2C12 cells, using β-DG or nonspecific IgG
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Fig. 3 β-DG ICD interacts with the nucleolar proteins UBF and
B23. a C2C12 cell lysates were subjected to immunoprecipitation (IP)
using anti-β-DG antibody (Mandag) and the precipitated proteins
were subsequently analyzed by western blotting using primary
antibodies against β-DG, UBF, B23, or fibrillarin. b Lysates from cells
transiently expressing GFP-β-DG full-length, β-DG ICD, or GFP alone
were subjected to immunoprecipitation using the GFP-Trap system,
and the captured proteins were analyzed by western blotting using
antibodies against B23, UBF, lamin B1 (LB1), and GFP. a, b Ub,
unbound proteins, IP immunoprecipitated fraction, IgG0, nonspecific
antibody. Input corresponds to 10% of protein lysates prior to
immunoprecipitation
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antibodies; moreover, ChIP assays using RNA polymerase
I (Pol I) antibodies were performed in parallel (positive
control). Then, rDNA was amplified using primers

specific for the rDNA promoter, 5.8 S or intergenic spacer
(IGS) regions. ChIP assays revealed the presence of β-DG
in the 5.8 S and IGS regions, while Pol I was found to
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Fig. 4 Silencing of dystroglycan results in altered nucleoli structure and reduced levels of B23 and UBF. a Messenger RNA expression of
dystroglycan and GAPDH (endogenous control) was assessed by qRT-PCR in C2C12 cells stably expressing DG shRNA or control shRNA, as described
in Methods. Relative mRNA levels obtained in control cells were set at 1. Results are the mean ± standard deviation of three independent
experiments, with P value indicating significance difference (unpaired t-test). b Lysates from C2C12 cells stably transfected with DG shRNA or control
shRNA were analyzed by western blotting using primary antibodies against DG, B23, fibrillarin, UBF, and calnexin (loading control). Blots were stripped
and reprobed successively with each protein antibody. Relative protein levels from control shRNA cells were set at 1 for comparison. Results are the
mean ± SEM of three independent experiments (right panel), with p value denoting significance differences (unpaired t-test). c, d Nucleolar
morphology was analyzed in cells stably expressing DG shRNA or control shRNA, using specific antibodies against UBF and B23 respectively. Cells
were counterstained with DAPI to visualize nuclei prior to CLSM analysis. The nucleolar area (μm2) was determined in each cell condition as described
in Methods (graphs at right). Data are the mean ± SEM from three independent experiments (n= 600 nucleoli), with p values indicating significant
differences (unpaired t-test)
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occupy all three regions of the rDNA (Fig. 5b). As
expected, no PCR amplification was detected upon ChIP
assays on DG knockout cells (right panel), which
demonstrated the specificity of Mandag antibody for
immunoprecipitating β-DG from chromatin. Overall
these data suggest that β-DG may modulate rRNA

transcript expression through its binding to the rDNA
regulatory region.

Nucleolar stress-induced β-DG ICD cleavage correlates
with impaired ribosome biogenesis
In an effort to understand the potential role of β-DG

ICD in the nucleolus, we investigated whether β-DG ICD
cleavage is induced by nucleolar stress. C2C12 cells were
subjected to different kind of stresses, namely oxidative
stress, acidosis, and UV irradiation, and effectiveness of
treatments was monitored by p53 activation. Interestingly,
the ratio of β-DG ICD/full-length β-DG was augmented
in response to all treatments with concomitant decrease
in UBF content, with H2O2 and UV being the most effi-
cient inductors (Fig. 6a, b). As expected, H2O2-induced
nucleolar stress resulted in nucleolar segregations, with a
formation of UBF-stained nucleolar caps at the periphery
of B23-stained nucleoli (Supplementary Figure 3), which
elicited ultimately downregulation of 45 S rRNA expres-
sion (Fig. 6c) and abnormal ribosomal profiling char-
acterized by decreased monosomes and polysome
absorbance peaks (Fig. 6d). We hypothesized that aug-
mented β-DG ICD levels could be reflected in a higher
binding activity to the rDNA promoter; consistent with
this idea, occupancy of the three rDNA regulatory regions
by β-DG markedly increased after H2O2 treatment, as
revealed by ChIP-qPCR assays (Fig. 6e).

Overexpression of β-DG ICD impairs ribosomal biogenesis
by suppressing UBF function
To analyze directly the implication of β-DG ICD in

ribosome biogenesis, we stably transfected C2C12 cells
with a GFP-β-DG ICD vector, to mimic high levels of the
cleavage fragment. GFP-β-DG ICD localization was
restricted to the nucleus showing homogenous distribu-
tion throughout the nucleoplasm, with less intense
staining in nucleoli (Fig. 7a). Remarkably, the significant
number of GFP-β-DG ICD-transfected cells exhibited
mislocalization of UBF foci to the cytoplasm, compared to
GFP alone (50% and 20%, respectively), while the
nucleolar distribution of B23 remained unaltered (Fig. 7a,
bottom panel and right panel). Impaired nucleolar loca-
lization of UBF due to exogenous β-DG ICD expression
was confirmed by transfecting FLAG-tagged β-DG ICD
(Supplementary Figure 4, top rows). Furthermore, over-
expression of GFP-β-DG ICD resulted in decreased levels
of UBF with no effect on B23, compared to GFP alone
(Fig. 7b and right panel). We have demonstrated pre-
viously that the phosphorylation of β-DG at Tyr890 is not
only a signal for the proteolysis and internalization of
dystroglycan3,16,22 but also acts to target dystroglycan to
the nucleus10. We considered therefore whether phos-
phorylation of β-DG ICD at the PPxY motif (Tyr890) plays
a role in UBF mislocalization. Thus, FLAG-β-DG ICD
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Fig. 5 β-DG binds to the rDNA gene regulatory region and
knockdown of DG expression alters rRNA expression. a Total RNA
was isolated from control shRNA and DG shRNA stably transfected
cells and the expression of 18 S and 28 S pre-rRNAs was assessed by
qRT-PCR using GAPDH as endogenous control. The expression levels
obtained in control shRNA cells were set at 1 for comparison. Data
correspond to the mean ± SEM from three independent experiments
with duplicates; p values denoted significant differences (unpaired t-
test). b Wild-type and DG knockout C2C12 cells were subjected to
chromatin immunoprecipitation (ChIP) with antibody anti-β-DG
(MANDAG), followed by PCR assays for the promoter, 5.8 S and IGS
(intergenic sequence) regions of rDNA gene. ChIP assays using anti-
PolI antibody were carried out in wildtype C2C12 cells as positive
control. The drawing at the top shows the organization of the rDNA
gene (bottom panel). IgG0 nonspecific antibodies, (-) mock reaction
without antibodies
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variants that either mimic (Y890E) or block (Y890A) the
Tyr890 phosphorylation were analyzed for UBF localiza-
tion. Similar percentage of transfected cells showing UBF
outside of the nucleus were observed between β-DG ICD
FLAGY890A and β-DG ICD-FLAGY890E; thus, over-
expression of β -DG ICD resulted in UBF mislocalization
irrespective of a charged residue at residue 890 that
mimics phosphorylation (Supplementary Figure 4). We
hypothesized that decreased expression/mislocalization of
UBF through β-DG ICD overexpression would ultimately
impact rRNA expression. Consistent with this idea, an
~50% decrease in 45 S rRNA and 28 S but not 18 S was
found in cells stably overexpressing β-DG ICD, compared
with those expressing GFP alone (Fig. 8a). To ascertain
whether β-DG ICD overexpression influences Pol I tran-
scription, functional rRNA promoter reporter assays were
carried out in β-DG ICD stably transfected cells, using a
vector that expresses Firefly luciferase under the control
of the mouse rRNA promoter and a vector that expresses
Renilla luciferase to normalize transfection efficiency. Pol
I promoter activity was found to decrease by 40% in GFP-
β-DG ICD-transfected, compared with those with GFP
alone (Fig. 8b). Because the rRNA content is a crucial
point of regulation for ribosome biogenesis, we hypothe-
sized that decreased 40 S and 60 S levels would impact the
ribosome profile. Consistent with this notion, altered
ribosome profiles devoid of the peaks corresponding to
free 40 S and 60 S ribosomal subunits were observed in
cells expressing β-DG ICD (Fig. 8c). Such impairment in
rRNA expression and polysome profiling ultimately leads
to defective proliferative capacity of β-DG ICD over-
expressing cells, as shown by MTT-based proliferation
assays (Fig. 8d). Collectively these data indicate that β-DG
ICD acts as negative regulator of rRNA expression by
affecting both the levels and transcriptional activity of
UBF.

Discussion
β-DG is a key component of both PM and NE, acting as

a platform for the proper anchorage of organelle-specific
protein assemblies. At the PM β-DG modulates adhesion/

signaling by connecting extracellular matrix proteins with
the actin-based cytoskeleton5,7, while in the nucleus β-DG
interacts with the NE proteins emerin and lamins A/C
and B1 to regulate nuclear structure and function11,12.
This functional diversity could be wider than originally
thought, due to the potential function of β-DG proteolytic
fragments. Recent in vitro and in vivo evidence showed
that β-DG undergoes two successive and possibly coor-
dinate proteolytic cleavages that result in the liberation of
the intracellular domain (ICD) into the cytosol; first
matrix metalloproteinases, MMP-2 and MMP-9 cleave
the extracellular domain of β-DG23 and create a
membrane-tethered intermediate that is subsequently
processed by γ-secretase, a PM-embedded protease
complex, to render a final cleavage product that approx-
imates the entire ICD21. Except for cell density21, other
cellular stimuli inducing β-DG ICD release as well as the
physiological consequences of such processing event are
largely unknown. In this study we showed that β-DG ICD
associates to nucleoli and its cleavage is promoted by the
induction of a different kind of nucleolar stresses. We also
ascribed for the first time a role for β-DG ICD in reg-
ulating rRNA transcription through negative regulation of
the expression and transcriptional activity of UBF, in the
context of the response to nucleolar stress.
We show herein that β-DG colocalizes and interacts

with the key nucleolar proteins B23 and UBF, and, based
on the converging redistribution of β-DG with B23,
fibrillarin, or UBF in response to both actinomycin- and
DRB-induced nucleoli disorganization, we hypothesized
that β-DG participates in the functional plasticity of
nucleoli. Interestingly, cell fractionation experiments
revealed the presence of β-DG ICD but not β-DG full-
length in the nucleolar fraction of C2C12 cells; however,
GFP-based IP experiments revealed that both β-DG ICD
and β-DG full-length are able to bind UBF. Because full-
length β-DG is an NE protein associated with nuclear
lamin and because the interaction of intranuclear fila-
ments of lamins with nuclear compartments (including
nucleoli) has been well established24–26 it is possibly that
IP of β-DG full-length pulled down a nuclear

(see figure on previous page)
Fig. 6 Nucleolar stress triggers β-DG ICD and disturbs rRNA expression and ribosome profile. a Lysates from control (ctrl, untreated) cells or
cells induced to nucleolar stress response by H2O2 treatment, UV irradiation or acidosis (pH 6) (see Methods for details) were analyzed by western
blotting using specific antibodies against β-DG, UBF, B23, p53, and α-tubulin. b Quantification of β-DG ICD/β-DG full-length ratio and UBF levels was
carried out using α-tubulin as loading control. Results correspond to the mean ± SEM of three independent experiments with p values denoting
significant differences (ordinary one-way ANOVA). c The 45 S rRNA precursor expression was assessed by qRT-PCR using GAPDH as endogenous
control. The expression levels obtained in control cells were set at 1 for comparison. Data correspond to the mean ± SEM from three independent
experiments with duplicates; p values denoted significant differences (unpaired t-test). d Ribosome profiling from control and H2O2-treated cells are
shown. e Chromatin immunoprecipitation assays on control and H2O2-treated C2C12 cells were performed, with specific antibody against β-DG
(Mandag), followed by SYBR green-based qPCR assays for the promoter, 5.8 S and IGS (intergenic sequence) regions of rDNA gene. Scheme of rDNA
gene regulatory regions is shown at the top

Azuara-Medina et al. Cell Death and Disease          (2019) 10:196 Page 9 of 17   196 

Official journal of the Cell Death Differentiation Association



macromolecular complex containing NE (lamin B1) and
nucleolar (UBF) proteins. The trafficking pathway
underlying nucleolar targeting of β-DG ICD remains to
be deciphered. Full-length β-DG is translocated to the

nucleus through recognition of its NLS by importins
α2/β19, therefore it is likely that β-DG ICD enters the
nucleus by virtue of the NLS that is still present in the
cleaved fragment, or alternatively by passive diffusion
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Fig. 7 Overexpression of β-DG ICD induces mislocalization and reduces UBF levels. a C2C12 cells transiently expressing GFP or GFG-β-DG ICD
were immunolabeling for UBF at 24 h post-transfection. Cells were then fixed, stained with phalloidin and DAPI to visualize actin and nuclei,
respectively, and subjected to CLSM analysis. In parallel experiments transfected cells were double immunostained for UBF and B23 and
counterstained with DAPI to visualize nuclei prior to CLSM analysis (bottom panels). Scale bar= 10 µm. Mislocalized UBF is denoted by arrowheads.
Quantification of cells transfected with GFP and GFP-β-DG ICD that showed UBF outside of the nucleus (right panel). Results correspond to the mean
± SEM of three independent experiments with p values denoting significant differences (unpaired t-test), n= 50 per experiment. b Lysates from GFP-
or GFG-β-DG-ICD-transfected cells were analyzed by western blotting using specific antibodies against GFP, UBF, B23, and actin (loading control).
Right: Data correspond to the mean ± SEM from three independent experiments, with p values indicating significant differences (unpaired t-test)
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through the nuclear pore complex (NPC), because its
molecular mass (<30 kDa) is clearly below the NPC per-
missive size27. No obvious nucleolar localization signal is
found in β-DG ICD, thus, its nucleolar accumulation
might be mediated by a retention mechanism via inter-
action with nucleolar components. Supporting this idea,
β-DG ICD was found to interact with B23, a shuttle
protein that transports cargos between the cytoplasm and
the nucleolus and mediates nucleolar retention of other
proteins28. Furthermore, binding of β-DG to the rDNA
gene regulatory region (see below) could serve to anchor
β-DG ICD to nucleoli too. Owing to the main

contribution of nucleoli in ribosome biogenesis16, we
wondered whether β-DG is involved in this process. We
provide here solid evidence supporting this hypothesis:
first, β-DG interacts with UBF, an HMG box-containing
protein that binds directly with rDNA and plays an
important role in the recruitment of SL1 (selectivity factor
1) and Pol I to the rRNA promoter to constitute the Pol I
preinitiation machinery complex29; second, ChIP assays
with anti-β-DG antibody demonstrated β-DG recruitment
to the rDNA 5.8 S and IGS regulatory regions; and third,
DG silencing resulted in reduced UBF levels, decreased
18 S pre-rRNA expression but not 28 S pre-rRNA
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Fig. 8 Exogenous expression of β-DG ICD impairs ribosome biogenesis by affecting transcriptional activity of UBF. C2C12 cells were
transfected to stably express GFP-β-DG ICD or GFP alone (empty vector). a The expression of 45 S, 18 S, and 28 S rRNAs was analyzed in the
transfected cell cultures, using GAPDH as endogenous control. b Schematic representation of the mouse rDNA promoter construct (pMrTsp-9-T10)
and Renilla luciferase control vector is shown at the top. Cell cultures stably expressing GFP-β-DG ICD or GFP alone were co-transfected with both
luciferase reporter constructs and transcriptional activities were estimated after incubation for 48 h, as described in Methods. Control condition
obtained in cells transfected with GFP alone was set at 1 for comparison. Data represent mean ± SEM of three independent experiments; p values
denote a significant difference (unpaired t-test). c The ribosomal gradient profiles obtained from transfected cell cultures are shown. d Cell
proliferation of the stably transfected cell cultures was monitored over a 10-day period using the MTT assay. Data represent mean ± SEM of three
independent experiments
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Fig. 9 Schematic model showing the effect of β-DG ICD on rRNA synthesis in response to nucleolar stress. a Under normal conditions, β-DG
ICD locates in nucleoli through its interaction with UBF, although additional proteins might be involved as well. b The nucleolar stress response
triggers ɤ-secretase-mediated β-DG ICD cleavage and its further accumulation in the nucleolus. Increased β-DG ICD content inhibits rRNA synthesis
by affecting both the localization and protein levels of UBF
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expression, and aberrant nucleolar morphology. Dis-
cordant expression between 28 S and 18 S rRNAs is
intriguingly. Even though both 28 S rRNA and 18 S rRNA
are originated from 45 S rRNA precursor, their proces-
sing/maturation pathways differ from each other, and each
one is assisted by specific exo and endoribonucleasas30.
Therefore, we argue that aside from its effect on rDNA
basal transcription machinery (as shown here), β-DG ICD
might modulate processing pathways of 18 S rRNA and
28 S rRNA differentially by indirect mechanisms. Addi-
tional experiments are needed to clear this issue.
The nucleolus is a central hub for orchestrating stress

response, with downregulation of rRNA synthesis taking
place as a part of ribosome biogenesis surveillance31,
furthermore, numerous proteins that functions are not
generally ascribed to ribosome biogenesis are recruited to
the nucleolus in response to environmental stimuli32.
Therefore, we ascertained whether β-DG ICD cleavage is
coupled to the response to nucleolar stress. Remarkably,
triggers of β-DG ICD cleavage by Notch signaling acti-
vation occurred in response to different nucleolar stressor
treatments, including oxidative stress, acidosis, and UV
irradiation. Supporting a role for β-DG ICD in the
response to nucleolar stress, β-DG ICD overexpression
was sufficient to elicit several features of nucleolar stress,
including mislocalization and decreased levels of UBF,
repression of rRNA transcription, altered ribosome pro-
file, and decreased cell proliferation.
The results raise the question of how β-DG ICD exerts a

negative regulation on rDNA expression. β-DG lacks
DNA-binding motifs or enzymatic activity and is con-
sidered as a scaffold protein, due to the presence of pro-
tein modules supporting interactions with diverse
proteins (e.g. SH3, SH2, and WW domains)5. Therefore,
we postulate that binding of β-DG ICD to UBF may lead
to mislocalization and decreased levels of the latter pro-
tein, possibly by altering its stability, thereby interfering
with the assembly of the Pol I initiation complex and the
subsequent UBF-dependent activation of rDNA tran-
scription (Fig. 9). Because the occupancy of rDNA reg-
ulatory regions by β-DG increased in response to
nucleolar stress, it is also possible that β-DG ICD exerts
its suppressive effect by displacing UBF from the Pol I
transcription complex, which is consistent with mis-
localization of UBF to the nucleolar periphery and cyto-
plasm that was observed in H202-treated cells. Further
ChIP assays to ascertain whether β-DG and UBF coexist
or not in the rDNA promoter region under nucleolar
stress conditions are needed to solve this question. Fur-
thermore, since β-DG has multiple partners in the
nucleus, the existence of an indirect mechanism by which
β-DG ICD represses UBF activity cannot be ruled out.
The implication of β-DG ICD in rDNA expression could
be envisioned as an extension of the homeostatic role of

β-DG, where induction of ICD cleavage and its further
targeting to the nucleolus in response to environmental
stress, like oxidative stress, acts as a protective response to
inhibit rDNA transcription and further proliferation of
damaged cells.
In summary, our data are compatible with the paradigm

that β-DG ICD functions as a negative regulator of rRNA
transcription by impeding the transcriptional activity of
UBF, as a part of the nucleolar stress response mechan-
isms that are activated under physiologically relevant
stress conditions. Thus, in addition to its roles as PM and
NE signaling scaffold, β-DG should be regarded as a
regulator of Pol I transcription in the nucleolus.

Materials and methods
Cell culturing and treatments
Mouse C2C12 myoblasts (ATCC® CRL-1772™) were

grown as previously (Vásquez-Limeta, et al 2014).
Generation of C2C12-derivative DG knockout cell lines
with the CRISP/Cas9 system will be published else-
where. For nucleoli disorganization treatments, cells
were treated for 3 h with 0.01 μg/ml Act D (Sigma-
Aldrich, St Louis, Missouri) or 25 µg/ml DRB (5,6
dichloro-1–d-ribofuranosylbenzimidazole; Sigma-
Aldrich, St Louis, Missouri) or vehicle alone (DMSO),
prior to confocal laser scanning microscopy (CLSM)
analysis. The ɤ-secretase inhibitor N-(N-(3,5-difluor-
ophenacetyl)-L-alanyl). S-phenylglycine t-butyl ester
(DAPT; Sigma-Aldrich, St Louis, Missouri) was used at
10 µM for 24 h. For induction of the nucleolar stresses
response, cells were cultured in DMEM supplemented
with serum adjusted to pH 6, treated with 1.4 mM H2O2

(7722-84-1,Sigma-Aldrich) for 4 h or subjected to UV
radiation using a pulse of 20 J/cm2 each 24 h for 2 days.
For nuclease digestion assays, cells grown on coverslips
were treated with either 100 μg/ml protease-free RNase
A in CSK buffer (10 mM Pipes pH 6.8, 100 mM NaCl,
30 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 0.5% (v/v)
Triton X-100) for 40 min at 37 °C or with 200 μg/ml
protease-free DNase I in PBS with 5 mM MgCl2 for 1 h
at 37 °C, then the cells were fixed with PFA 4% and
immunolabeled using primary antibodies and the cor-
responding fluorochrome-conjugated secondary anti-
bodies. Negative control experiments were carried out
by incubating cells only with CSK buffer (RNase) or PBS
with 5 mM MgCl2 (DNase) prior to fixation.

Plasmids and transfection
The expression vectors Flag-β-DG ICD WT, Flag-β-DG

ICDY890E, and Flag-β-DG ICDY890A were generated by
PCR amplification using DGWT-DG, DGY890E-GFP,
and DGY890A-GFP plasmids as template, respectively10.
The cDNA sequence encoding the intracellular domain of
β-DG (ICD, amino acids 774–895) was amplified using an
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M-MLV reverse transcriptase coupled to a high-fidelity
polymerase (Pfu turbo; Strategene) and primers contain-
ing Hind III and EcoRI restriction sites. Forward primer
was 5′-CCTAAGCTTTATCGCAAGAAGAGGAAGGG
C-3′ and the respective reverse primers were 5′-CTGAAT
TCTTAAGGGGGAACATACGGAGGG-3′ (ICD WT),
5′-CTGGAATCCTTAAGGGGGAACCTCCGGAGGG-
3′ (ICD Y890E mutation), and 5′-CTGAATTCTTAAG
GGGGAACTGCCGGAGGG-3′ (ICD Y890A mutation).
PCR products were double digested with Hind III and
EcoRI and cloned into the Hind III-EcoRI digested pFlag-
CMV-10 vector. The integrity of the constructs was
confirmed by DNA sequencing. Transfection was per-
formed following supplier’s recommendations. Briefly,
cells seeded onto glass coverslips were incubated over-
night and then transfected with 3 μg of the corresponding
vector premixed with 3 μl of Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA). Transiently transfected cells
were analyzed at 24 h post-transfection. When indicated,
cells were stably transfected by culturing them for 12 days
in the presence of 2 µg/ml puromycin (Invitrogen) or for
5 days in the presence of 800 µg/ml gentamicin (G418),
prior to being used for further experiments. For knock-
down experiments, cells were stably transfected with psi-
mH1 vector expressing a small interfering RNA (RNAi)
specific for mouse DAG1 gene or a scrambled RNAi, as
negative control (GeneCopoeia, Inc., Rockville, MD). For
overexpression analysis, cells were stably transfected with
GFP constructions as previously reported9.

Antibodies
The following anti-β-DG primary antibodies were used:

rabbit polyclonal antibodies G5 (Royuela et al, 2001) and
Dystroglycan pTyr892 (Ilsley et al, 2002); goat polyclonal
antibody C20 (Santa Cruz Biotechnology, CA), and mouse
monoclonal antibodies MANDAG233 and 7D11 (Santa
Cruz). Rabbit polyclonal antibodies anti-B23 (C19-R),
anti-Nup62 (H-122), anti-calnexin (H70), anti-fibrillarin
(Ab5821), anti-GFP (sc8334) and mouse monoclonal
antibodies anti-UBF (F9), anti-B23 (NPM1-FC-61991)
(anti-RNA polymerase I (sc-46699), anti-lamin B1
(Ab16048), anti-and anti-RPA(sc-46699), and α-Tubulin
(sc-32293) were purchased from Santa Cruz Biotechnol-
ogy, CA, USA. Rabbit polyclonal anti-Flag (2368) and
rabbit monoclonal anti-Notch1 (4147) antibodies were
acquired from cell signaling, while mouse monoclonal
anti-actin antibody was a gift from Dr. Manuel Hernández
(CINVESTAV, Mexico City).

Immunofluorescence and confocal microscopy analysis
Cells grown on coverslips were fixed with 4% paraf-

ormaldehyde for 10min in PBS, permeabilized with 0.2%
Triton X-100-PBS, blocked with 0.5% fetal bovine serum
and 3% bovine serum albumin (BSA) in PBS and incubated

overnight at 4 °C with the appropriate primary antibodies.
The following day, cells were washed with 0.2% Triton X-
100-PBS for 5min and then with PBS alone three times,
prior to be incubated for 1 h at room temperature with the
appropriate fluorochrome-conjugated secondary antibody.
For double immunolabeled samples, this was followed by
overnight incubation at 4 °C with corresponding primary
antibodies and the next day, cells were incubated with
secondary fluorochrome-conjugated antibodies. Where
indicated F-actin was labeled using TRITC-conjugated
Phalloidin (Sigma-Aldrich St. Louis, Mo. USA) diluted
1:500 in PBS for 10min at room temperature. For nuclease
digestion assays, cells grown on coverslips were treated with
either 100 μg/ml protease-free RNase A in CSK buffer (10
mM Pipes pH 6.8, 100mM NaCl, 30mM sucrose, 3mM
MgCl2, 1mM EGTA, 0.5% (v/v) Triton X-100) for 40min at
37 °C or with 200 μg/ml protease-free DNase I in PBS with
5mM MgCl2 for 1 h at 37 °C. Cells were then immunola-
beled using primary antibodies and the corresponding
fluorochrome-conjugated secondary antibodies. Finally,
coverslip preparations were incubated for 20min at room
temperature with 0.2 µg/ml diamidino-2-phenylindole
(DAPI; Sigma-Aldrich) for nuclei visualization, mounted
on microscope slides with VectaShield (Vector Laboratories
Inc. Burlingame, CA, USA) and further analyzed by CLSM
(TCP-SP5, Leica Microsystems, Heidelberg, Germany)
using a Plan Neo Fluor 63 × (NA= 1.4) oil-immersion
objective. Analyses of digitized images were carried out
using ImageJ 1.62 software. The nucleolar area (μm2) of 600
nucleoli was analyzed in maxima projection using 3D
objects counter and the data were analyzed using
Prism6 software. Manders overlap coefficients were calcu-
lated for double labeling inmunofluorescences, using red
(Alexa 594 nm) and green (FITC 488 nm) channels and the
ImageJ plugin JACoB. A line intensity scan analysis was
performed by ROI manager Multiplot.

Western blotting
Cell lysates were electrophoresed on 10% SDS-

polyacrylamide gels and transferred onto nitrocellulose
membranes (Hybond-Nb, Amersham Pharmacia, GE
Healthcare, Bukinghamshire, UK). Membranes were
blocked in TBST (100mM Tris-HCl pH 8.0, 150mM
NaCl, 0.5 % (v/v) Tween-20) with low fat-dried milk and
then incubated overnight at 4 °C with the appropriate
primary antibodies. The specific protein signal was
developed using the corresponding secondary antibodies
and enhanced chemiluminescence western blotting
detection system (ECLTM; Amersham Pharmacia, GE
Healthcare), according to the manufacturer's instructions.

Cell fractionation
Total cell extracts were obtained with lysis Buffer (10

mM Tris-HCl pH 8, 30 mM NaCl, 0.2% Triton X-100, 4
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mM Na3O4V, 50 mM NaF, 20 mM Na2MoO4, 1 mM
PMSF, 1X complete protease inhibitor) sonicated three
times at 3.5 μm with 15 s bursts and analyzed by western
blotting. Purification of the cytosolic, nuclear, and
nucleolar fractions was performed as previously repor-
ted34. A total amount of fifteen 100 mm dishes grown to
90% confluence were used; cells were washed twice with 1
ml of ice-cold PBS and collected by centrifugation at
15,000 rpm for 15min at 4 °C. The pellet was resuspended
in 1ml of buffer TM (10mM Tris-HCl pH 8, 2 mM
MgCl2, 25 mM NaF, 10 mM Na2MoO4, 2 mM Na3VO4, 1
mM PMSF), supplemented with 1× complete protease
inhibitor mixture (Roche Applied Science, Indianapolis,
USA), and incubated on ice for 10 min. Then, 2% Triton
X-100-PBS was added, and the homogenate incubated for
10min on ice, transferred to a glass Dounce homogenizer,
stroked 30 times with B pestle, and centrifuged at 5,000
rpm for 15 min at 4 °C. The supernatant was recovered as
the cytosolic fraction and the nuclear pellet was resus-
pended in 1ml of buffer I (0.32M Sucrose, 3 mM CaCl2,
2 mM Mg(CH3COO)2, 0.1 mM EDTA, 10mM Tris-HCl
pH 8, 1 mM DTT, 0.5 mM PMSF, 0.5% (v/v) NP40) and 1
ml of Sucrose buffer II (2M Sucrose, 5 mM Mg
(CH3COO)2, 0.1 mM EDTA, 10mM Tris-HCl pH 8.0, 1
mM DTT, 0.5 mM PMSF), and further purified by sucrose
gradient centrifugation at 16,000 rpm for 1 h at 4 °C. The
pellet was resuspended in 600 µl of buffer III (0.34M
Sucrose, 1 mM MgCl2, 0.1 mM EDTA, 10 mM Tris-HCl
pH 8.0, 1 mM DTT, 0.5 mM PMSF) and aliquots collected
for extraction of nuclear and nucleolar proteins. For
nuclear proteins, the aliquot was centrifuged at 1,000 rpm
for 5 min at 4 °C and the pellet resuspended in 200 µl of
lysis buffer (50 mM Tris-HCl pH 8.0, 150mM NaCl, 1
mM PMSF, 1% (v/v) Triton X-100), supplemented with
protease inhibitor cocktail and phosphatase inhibitors,
sonicated 3 times at 4μm with 15 s bursts and 4min on ice
between intervals, and then pre-cleared at 13,000 rpm for
2 min at 4 °C. For purification of nucleoli, the remaining
350 µl aliquot was sonicated 5 times at 5 μm with 30 s
bursts and analyzed under a light microscope to ensure
nucleoli integrity, prior to purification by centrifugation at
3,000 g for 20 min at 4 °C through a sucrose gradient,
using buffer III and four volumes of Sucrose buffer IV
(0.88M Sucrose, 0.1 mM EDTA, 10mM Tris-HCl pH 8.0,
1 mM DTT, 0.5 mM PMSF). Finally, the pellet was
washed in 500 µl of buffer III and centrifuged at 2,000 g
for 2 min at 4 °C, to save the supernatant as the nucleolar
fraction34.

Immunoprecipitation
Recombinant protein G-agarose beads (10 μl per sam-

ple; Invitrogen, Carlsbab, CA, USA) were equilibrated by
gently agitation in lysis buffer (50mM Tris-HCl pH 8,
150mM NaCl, 1% Triton X-100, 2 mM Na3VO4, 25 mM

NaF, 10 mM Na2MoO4, 1 mM PMSF, and 1× complete
protease inhibitor mixture). We quantified 500 ug of
protein and the lysates were pre-cleared with equilibrated
beads for 2 h at 4 °C, the beads were removed by cen-
trifugation at 3,500 rpm for 5 min and the pre-cleared
extracts incubated overnight at 4 °C with the appropriate
antibody. Incubations with an irrelevant IgG antibody
were carried out in parallel. Thereafter, equilibrated
protein G-agarose beads blocked previously with 4% BSA
were added to the lysates and incubated overnight at 4 °C.
Immune complexes were collected by centrifugation at
3,500 rpm for 5 min, washed twice for 10min with 500 µl
of washing buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM
EDTA, 1% Tritón X-100, 1X complete protease inhibitor,
1 mM PMSF). Bound proteins were eluted from beads by
boiling in sample buffer (50 mM Tris-HCl pH 6.8, 2%
(w/v) SDS, 10% (v/v) glycerol, 0.1% (v/v) 2-mercap-
toethanol, 0.001% bromophenol blue), prior to being
subjected to western blot analysis. C2C12 cell lysates
expressing GFP-tagged proteins were subjected to IP
using the GFP-Trap® system (Chromotek, Germany),
according to the manufacturer’s instructions.

Quantitative reverse PCR (RT-qPCR)
For analysis of rRNA transcripts, total RNA was

extracted using Direct-zol TM RNA Miniprep Kit (Zymo
Research, Irvine, CA, USA), according to the manufac-
turer's instructions. And further analyzed by qRT-PCR
with specific primers amplifying 45 S pre-rRNA (for-
ward, 5′-GTGTCCAAGTGTTCATGCCA; reverse, 5′-
CGATCTAAGAGTGAGCAACGAC), 18 S rRNA (for-
ward, 5′-TTCCGACCATAAACGATGCC; reverse, 5′-
GCTCCACCAACTAAGAACGG), 28 S rRNA (forward,
5′-GATGGTGAACTATGCTTGGG; reverse, 5′-GAA-
TAGGTTGAGATCGTTTCGG), and GAPDH mRNA
(forward, 5′-CTTGGGCTACACTGAGGACC; reverse,
5′-CTGTTGCTGTAGCCGTATTC). For analysis of
DAG1 mRNA expression, the following primers were
used: forward, 5′-GAGATCATCAAGGTGTCTGCA
and reverse, 5′-GTGGCTCATTGTGGTCTTCAG. RT-
qPCR reactions were carried out in the StepOneplus
System (Life technologies), using KAPA SYBR® FAST
One-Step qRT-PCR Master Mix (2 × ) Kit, and further
analyzed with the StepOne Software v2.3. The data were
analyzed by comparative method 2−ΔΔCT.

RNA pol I reporter assays
C2C12 cells stably expressing GFP-ICD-βDG or GFP

alone were co-transfected with both the Renilla Luciferase
vector (transcribed by RNA polymerase II) as a control to
normalize for differences in transfection efficiency and
with the firefly luciferase RNA polymerase I reporter
vector (pMrTsp-9-T10). The two vectors were kindly
donated by Gernot Längst Lab., Regensburg University,
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Germany. After 48 h, the luciferase activity was measured
using Dual Luciferase Assay kit (Promega). The firefly
luciferase counts of the RNA polymerase I reporter were
divided by the Renilla luciferase counts and compared to
GFP control transfections.

Cell proliferation assays
C2C12 cells stably expressing GFP-ICD-βDG or GFP

alone were harvested and plated in triplicate onto 12 wells
microplates at 1 × 103 cells/mL confluence. Proliferation
was measured for 13 days using the MTT (3-(4,5-dime-
thylthiazole)− 2–5-diphenyl tetrazolium bromide) com-
mercial kit (Sigma-Aldrich), following the manufacturer’s
instructions.

Chromatin immunoprecipitation assays
C2C12 cells were incubated with 1% formaldehyde in

PBS for 10 min at room temperature. Cross-link reaction
was stopped by adding glycine to a final concentration of
125 mM. Cells were washed and harvested with cold
PBS. After centrifugation at 1500 g, the pellet was
resuspended in sonication buffer (50 mM Hepes pH 7.9,
140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS and protease inhibitors).
Soluble and sheared chromatin were obtained by
applying five cycles of sonication on ice at 10% of
amplitude for 20 s (Q55 sonicator, Qsonica) and recov-
ered by centrifugation. Soluble chromatin was pre-
clarified by mixing with 50 µl of recombinant protein
G-agarose beads (rPGA Invitrogen) and incubated with
shaking for 1 h at 4 °C. The mix was centrifuged at
3,000 × g for 1 min to remove rPGA. Twenty five
micrograms of pre-clarified chromatin diluted 1:10 in
sonication buffer were mixed with 7.8 µg of mouse
purified serum anti-β-dystroglycan or 7.8 µg of mouse
IgG (irrelevant control). Finally 25 µl of rPGA were
added to each sample and incubate with shaking over-
night at 4 °C. Immunoprecipitated DNA-protein com-
plexes were extensively and sequentially washed with
sonication buffer, wash buffer A (50 mM Hepes pH 7.9,
500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate, 0.1% SDS), wash buffer B (20 mM
Tris-Cl pH 8, 1 mM EDTA, 250 mM LiCl, 0.5% NP40,
0.5% deoxycholate), and TE buffer. Finally, the pellet was
incubated with shaking for 10 min at 65 °C in elution
buffer (50 mM Tris-Cl pH 8, 1 mM EDTA, 1% SDS, 50
mM NaHCO3). Supernatant was recovered by cen-
trifugation and the cross-link reversion was carried out
by adding RNAase A and Proteinase K to each sample
and incubating with shaking for 4 h at 65 °C. DNA was
recovered by phenol–chloroform extraction and ethanol
precipitation. Twenty nanograms of DNA was used to
perform quantitative PCR (qPCR), using SYBR green and
rDNA-specific primers as previously reported35,36.

Ribosomal profile analysis
Cells grown at 80–90% confluency were harvested,

washed with PBS with 100 μg/mL cycloheximide and
centrifuged at 5,000 rpm for 5 min at 4 °C, prior to sus-
pension in 200 μl of lysis buffer containing 100 μg/mL
cycloheximide and 1× complete protease inhibitor mix-
ture. Thereafter cells were centrifuged for 10min at
10,000 rpm and the supernatant was layered on top of a
15–50% sucrose gradient to be centrifuged at 25,000 rpm
for 5:30 h at 4 °C in a Beckman SW28Ti rotor. All gra-
dients were scanned at 260 nm from the top with an ISCO
gradient collector. Collected fractions were precipitated
with ethanol and centrifuged at 15,000 rpm for 30min to
obtain ribosomal particles.
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Abstract

The estrous cycle is an iterative change in the anatomy, endocrinology, physiology, and behavior
to provide maximum fecundity. Ovarian steroid production involves gonadotropin-induced [Ca2+]i

raises due in part to voltage-gated Ca2+ channels (VGCCs) whose identity and tissue distribution in
situ is largely unknown. Using fluorescence Ca2+ imaging and confocal microscopy, we recorded
both spontaneous and depolarization-induced Ca2+ signals in living mouse ovarian slices. They
were most prominent in theca cells (TCs) and oocytes. The presence of Ca2+ channel subunits
CaV 1.2, CaV 1.3, CaV 2.1, CaV 2.2, and CaV 3 was examined with immunofluorescence of ovarian
sections. CaV 1.2 and CaV 1.3 (L-type Ca2+ channels) are present in the stroma, granulosa cells (GCs),
and corpora lutea (CL). Intriguingly subunits that are characteristic of nerve cells are also expressed:
P/Q-type (CaV 2.1; α1A) in the stroma and CL cells and N-type (CaV 2.2; α1B) in perifollicular smooth
muscle cells. The expression of α1 subunits fluctuates along the estrous cycle: in metestrus-diestrus
(the quiescent stage of the cycle), CL and GCs are similarly stained, while in proestrus (stage of
maximal ovarian stimulation) CL staining increases relatively to GCs. Also in proestrus, CaV 3 Ca2+

channel subunits are expressed more in CL compared to GC suggesting a more significant role
of Ca2+ channels. In estrus, CaV 3 subunits from mesenchymal and interfollicular stromal cells
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become intensely stained. Our study represents an important step in understanding the role of
VGCCs in ovarian physiology and possibly in ovarian cancer and other reproductive pathologies.

Summary Sentence

Calcium signaling and the expression of voltage-gated Ca2+ channels in the ovary is heterogeneous
and varies considerably along the estrous cycle.

Key words: estrous cycle, follicle, granulosa cells, ion channels, calcium signaling, ovary, ovulatory cycle, follicular
development, immunofluorescence.

Introduction

Ion channels perform a diversity of important functions in mam-
malian cells. The ovary is not an exception. However, a detailed
understanding of the molecular identity, cellular distribution, and
functional role of the majority of ovarian ion channels is still absent.
Such understanding would greatly improve our comprehension of
the role of ion channels in ovarian physiology and physiopathol-
ogy. Moreover, ion channels are emerging as important and spe-
cific targets of novel therapeutic approaches. A better knowledge of
their role in ovarian function could allow the development of new
treatments for fertility control and ovarian diseases. Ovarian theca
and granulosa cells (GCs) are the main steroid-producing cells in
the ovary. Along with the oocyte, they coordinate folliculogenesis,
steroidogenesis, and ovulation [1]. TCs form a sheet of elongated
endocrine cells approximately 3–5 cell layers thick immediately ad-
jacent to the basal lamina known as the theca interna. The role of
ion channels subtypes in ovarian function is incomplete and frag-
mentary. To this date GCs are the only ovarian cell type (besides
the oocyte itself) studied in some detail with electrophysiological
and molecular biology techniques [2, 3]. This is probably due to
the fact that GCs escort the oocytes after ovulation and are easily
obtained as a pure, uniform cell population for in vitro experiments.
Nonetheless, these GCs originate from mature follicles and are at
the final stage of their development, and they lack responsiveness to
follicle-stimulating hormone (FSH) and no longer produce estrogen,
but progesterone in response to stimulation with luteinizing hor-
mone (LH) and human Chorionic Gonadotropin (hCG). Therefore,
information on ion channels expression and function collected from
mature GCs cells is likely to be incomplete.

Ion channels expressed in ovarian cells
Voltage-dependent and independent K+ channels have been charac-
terized molecularly, electrophysiologically, and pharmacologically
in porcine GCs [4]. There is no doubt that ovarian K+ channels
are functionally relevant, since their antagonists disrupt several GCs
functions, including steroid production [5, 6]. Several types of K+

channels have also been identified in human GCs from in vitro fer-
tilization patients, including the three types of Ca2+-activated K+

channels; IK, SK, and BK(Ca) [7, 8], and the ATP-sensitive potassium
channel, K(ATP), which couples metabolic state and membrane po-
tential. Glibenclamide, a K(ATP) channel blocker, depolarizes GCs
and inhibits hCG-induced progesterone production [9].

The presence of voltage-gated tetrodotoxin (TTX)-sensitive Na+

channels (Nav 1.7) has also been demonstrated in human GCs, where
its functional role is subject of some debate [10]: it has been reported
that veratridine (an Na+ channel opener) reduces progesterone pro-
duction and triggers the presence of secondary lysosomes, an au-
tophagocytic process involved in the regression of the corpus luteum
[2]. Conversely, TTX (a specific Na+ channel blocker) does not seem
to affect the GCs phenotype. Several Cl− currents, both voltage-

dependent and voltage-independent, have been recorded in chicken
GCs, where they contribute to the negative resting membrane poten-
tial essential for action potential generation [11]. Expression of Cl−

currents has not been reported yet in mammalian GCs. Finally, two
types of voltage-gated Ca2+ channels (VGCCs; T-type: low voltage
activated [LVA] and L-type: high voltage activated [HVA]) have been
described in porcine, chicken, and human GCs (see below) [11–17].

Data collected from over 30 years of research support the no-
tion that [Ca2+]i elevations, either from intracellular or extracellular
sources, participate in the stimulation by gonadotropins of ovarian
follicle steroid production, and several of these reports suggest a role
of VGCCs in these phenomena [18]. Nonetheless, a comprehensive
assessment about the identity and tissue distribution of VGCCs the
ovary in situ is still lacking. Also, it is not known if Ca2+ channel
expression and/or [Ca2+]i signaling undergoes variations along the
estrous cycle.

Ca2+ imaging experiments reported here for the first time re-
vealed patterns of spontaneous and depolarization-induced Ca2+

signals in living ovarian slices in vitro. The information obtained
with the Ca2+ indicator fluo-4 and confocal fluorescence microscopy
suggests the participation of VGCCs in TCs. Spontaneous oocyte
Ca2+ signals were also recorded. The results from these physiolog-
ical experiments underscore the importance of understanding the
expression of VGCCs in ovarian tissue. Immunofluorescence from
ovarian frozen sections unveiled the diverse expression patterns of
specific HVA and LVA Ca2+ channel subtypes at different stages of
the estrous cycle. The information reported here is relevant to the
understanding of Ca2+ signaling in ovary cells in situ and its regula-
tion by gonadotropins. Also, it is of great interest in physiopathol-
ogy, since increasing evidence demonstrates that the disruption of
Ca2+ homeostasis underlies certain ovarian malignant phenotypes
and ovarian reproductive pathologies.

Materials and methods

Animals
Female CD1 mice, 8 weeks of age, were used. They were maintained
under controlled conditions of light and temperature (12 h light,
12 h dark), with free access to food and water. All animal studies
were performed in accordance with the SSR’s specific guidelines and
standards and under the supervision of an Institutional Committee
for the Use of and Care of Laboratory Animals (CICUAL Protocol
# AHC115 (46)-17) and the Official Mexican Guide from the Secre-
tary of Agriculture (SAGARPA NOM-062-Z00–1999). Mice were
maintained in the animal facility and fed ad libitum. The stage of the
estrous cycle was determined at the same time of day (10:00) for 8
to 10 consecutive days through vaginal smears [19]. Only mice that
showed two consecutive estrous cycles of the same duration were
selected. Animals were sacrificed at 12 o’clock on the expected day
of metestrus-diestrus, proestrus, or estrus.
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Preparation of acute ovarian slices
After decapitation under CO2 anesthesia, the ovaries were rapidly
removed and then carefully dissected, cleaned, and embedded in
3.0% low-melting point agarose (Invitrogen Catlab, CA) dissolved
in Krebs–Ringer Bicarbonate buffer (KRB) at 37◦C containing (125
mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM
NaH2PO4, 26 mM NaHCO3, and 12 mM glucose, gassed with 5%
CO2 and 95% O2 to pH ∼7.4). The agarose with embedded ovaries
was hardened by immersion in ice-cold physiological solution, and
the agar block was glued with cyanoacrylate onto the plate of a mi-
crotome. The slicing chamber was filled with physiological solution
at 3◦C, and transverse slices 150 μm in thickness were prepared
using a vibrating blade microtome (Leica Microsystems VT 1000S
GmbH). Freshly cut slices were transferred to an incubation beaker
containing physiological solution at room temperature and continu-
ously gassed (5% CO2 and 95% O2). Slices remained viable for up
to 6 h after preparation.

Intracellular Ca2+ imaging of living ovarian slices
[Ca2+]i changes were determined as previously described [31].
Briefly, mouse ovarian sections were incubated with 10 μM of
the cell-permeable fluorescent Ca2+ indicator fluo-4 AM (Molec-
ular Probes, Eugene, OR) for 35 min at room temperature in KRB.
Slices were washed twice and placed in the bottom of a plexiglass
recording chamber attached to the stage of an upright microscope
(Nikon Eclipse 80i; Nikon Corp., Tokyo, Japan) and continuously
superfused (2 ml/min) with KRB by gravity-fed perfusion. Fluo-4
was excited at 488 nm with monochromatic light from an argon
laser (Laser Physics, Reliant 100 s488, West Jordan, UT), coupled
to a Yokogawa spin-disk confocal scan head (CSU10B, Yokogawa
Electronic Co., Tokyo, Japan and Solamere Technology Group, Salt
Lake City). Excitation light was band passed to 488 nm with a
filter cube placed in the light path, and emitted fluorescence was
band passed (510 nm) before its reflection into the camera port.
Fluorescence images were acquired with a water-immersion, Nikon
objective (20x, 0.5 NA), and a cooled digital CCD camera (Andor
Technology iXon 897, Oxford Instruments, High Wycombe, UK)
controlled by the iQ software (Andor iQ version 1.10.2). Fluores-
cence images were acquired at 10 ms exposure and 500 ms intervals.
All Ca2+ imaging experiments were performed at room temperature
(22–24◦C). Fluorescence image sequences 300 s in duration (movies)
were acquired from imaging field during perfusion with normal KRB
solution. Movies were acquired and saved in multi-tiff format and
processed and analyzed with Fiji (Image J version 1.52 g; National
Institutes of Health). Fluo-4 is a single wavelength dye and its fluores-
cence is a function of dye concentration, illumination pathway, and
[Ca2+]i. Nonetheless, our experiments are designed to maximize flu-
orescence changes associated to fluctuations of [Ca2+]i. Raw movies
were converted to �F movies: �F = F(i) − F0, where F0 is the result
of averaging the first five frames of the sequence, and F(i) represents
each (i) fluorescence image of the set. No attempts were made to
calculate absolute [Ca2+]i from these data. The values obtained are
expressed as arbitrary fluorescence units. Regions of interest (ROIs)
were drawn around selected cells that showed spontaneous or in-
duced fluorescence increases (SD > 5 ± 0.5). These ROIs were used
for single-cell quantification of �F over time.

Solution exchange
KRB solution was continuously applied to the recording chamber
(2 ml/min) by a gravity-fed perfusion. To assess the presence of

functional VGCCs, a high [K+] solution (KCl 120 mM, NaCl 20
mM, CaCl2 2 mM, and HEPES 10 mM, pH = 7.4) was pressure ap-
plied (10 psi; 0.5 s) via a glass puffer pipette (tip diameter ∼ 7 μm)
connected to a Picospritzer II device (General Valve, Fairfield, NJ)
and placed within 100 μm from the surface of the slice with a micro-
manipulator. Control experiments showed that with this procedure,
the external medium surrounding the slice surface is replaced within
100 ms.

Immunofluorescence of ovarian frozen sections
Three mice from each stage of the estrous cycle were injected with
a terminal dose of pentobarbital (60 mg/kg, I.P.) and perfused tran-
scardially with 50 ml of phosphate-buffered saline (PBS, 0.1 M), and
then with 50 ml of ice-cold 4% paraformaldehyde in PBS. Ovaries
were then removed, cleaned, and post-fixed in 4% paraformalde-
hyde in PBS for 5 h at 4◦C. Thereafter, they were placed overnight
in 10%, 20%, and 30% sucrose solution in PBS. Finally, they were
included in Tissue-Tek (Sakura Finetek) for sectioning in a cryostat
(Leica Microsystems CM1900, Wetzlar, Germany). Frozen sections
(10 μm in thickness) were then mounted on superfrost glass slides
(Fisher Scientific). Frozen sections were washed with PBS and in-
cubated with a blocking solution (2% BSA (weight/volume)) and
permeabilized with 0.1% triton 100 in PBS for 30 min at room
temperature. After washing with PBS, sections were incubated in a
humid chamber for 24 h in the dark at 4˚C with one of the following
primary rabbit antibodies from Alomone Labs (Jerusalem, Israel):
anti CaV 2.1 (α1A; validation number 2039764, lot # AN-09), anti
CaV 2.2 (α1B; validation number 2039766, lot # AN-015), anti CaV

1.2 (α1C; validation number 2039771, lot # AN-19) or anti CaV 1.3
(α1D; validation number 2039775, lot # AN-09), together with goat
anti-SMAα (vascular smooth muscle cell marker α actin) at a 1:250
dilution (validation number 10980764, lot # PA5–18292; Thermo
Scientific, Rockford, IL). In separate experiments, sections were in-
cubated with primary goat antibodies against CaV 3.1, CaV 3.2,
and CaV 3.3 (validation numbers: 660887, 2259540, and 660891:
lot # Sc-16259, Sc-16264, and Sc-16261, respectively; Santa Cruz
Biotechnology, Inc. Dallas, TX) at a dilution of 1:250 in PBS. Each
of the anti CaV 3 subunits gave specific, but weak staining, with pat-
terns indistinguishable from one another. To increase the sensitivity
of detection, the immunostaining was carried out with antibodies
raised against the three subunits α1G, α1H, and α1I combined.

Sections were washed and incubated for 2 h at room temper-
ature with a F(ab´)2 Alexa 488 fraction of donkey anti-rabbit IgG
(1:150 dilution, validation number 2340586 cat # 705–006-147;
Jackson ImmunoResearch Lab, West Grove, PA) and F(ab´)2 Alexa
647 fraction of donkey anti-goat IgG (H + L) (1:150 dilution; val-
idation number 2340386 cat # 705–006-152; Jackson ImmunoRe-
search Lab) in PBS. Finally, stained sections were washed with PBS
and mounted with Dako Glycergel (Dako North American, Inc., CA)
for microscopic observation. Several negative controls were required
to achieve a reliable double-immunolabeling. Negative control of
CaV primary antibodies was accomplished by pre-adsorbing each of
them with the corresponding synthetic antigenic peptides (2 μg pep-
tide per 1 μg antibody). This procedure completely blocked specific
immunofluorescence. In addition, incubation with either secondary
antibody alone produced weak, nonspecific fluorescence. Possible in-
teractions between unmatched secondary antibodies were ruled out
by incubating samples: first with the rabbit primary anti-CaV anti-
body, or the goat anti-SMAα, and then with the Alexa 488 F(ab’)2
fraction of donkey anti-rabbit IgG and Alexa 647 F(ab’)2 fraction
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Figure 1. Spontaneous Ca2± fluctuations in intact ovarian follicles. (A) Bright-field image of a living mouse ovarian slice. Two intact primary follicles (F1 and F2)
are shown. GC: granulosa cells. TC: theca cells. O: oocyte; CL corpus luteum. A 500-frame-long �F movie was obtained (see Methods section). (B) Standard
deviation image (SD) where regions of interest (ROIs) were drawn on individual cells. (C) �F recordings corresponding to follicle # 1 that involves the whole
external theca (ROIs 1 to 9). Cell # 7 (red arrow) shows an early response that propagates clockwise, reaching cell # 6 after a delay of ∼ 1.2 s. (D) �F recordings
in follicle #2 also show a spontaneous synchronous Ca2+ fluctuation in five out of six TCs. Cell #1 that shows random, unrelated Ca2+ spikes.

of donkey anti-goat IgG. As expected, reaction with rabbit primary
anti-CaV antibody gave fluorescence at 488 nm excitation, but not
at 647 nm excitation and with the presence of goat anti-SMAα an-
tibody gave fluorescence at 647 nm excitation, but not at 488 nm
excitation (data not shown).

Mounted sections from three mice were viewed by epifluores-
cence microscopy, and a representative section from each condition
was chosen for analysis and display. Images were acquired with
an LSM700 Zeiss confocal laser scanning microscope (Gottingen,
Germany), equipped with a 20x/1.0 NA Plan Apochromat water-
immersion objective, Samples were excited for Alexa 488 with an
Argon-488 nm laser, 490–600 emission range and MBS 488/543
and for Alexa 647 an He/Ne-633 nm laser, 650–750 emission range
and MBS 543/633. Exposures were adjusted according to range of
fluorescence intensities of each primary antibody, and then imag-
ing parameters (laser power, gain, and pinhole size) remained fixed
throughout the session of observation of each set of ovarian section.
Images were acquired with Leica ZEN blue software and stored in
CVS or TIFF image format (8 bits, 1024 × 1024 pixels). For recon-
struction of a complete ovarian section, 1024 × 1024 pixels images
were acquired using the “tile scan mode” and a motorized stage.
Each tile corresponds to the image summarizing 15 z-stack images

spaced by 1 micron. In our case, a tile of 6 × 6 frames was required
to completely map an ovarian section. Raw images were normalized
so that no more than 0.1% of pixels were saturated. Some of the
figures were digitally processed (i.e. multiplied by a factor of 1.25
or 1.5) to emphasize certain aspects or weakly stained structures
that are difficult to appreciate. As a result, some areas may appear
saturated. However, for the digital quantification performed with
some images (see below) we took care that the pixel intensities of the
areas involved were far for saturation. Fluorescence quantification
was carried out with Fiji ImageJ v.1.52 [20]. The mean fluorescence
intensity (arbitrary units) was determined in six different areas of in-
terest on every structure present (either ovarian follicles or corpora
lutea [CL]) in each ovarian section. The mean fluorescence measured
on CL or GC was used to calculate the fluorescence ratio CL/GC.

Results

Spontaneous follicle Ca2+ fluctuations in living ovarian
slices
The bright-field image of a living ovarian slice obtained from a mouse
in metestrus shows two intact primary follicles (Figure 1A, F1 and
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Table 1. Incidence of voltage-gated Ca2+ signals in ovarian slices at different stages of the estrous cycle

Proestrus Estrus Metestrus Diestrus Total

Number of follicles recorded 66 72 157 164 459
Number of follicles with spontaneous Ca2+ signals 7 4 12 19 42

% of follicles with Ca2+ signals 1.53 0.87 2.61 4.14 9.18

Number of follicles recorded 31 25 31 60 147
Number of follicles with induced∗ Ca2+ signals 4 2 4 8 18

% of follicles with induced∗ Ca2+ signals 2.72 1.36 2.72 5.44 12.24

∗ High K+ depolarization-induced Ca2+ signals

F2). Ca2+ signals, in the form of �F movies, were obtained with con-
focal microscopy and in fluo-4 loaded ovarian slices (see the Methods
section). Supplementary Movie 1 (SM1) displays spontaneous Ca2+

fluctuations observed in both follicles. The oocyte from follicle #
2 showed a spontaneous Ca2+ oscillation. Regions of interest were
drawn in the standard deviation (SD) image, which summarizes the
events of the entire movie (Figure 1B). These ROIs correspond to in-
dividual cells that showed large �F fluctuations. �F recordings from
ROIs drawn on follicle #1 are shown in Figure 1C. This spontaneous
Ca2+ fluctuation involves the whole external theca, as nine cells at
different locations activate at once. A closer examination reveals that
cell #7 had an early small response (red arrow) followed by a large
�F signal that propagated clockwise, and until after a delay of about
1.2 s, cell #6 is reached and the wave stops. Follicle #2 also showed a
spontaneous Ca2+ fluctuation. The �F recordings in Figure 1D show
that five out of six TCs are recruited. Cell #1 shows random, unre-
lated Ca2+ spikes. Ca2+ fluctuations of the external theca layer in
ovarian follicles is a relatively infrequent phenomenon. Its incidence
in ovarian slices from mice at different stages of the estrous cycle is
summarized in Table 1. The percentage of follicles with theca Ca2+

oscillations ranged from 0.87 to 4.14%, with the highest frequency
observed in diestrus. From 459 follicles examined, 42 showed theca
Ca2+ oscillations.

Spontaneous oocyte Ca2+ signals in intact follicles
from living ovarian slices
Bright-field and fluorescence images (Figure 2A and B, respectively)
were obtained from a slice containing two intact secondary follicles.
The oocyte from the larger follicle displayed the spontaneous Ca2+

oscillations shown in Figure 2C. Similar “spike-like” fluctuations
resulting from Ca2+ influx and release from intracellular stores have
been reported in isolated oocytes, where they trigger spontaneous
exit from diplotene and M-II arrest (reviewed in [21]). Nonetheless,
this is the first report where such oscillations have been observed in
intact secondary follicles from acutely isolated mammalian ovarian
slices. In a different slice, the oocyte of another follicle displayed four
Ca2+ oscillations over the course of several minutes, as depicted
in the inset of Figure 2D. The first two of such oscillations can
be observed in Supplementary Movie 2 (SM2). Interestingly, these
oscillations begin in the edge of the oocyte, spreading inwards as
a wave. Figure 2E shows the traces of �F over time of the first
oscillation, obtained from the ROIs drawn in the inset. ROI # 1 is
the initiation site, and the Ca2+ wave reaches ROIs 4–5 with a delay
of ∼2.5 s. The image sequence in Figure 2F illustrates the initiation
and spreading of the Ca2+ wave during the first Ca2+ oscillation.
Strictly speaking, oocyte Ca2+ signals cannot be explained by the
expression of specific Ca2+ channel subunits.

Depolarization-induced Ca2+ signals
Spontaneous Ca2+ oscillations of the TCs layer are fast, appear
abruptly, and spread rapidly, properties that are reminiscent of ex-
citable tissues. We conjectured that the opening of VGCCs could
be involved in these phenomena. Figure 3A illustrates the result of
applying with a puffer pipette a depolarizing solution to an ovarian
slice (see the Methods section). In the SD image in Figure 3B, 12
cells were chosen to examine Ca2+ signals triggered by the stimulus.
Cells 9 and 10, located directly in front of the pipette tip respond
first, with a large Ca2+ signal. Then, with a 5 s delay, TCs 1 to 8
respond with a rapid, synchronous Ca2+ rise. Notice that cells 11
and 12, located away from the pipette tip, also respond to the de-
polarizing stimulus. The incidence of voltage-gated Ca2+ signals in
ovarian slices at different stages of the estrous cycle is summarized in
Table 1. They were observed more frequently in diestrus (5.4%). Out
of 147 follicles examined, 18 responded with Ca2+ signals. These
experiments suggest the presence of functional VGCCs in specific
populations of the ovarian cells in situ. Further studies should focus
on the physiological and pharmacological characterization of these
Ca2+ signals.

It is remarkable that GCs do not exhibit spontaneous Ca2+ fluc-
tuations nor responses to the depolarizing stimulus, even though the
expression of VGCCs has been reported in porcine, chicken, and
human GCs [11–14, 16, 17], and both LH/FSH and hCG trigger ele-
vations of [Ca2+]i in GCs that stimulate steroid production [28–30].
Conversely, porcine TCs in vitro display diverse forms of [Ca2+]I

signaling in response to increasing doses of LH, from single spikes
to spike-plateau and oscillations.

Immunofluorescence of ovarian frozen sections
Metestrus-diestrus
CaV 1.2 (α1C). The presence of L-type, sustained dihidropyridine-
sensitive Ca2+ currents has been amply documented in GCs from
mammalian ovary by both electrophysiology and molecular biol-
ogy. The tissue distribution of CaV 1.2 in metestrus-diestrus (the
catabolic or quiescent phases of the cycle, see below) was examined
first. Figure 4A illustrates the specific immunolabeling for CaV 1.2
and smooth muscle actin (SMAα) in the same ovarian section (A1

and A2, respectively). As expected, SMAα immunostaining labels a
layer of smooth muscle cells in the theca externa surrounding ovar-
ian follicles (Figure 4A2) and CL, forming a network of intercon-
nected smooth muscle cells (Figure 4A2). CaV 1.2 immunostaining is
widely distributed throughout the ovary, with some regions showing
stronger labeling than others, like unidentified stromal cells in the
ovarian medulla (Figure 4A1, yellow arrows; see Figure 5A). Also,
the GCs adjacent to the basal lamina of ovarian follicles appear
more intensely labeled (Figure 4A1, red arrows). Higher magnifica-
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Figure 2. Spontaneous Ca2± fluctuations in intact oocytes. (A and B) Bright-field and fluorescence images were obtained from a slice containing two intact
secondary follicles. (C) Spontaneous Ca2+ oscillations recorded from the oocyte in the larger follicle. (D) Another follicle where the oocyte displayed four Ca2+

oscillations (inset). (E) �F recordings over time of the first of such oscillations, obtained from the ROIs on the inset. Clearly the oscillation begins in the perimeter
of the oocyte (ROI #1), spreading inwards as a wave. (F) Image sequence showing the initiation and spreading of the Ca2+ wave during the first Ca2+ oscillation.
The labels indicate the corresponding delay in seconds.

tion shows that GCs labeling is confined to the plasma membrane
(Figure 5B and D; GC), and that the stronger peripheral staining
of ovarian follicles (Figure 4A1, red arrows) is a palisade of elon-
gated GCs perpendicular to the basal lamina (Figure 5B, red stars).
In some cases, this pattern is somewhat confusing: they appear as

slender processes, running perpendicular to the basal lamina and
extending several microns inward, forming ramifications (Figure 5B
and D, yellow stars). The fluorescence intensity of several ROIs com-
prising these peripheral GCs was measured and compared with ROIs
of the same size from the central GCs. A ratio of peripheral versus

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/100/4/1018/5212287 by U

niversidad N
acional Autonom

a de M
exico user on 14 O

ctober 2020



1024 D. Bahena-Alvarez et al., 2019, Vol. 100, No. 4

Figure 3. Ca2± signals triggered by a depolarizing stimulus in an ovarian
slice. (A) Bright-field image of an ovarian slice with two intact follicles. The
diagram indicates the position of the puffer pipette (B) SD image showing the
12 ROIs that were chosen to record Ca2+ signals triggered by the depolarizing
stimulus (see Methods section). (C) �F recordings over time from cells 1 to
12. Cells 9 and 10, located directly in front of the pipette tip, respond promptly
to the application of the high K+ solution (10 psi; 0.5 s; time indicated with a
blue arrow) with large Ca2+ signals Then, after a ∼5 s delay, TCs 1 to 8 also
respond with a rapid, synchronous Ca2+ rise. Even cells 11 and 12, located
away from the pipette tip, respond to the depolarizing stimulus with about
same delay.

central GCs staining of 1.77 is obtained (i.e. peripheral GCs were
77% brighter than central GCs). In contrast, CL cells are stained
more uniformly (Figure 5C and D, CL). Excluding the periphery
of ovarian follicles, central GCs and CL cells are stained similarly
(Figure 5C and D). Accordingly, when the mean fluorescence was
measured in GCs and CL cells, a ratio CL/GC of 1.06 was obtained
(see Table 2). Slender processes resembling unmyelinated nerve fibers
can be seen both inside (Figure 5C, red arrows) and around CL and
ovarian follicles (Figure 5D, red arrows). As shown in Figure 4A3,

CaV 1.2 and SMAα do not co-localize, implying that this subunit is
absent in perifollicular smooth muscle cells (see below).

CaV 1.3 (α1D). The expression pattern of CaV 1.3 (α1D) subunits,
also capable of generating L-type, dihidropyridine-sensitive Ca2+

currents in model systems, was examined next (Figure 4B1). Similar
to CaV 1.2, unidentified medulla stromal cells show cytoplasmic CaV

1.3 staining (Figure 4B1, yellow arrows; see also Figure 6A). Both
CL cells and GCs are weakly labeled (Figure 4B1: see Figure 6B, GC

and CL). Hence, a fluorescence ratio CL/Gc of 1.12 close to unity is
obtained (see Table 2). CaV 1.3 and SMAα do not co-localize either
(see Figure 4B3). The anti-CaV 1.3 antibody labels GCs in the plasma
membrane and CL cells in the cytoplasm (Figure 6B). Thin filaments
reminiscent of unmyelinated nerve fibers are not stained with the
CaV 1.3 antibody (Figure 6B).

CaV 2.1 (α1A). CaV 2.1, α1A pore-forming subunits expressed in
model systems lead to the generation of HVA sustained Ca2+ cur-
rents also known as P/Q-type Ca2+ channels blocked by ω-Agatoxin
IVA and abundantly expressed in CNS neurons. The presence of
this Ca2+ channel subunit had not been previously reported in
ovarian tissue. CaV 2.1 and SMAα immunolabeling are illustrated
in Figure 4C1 and C2, respectively. CaV 2.1 staining is markedly
nonuniform (Figure 4C1): similarly to CaV 1.2 and CaV 1.3, CaV

2.1-positive cells are present in the stroma of ovarian medulla (Fig-
ure 4C1, yellow arrows). CaV 2.1 does not co-localize with SMAα

either (see Figure 4C1–C3). However, CaV 2.1 immunostaining dif-
fers from CaV1.2 and CaV1.3 in that CL cells are more intensely
stained than GCs (see Figure 4C1). Accordingly, a fluorescence ra-
tio CL/GC of 1.4 is obtained (CL cells are 40% brighter than GCs;
see Table 2). Nerve fiber-like structures inside and around CL and
ovarian follicles are not stained with CaV 2.1 (data not shown).

CaV 2.2 (α1B). CaV 2.2 (α1B) subunits expressed in heterologous
cell models generate an HVA sustained Ca2+ current, also known
as N-type, typically expressed in central and peripheral neurons and
blocked by ω-Conotoxin GVIA. The presence of this Ca2+ chan-
nel subtype had not been previously reported in ovarian tissue. CaV

2.2 and SMAα immunolabeling are shown in Figure 4D1 and D2, re-
spectively. The expression pattern of CaV 2.2 is weak throughout the
entire ovary, but unequivocally strong in smooth muscle cells, as re-
vealed by their characteristic anatomical disposition, and evident co-
expression with the anti SMAα antibody (see Figure 4D1–D3). This is
the only Ca2+ channel subunit detected in the ovarian perifollicular
smooth muscle. The distribution of CaV 2.2 and SMAα immunola-
beling are shown enlarged in Figure 6C and D. Co-localization is
obvious for the most part, but few cells are only positive to CaV

2.2 and other cells are only SMAα positive. The presence of this α1
Ca2+ channel subunit had not been reported in ovarian tissue nor
in any other smooth muscle cells elsewhere [22]. Although in CaV

2.2 labeling is weak in most ovarian structures, CL cells are more
intensely stained than GCs from ovarian follicles (Figure 4D1; see
Figure 6C and D, GCs and CL); accordingly, a mean fluorescence
ratio CL/GC of 1.24 (a 24% difference) is obtained (see Table 2).
The apparent staining of some oocytes (i.e. Figure 6C and D) prob-
ably results from nonspecific antibody binding or autofluorescence
of either cytoplasmic lipid droplets or reduced nicotinamide adenine
dinucleotide (phosphate) (NAD(P)H) [31].

Proestrus. The anabolic phase of the estrous cycle begins with
proestrus, which is characterized by maximal concentrations of
plasma of 17β-estradiol, which triggers the surge of pituitary LH
and FSH that initiates ovulation and the recruitment of the next co-
hort of ovarian follicles, respectively. Since proestrus is the stage of
maximal stimulation of the ovary, we examined the expression pat-
tern of CaVs subunits in comparison with the more quiescent stage
of metestrous-diestrus.

CaV 1.2 (α1C). The ovarian distribution of CaV 1.2 and SMAα

immunostaining in proestrus are shown in Figure 7A1 and A2, respec-
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Figure 4. Specific immunolabeling of mouse ovarian sections in metestrus-diestrus. A1: CaV 1.2 staining; yellow arrows, unidentified stromal cells in the ovarian
medulla; red arrows, intensely labeled GCs adjacent to the basal lamina of ovarian follicles. A2: smooth muscle actin (SMAα) staining: A3: images A1 and A2

superimposed. B1: CaV 1.3 staining; yellow arrows, unidentified stromal cells in the ovarian medulla. B2: SMAα staining: B3: images B1 and B2 superimposed.
C1: CaV 2.1 staining; yellow arrows, unidentified stromal cells. C2: SMAα staining. C3: images C1 and C2 superimposed. D1: CaV 2.2 staining. D2: SMAα staining.
D3: images C1 and C2 superimposed. (a, b) Regions of interest shown enlarged in Figure 6C and D. Denotation of labels in A2, B2, C2, and D2: asterisk: primary
follicle, 2: secondary follicle, 3: secondary preantral follicle, 4: antral follicle 5: preovulatory follicle. CL: corpora lutea. Atr: atresic follicle. Calibration bar: 200 μm.

tively. CaV 1.2 does not co-express with SMAα (compare Figure 7A1

and A2 and Figure 7A3). The stronger staining of GCs observed in the
periphery of ovarian follicles is present (red arrows in Figure 7A1)
although less conspicuously than in metestrous-diestrus (compare
Figure 7A1 and 4A1). An obvious difference between metestrous-
diestrus and proestrus is that in the latter, CL cells are considerably
more intensely stained than GCs (Figure 7A1). The mean fluorescence
ratio CL/GC of 1.49 is obtained(a 49% difference; see Table 2). Thin
nerve fiber-like structures positive to CaV 1.2 can be seen inside and
around CLs and ovarian follicles, but they are less distinctly labeled
than in metestrous-diestrus (data not shown).

CaV 1.3 (α1D). The staining patterns of CaV 1.3 and SMAα in
proestrus are illustrated in Figure 7B1 and B2, respectively. CaV 1.3
does not co-localize with SMAα (see Figure 7B1–B3). This is con-
firmed by comparing the SMAα-positivity of smooth muscle fibers of
the hilum (Figure 7B, yellow asterisk) and the lack of CaV 1.3 stain-
ing of the same structure (Figure 7B1, yellow asterisk). In metestrus-

diestrus, CaV 1.3 staining is weak and uniform throughout the ovary
(see Figure 4B1), while in proestrus the expression pattern of CaV 1.3
is rather inhomogeneous. As seen in Figure 7B1, CL cells display the
strongest immunostaining, while GCs from ovarian follicles show
the weakest. In general, the staining pattern of CaV 1.3 and CaV 1.2
in proestrus is similar (compare Figure 7A1 and B1), but the staining
ratio CL/GC for CaV 1.3 is higher than for CaV 1.2 (fluorescence
ratio CL/GC of CaV 1.3 in proestrus gave 2.04 (a 104% difference:
see Table 2)).

CaV 2.1 (α1A). The staining patterns of CaV 2.1 and SMAα in
proestrus are shown in Figure 7C1 and C2, respectively. As seen in
the composite image in Figure 7C3, SMAα-positive cells apparently
do not co-express CaV 2.1, although smooth muscle fibers in the
hilum appear weakly CaV 2.1 positive (blue asterisk in Figure 7C1

and C2). CaV 2.1 immunofluorescence pattern in proestrus is similar
to that of metestrous, except for the absence of stained cells in the
stroma and the even greater differential expression of CL cells versus
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Figure 5. High magnification images of CaV 1.2-specific immunolabeling. (A) Unidentified CaV 1.2 positive stromal cells in the ovarian medulla (Figure 1A1; red
arrows). (B, C) CaV 1.2 labeling of GCs from ovarian follicles is confined to the plasma membrane (Gc). (B) Peripheral staining from ovarian follicles results from
the presence of elongated GCs arranged perpendicularly to the basal lamina (red stars), or processes extending into the follicle, forming ramifications (yellow
stars). (C, D) Red arrows: thin processes, resembling unmyelinated nerve fibers seen both inside and around CL and ovarian follicles. (D) Corpora lutea (CL)
cells express CaV 1.2 uniformly in the cytoplasm while GCs express CaV 1.2 in the plasma membrane.

GCs. The expression pattern of CaV 2.1 in proestrus appears to be
an intensification of that observed in metestrus-diestrus (compare
Figures 4C1 and 7C1). Accordingly, the CaV 2.1 ratio CL/GC rises
from 1.39 in metestrus-diestrus to 2.08 in proestrus (see Table 2).

CaV 2.2 (α1B). CaV 2.2 and SMAα immunostaining patterns
in proestrus are illustrated in Figure 7D1 and D2, respectively. It
is obvious that CaV 2.2 immunostaining in proestrus co-localizes
with SMAα, as judged by the network-like perifollicular disposition
around ovarian follicles and CL, and the unequivocal superposition
of red and green signals in Figure 7D3. Nonetheless, in proestrus,
not only the smooth muscle cells express CaV 2.2 but also the CL. In
fact, the differential CaV 2.2 staining of CL versus GC in proestrus is
stronger than in metestrus-diestrus (compare Figures 4D1 and 7D1).
Hence, the mean CaV 2.2 fluorescence ratio CL/GC obtained in
proestrus is 1.94 (see Table 2).

Estrus
Estrus begins shortly after the pre-ovulatory LH/FSH surge and ends
the anabolic phase of the cycle. It has been reported that these go-
nadotropins, as well as hCG, increase intracellular Ca2+ concentra-
tion in GCs and stimulate steroid production. Thus, we wondered if
the expression pattern of VGCCs in the ovary changes as a result of

gonadotropin stimulation. As shown in Figure 8, the overall staining
pattern for CaV 1.2, CaV 1.3, and CaV 2.1 in the ovary at estrus sug-
gests a decline from the peak expression reached in proestrus, and
a progressive return to the baseline condition of metestrus-diestrus.
The staining intensity of CaV 1.2 and CaV 1.3 in estrus is still higher
in CL cells compared to GCs. The mean fluorescence CL/GC ratio
obtained is 1.34 for CaV 1.2 and 1.91 for CaV 1.3 (see Table 2).
The stronger CaV 1.2 labeling of GCs in the edge of ovarian fol-
licles described in Figure 1A1 is also noticeable in Figure 8A1. In
estrus, CaV 2.2 antibody strongly labels smooth muscle cells just
as in metestrus-diestrus, but labeling now appears more dispersed
throughout the ovary (see Figure 8D1), with a fluorescence ratio
CL/GC still relatively high: 1.31 (see Table 2; compare Figures 7D1

and 8D1). Bundles of CaV 2.2-positive and SMAα-positive smooth
muscle cells are clearly visible in a bundle of smooth muscle cells
from the hilum (Figure 8D1 and D2, blue asterisks).

Regardless of the stage of estrus cycle, CaV 1.2 and SMAα do not
co-localize, implying that this subunit is absent from perifollicular
smooth muscle cells. This result is contrary to reports that CaV 1.2
subunits are expressed in smooth muscle. To address this issue, an
ovarian section containing a large longitudinal section of the oviduct
was immunostained both with CaV 1.2 and SMAα. The doubly
stained section is shown in Supplementary Figure S1. In the smooth
muscle fibers of the oviduct Cav1.2 and SMAα clearly co-localize
(see orange and yellow hues in Supplementary Figures S1A1 and
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A3). In contrast, SMAα-positive interfollicular smooth muscle fibers
in the same section do not co-localize with Cav1.2, displaying a red
color only (Supplementary Figure S1A2, yellow arrow).

Presence of LVA α1 subunits (CaV 3.1; α1G, 3.2; α1H
and 3.3; α1I)
Metestrus-diestrus
The predominant Ca2+ current component recorded with patch-
clamp electrophysiology from porcine, chicken, and human GCs is
an LVA T-type Ca2+ current. Pore-forming α1 subunits CaV 3.1,
CaV 3.2, and CaV 3.3, when expressed in heterologous systems,
generate LVA T-type Ca2+ currents with slightly different biophysi-
cal properties. Accordingly, mRNAs encoding for Cav 3.2 subunits
have been isolated from human luteinized GCs [16, 17]. Experiments
conducted with antibodies raised against each of the three CaV 3 α1
subunits (CaV3.1, CaV3.2, and CaV3.3) separately gave weak, but
specific staining patterns indistinguishable from one another. To in-
crease the sensitivity of detection, the immunostaining was carried
out with antibodies raised against the three subunits combined. Fig-
ure 9A illustrates the CaV 3 staining pattern in mouse ovarian sec-
tions in metestrus-diestrus. This pattern resembles that of CaV 2.1
(compare Figures 9A and 4C1): the strongest CaV 3 immunostain-
ing is visible in medulla stroma cells (red arrows in Figure 9A and
A1) and perifollicular stroma cells forming an incomplete multilayer
envelope around secondary and antral follicles (see blue arrows in
Figure 9A and A3). It would be interesting to perform double im-
munolabeling (CaV 3 and CaV 2.1) to find out if these subunits are
co-expressed in the same cells.

Some of the cells associated with ovarian follicles probably cor-
respond to TCs, which produce the androgen substrate required
for ovarian estrogen biosynthesis [23]. Substantial CaV 3 staining is
present in CL (Figure 9A and A2: CL), in agreement with electrophys-
iological and molecular biology studies in human luteinized GCs [16,
17]. In contrast, the staining is weak or absent in GCs from ovarian
follicles (yellow asterisks in Figure 9A and A3). Accordingly, the fluo-
rescence ratio CL/GC obtained is 1.84 (84% difference; see Table 2).
CaV 3-positive cells do not display the characteristic anatomical ar-
rangement of smooth muscle cells (compare Figures 9A and 4D2,
which are contiguous sections from the same ovary); nonetheless,
we cannot rule out that some perifollicular CaV 3-positive cells are
smooth muscle cells, since RNAs encoding for CaV 3 α1 subunits
have been reported in smooth muscle cells [24]. Substantial differ-
ences in the distribution pattern or CaV 3 expression were observed
along the estrous cycle (see below).

Proestrus
CaV 3 immunostaining in proestrus is shown in Figure 9B. At this
stage of the estrus cycle, CL staining is stronger than in any other
ovarian structure, while ovarian follicles (yellow asterisks) display
the weakest. Accordingly the fluorescence ratio CL/GC obtained is
4.2 (324% difference). Staining of CL cells is not uniform, with
patches of stronger immunofluorescence (Figure 9B and B1). Another
peculiarity of proestrus is that medullar and interfollicular stroma
cells are weakly stained. CaV 3-positive flat cells around CL and
ovarian follicles are probably theca and/or smooth muscle cells. In
Figure 9B, a cross section of the hilum is weakly CaV 3-positive
(red asterisk). This structure is clearly SMAα-positive as seen in the
adjacent section from the same ovary (Figure 5B2 and C2). Bundles
of smooth muscle-like fibers in a longitudinal section (red arrow in
Figure 9B and B2) are also CaV 3-positive.
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Figure 6. High magnification images of CaV 1.3- and CaV 2.2-specific immunolabeling. (A) CaV 1.3-positive unidentified medulla stromal cells (Figure 1B1, yellow
arrows). (B) Both corpora lutea (CL) and granule cells (Gc) are weakly labeled with anti-CaV 1.3. Thin filaments resembling unmyelinated nerve fibers are not
stained with anti-CaV 1.3. (C, D) High magnification views of regions a and b from Figure 1D3. (C) Superimposed images of CaV 2.2 and SMAα staining reveal
that both labels co-localize, but some cells are either positive to CaV 2.2 only and other cells are SMAα positive only. (D) CaV 2.2 labeling is weak in most ovarian
structures, but CL cells are more intensely stained than GCs from ovarian follicles.

Estrus
The distribution pattern of CaV 3 immunostaining in estrus is shown
in Figure 10. Here, the most remarkable feature is the intense cyto-
plasmic staining of mesenchymal and interfollicular cells in the ovar-
ian stroma, stronger than CL and ovarian follicles (asterisks: see Fig-
ure 10A). At this stage both CL and GCs from ovarian follicles are
stained weakly. This is the only example where GCs are slightly more
intensely stained than CL cells (fluorescence ratio CL/GC = 0.77).
The majority of the strongly stained CaV 3-positive cells in the stroma
are round and arranged in clusters (see Figure 10A1). Perifollicu-
lar cells of the internal theca are also stained, but their anatomi-
cal distribution is not compatible with that of smooth muscle cells
(Figure 10A2). In fact, smooth muscle cells of the hilum (red as-
terisk in Figure 10A) are negative for CaV 3 at this stage of the
estrous cycle.

Discussion

The estrous cycle in mice comprises a series of physiological and
behavioral events that repeats every 4–6 days throughout the repro-
ductive life span unless interrupted by pregnancy or anestrus. The
cycle length is variable and affected by a number of factors, including
stress, diet, and social cues. The estrous cycle affects the entire re-
productive tract, and can be regarded as comprised of three phases:
anabolic, catabolic, and quiescent phase. In the ovary, the anabolic
phase concludes with the release of oocytes, while the catabolic phase

is characterized by degenerative changes. The quiescent phase is re-
garded as a resting state of the reproductive tract. The estrous cycle
is also classically divided, based on the vaginal smears, into four
stages: metestrus, diestrus, proestrus, and estrus [19, 25].

At metestrus, CL formation and atresia are widespread among
the remaining follicles. Metestrus-diestrus can be regarded as the qui-
escent phase of the cycle: estradiol concentrations remain low, and
in the absence of mating, CL does not activate completely, produc-
ing little progesterone. Metestrus-diestrus represents the catabolic
phase of the cycle and coincides with declining concentrations of
estradiol following ovulation. Near the end of diestrus, ovarian fol-
licles begin to grow [25]. Proestrus signals the increase in functional
activity of both GCs and TCs: the peak concentration of estrogen
(typically late in the afternoon) triggers the pre-ovulatory surge of
pituitary LH and FSH. LH stimulates in TCs a cAMP signaling path-
way that increases the synthesis of key steroidogenic enzymes that
synthesize androstenedione, which diffuses across the basal lamina
and into the ovarian follicle. FSH by a cAMP-mediated mechanism
then stimulates the synthesis of aromatase cytochrome P450 and 17
β-hydroxysteroid dehydrogenase in GCs. With these enzymes, GCs
metabolize androstenedione to estradiol. Estrus ends the anabolic
phase of the cycle. During estrus the female is receptive to the male
because of the elevated concentration of estrogen. Estrus typically
occurs during the night, and mating occurs near the mid-point of the
dark phase. Ovulation also occurs during estrus, about 12 h after
the LH surge.
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Figure 7. Specific immunolabeling of mouse ovarian sections in proestrus. A1: CaV 1.2 staining; red arrows, intensely labeled GCs adjacent to the basal lamina
of ovarian follicles. A2: smooth muscle actin (SMAα) staining: A3: images A1 and A2 superimposed. B1: CaV 1.3 staining; yellow asterisk, lack of CaV 1.3
immunostaining in smooth muscle fibers of the hilum. B2: SMAα staining; yellow asterisk, SMAα-positivity of smooth muscle fibers of the hilum. B3: images
B1 and B2 superimposed. C1: CaV 2.1 immunostaining; blue asterisk, weak CaV 2.1 staining of smooth muscle fibers of the hilum. C2: SMAα immunostaining;
blue asterisk, SMAα-positive smooth muscle fibers of the hilum. C3: images C1 and C2 superimposed. D1: CaV 2.2 immunostaining. D2: SMAα immunostaining.
D3: images D1 and D2 superimposed. Denotation of labels in A2, B2, C2, and D2: asterisk: primary follicle, 2: secondary follicle, 3: secondary preantral follicle, 4:
antral follicle, 5: preovulatory follicle. CL: corpora lutea. Atr: atresic follicle. Calibration bar: 200 μm.

Role of Ca2+ in ovarian endocrine cell function
A role for extracellular Ca2+ in hCG-induced ovulation was discov-
ered more than 30 years ago in the perfused rabbit ovary: the infusion
the Ca2+ channel blocker verapamil did not suppress hCG-induced
ovulation; however, the infusion of hCG together with EGTA (an
extracellular Ca2+ chelator) greatly reduces the ovulatory efficiency
(17%) in comparison to hCG alone (80%) [26]. Reducing the extra-
cellular Ca2+ concentration disrupts LH-stimulated steroidogenesis
[27] in isolated ovarian cells, possibly by preventing transmembrane
Ca2+ influx. Also, hCG-induced, but not basal testosterone produc-
tion was impaired in goldfish follicles after incubation with Ca2+-
deficient media, or a variety of Ca2+ channel blockers (verapamil,
nifedipine, nicardipine, and CoCl2) [18].

More recent reports showed that inhibitors of VGCCs attenu-
ate hCG-induced steroid production in co-cultures of TCs and GCs
from carp [28]. These findings are consistent with earlier reports

showing that application of FSH elevates intracellular Ca2+ concen-
tration ([Ca2+]i) in swine GCs [29–31], and that both diacylglycerol
and inositol trisphosphate trigger [Ca2+]i mobilization in pig GCs
[32]. Strong [Ca2+]i elevations, like those induced by exposure to the
Ca2+ ionophore A23187, increase by fivefold the release of proges-
terone in rat GCs in culture [33] and by twofold basal testosterone
and estradiol (E2) production in co-cultured TCs/GCs from carp.
A23187 also significantly potentiates hCG-stimulated production of
testosterone and E2 [32].

It has been reported that both LH/FSH and hCG trigger eleva-
tions of [Ca2+]i in GCs that stimulate steroid production [28–30].
Porcine TCs in vitro display diverse forms of [Ca2+]I signaling in re-
sponse to increasing doses of LH, from single spikes to spike-plateau
and oscillations. Removal of extracellular Ca2+ or treatment with
100 μM CoCl2 inhibits the maintenance, but not the initiation of
these responses, suggesting the participation of VGCCs [35]. The
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Figure 8. Specific immunolabeling of mouse ovarian sections in estrus. A1: CaV 1.2 staining. A2: smooth muscle actin (SMAα) staining. A3: images A1 and
A2 superimposed. B1 : CaV 1.3 immunostaining. B2: SMAα immunostaining: B3: images B1 and B2 superimposed. C1: CaV 2.1 immunostaining. C2: SMAα

immunostaining. C3: images C1 and C2 superimposed. D1: CaV 2.2 immunostaining. D2: SMAα immunostaining. D3: images C1 and C2 superimposed. Denotation
of labels in A2, B2, C2, and D2: asterisk, primary follicle, 2: secondary follicle, 3: secondary preantral follicle, 4: antral follicle 5: preovulatory follicle. CL: corpora
lutea. Atr: atresic follicle. Calibration bar: 200 μm.

diversity of the [Ca2+]i signals elicited by LH in porcine TCs is in
contrast to the stereotyped responses to LH in GCs where [Ca2+]i

oscillations have not been reported nor observed here [34]. The
increased expression of CaV3 α1 subunits in TCs and its relative
scarcity in GCs and CL cells (see figure 4A3) could explain in part
these functional differences. In the neuronal cell line NG108–15,
overexpression of CaV3.1 and CaV3.3 channels produces repetitive
action potentials and spontaneous [Ca2+]i oscillations [36]. It re-
main to be seen if the presence of CaV3 Ca2+ channels underlies the
spontaneous and depolarization-induced Ca2+ signals recorded in
the TCs layer (Figures 1 and 2).

Types of VGCC identified electrophysiologically in
ovarian endocrine cells
Using patch-clamp electrophysiology in isolated cultured GCs, a
LVA T type Ca2+ current has been recorded in porcine and chicken
GCs [12, 13]. A smaller HVA L-type Ca2+ current component has

also been identified in chicken GCs [14, 15]. More recently, Ca2+

channels expressed in human GCs (cultured human luteinized GCs
obtained from patients undergoing in vitro fertilization) were charac-
terized electrophysiologically, and their regulation by hormones [16]
and muscarinic receptors [17] was examined. The most predominant
Ca2+ current, identified by their biophysical and pharmacological
properties, is a LVA T-type Ca2+ current [16,17]. In some GCs
a high-voltage-activated Ca2+ current sensitive to dihydropyridine
(L-type Ca2+ current) was also recorded. These results are similar
to those obtained in GCs from other species [12–14]. These electro-
physiological findings are supported by the isolation of mRNAs en-
coding pore-forming α1 subunits Cav 3.2 and Cav 1.2 (T- and L-type
Ca2+ channels, respectively). Further progress in this area requires
(1) identification of the different subtypes of VGCCs present in the
ovary in situ, (2) evaluation of the expression levels of Ca2+ channels
subunits in the different types of ovarian cells and their variations
along the estrous cycle, and (3) characterization of [Ca2+]i signals
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Figure 9. (A) CaV 3 immunostaining of mouse ovarian sections in metestrus-diestrus and proestrus. (A) Metestrus-diestrus. Staining of medullar stroma cells
(red arrows) and interfollicular stroma cells forming an incomplete multilayer envelope around secondary and antral follicles (blue arrow). Corpora lutea (CL)
are more intensely labeled than ovarian follicles (asterisks). A1: enlarged view of medullar stroma cells (red arrow). A2: enlarged view of a corpus luteum (CL).
A3: enlarged view showing CaV 3-positive interfollicular stroma cells (blue arrows) forming an incomplete multilayer envelope around secondary and antral
ovarian follicles. (B) Proestrus. At this stage, corpora lutea (CL) staining is the strongest and ovarian follicles (yellow asterisk) is the weakest (>300% difference).
Smooth muscle cells of the hilum (red asterisk) and bundles of smooth muscle-like fibers (red arrow) are weakly CaV 3-positive. B1: enlargement of corpus
luteum showing patchy staining (CL). B2: enlargement of CaV 3-positive bundles of smooth muscle-like fibers (red arrow). B3: enlargement of ovarian follicles
(yellow asterisks) to show lack of CaV 3 staining in GCs.

displayed by ovarian cells in situ at different stages of the estrous
cycle, including responses to LH and FSH. Our study represents a
crucial step forward in addressing these important questions.

In the “quiescent” stage of the estrous cycle (metestrous-diestrus),
L-type Ca2+ channel subunits CaV 1.2 (α1C) and CaV 1.3 (α1D)
are widely distributed throughout the ovary, particularly in stromal
medulla cells, GCs, and CL cells. At the follicle’s edge GCs are more
strongly labeled with CaV 1.2. Ca2+ channel subunits abundant in
nerve cells (P/Q-type and N-type Ca2+ channel subunits CaV 2.1 and
CaV 2.2) are reported for the first time in ovarian tissue. The former
are abundant in stroma and CL cells, while the latter are unequivo-
cally expressed in perifollicular smooth muscle cells. Subunits encod-
ing LVA T-type Ca2+ channels (CaV 3.1, 3.2, and 3.3) are expressed
in CL cells and medullar and interfollicular stroma cells, with GCs
displaying the weakest staining. Remarkably, the expression level of
HVA and LVA Ca2+ channel subunits fluctuates significantly along
the estrus cycle. The ratio CL/GC is used here for comparison (see
Table 1), but other ovarian structures like mesenchymal and interfol-
licular stroma cells also display marked variations. The description
of the Ca2+ signals and the expression of VGCCs in the ovary and

their variations throughout the estrous cycle opens a new chapter in
ovarian physiology.

A relevant question is how VGCCs participate in ovarian en-
docrine cells. For instance, GCs have a resting membrane potential
of around –42 mV [3, 4]. At this potential more than 75% of LVA T-
type Ca2+ channels should be inactivated [16]. Nonetheless, voltage
clamp experiments indicate that a small fraction (about 4%) of these
channels could be available for activation, because of the “window
current” formed at the crossing between activation and inactiva-
tion curves [16]. Thus, a small, continuous Ca2+ influx across the
plasma membrane is likely to occur at the GC resting potential [37].
Interestingly, chicken GCs, which possess a more negative resting
potential than mammalian GCs, are excitable, i.e. capable of gener-
ating Ca2+-dependent action potentials [11]. It is conceivable that
luteinized mammalian GCs could become excitable as the expression
level of VGCCs increases, in some cases up to 240% in proestrus
(see Table 1). The large spontaneous Ca2+ fluctuations reported here
strongly suggest that the resting membrane potential of perifollicu-
lar TCs is probably more negative than –55 mV, so that a signifi-
cant number of Ca2+ channels are available for activation. A similar
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Figure 10. (A) CaV 3 immunostaining of mouse ovarian sections in estrus. At this stage, the most notable feature is the cytoplasmic staining of mesenchymal
and interfollicular cells in the ovarian stroma, much stronger than corpora lutea (CL) and ovarian follicles (yellow asterisks). Smooth muscle cells of the hilum
(red asterisk) are CaV 3-negative. A1: detail of CaV 3-positive cells in the stroma. A2: CaV 3-positive perifollicular cells of the internal theca do not resemble
perifollicular smooth muscle cells. Corpus luteum (CL) is slightly more stained than ovarian follicles (yellow asterisks). A2: enlargement of corpus luteum and
surrounding CaV 3-positive stromal cells.

study focused on the ovarian expression of intracellular Ca2+ release
channels—inositol 1, 4, 5-trisphosphate receptors and ryanodine re-
ceptors [38] together with plasma membrane Ca2+ ATPases (PMCA)
and sarco-endoplasmic reticulum Ca2+ ATPases (SERCA)—is
needed to achieve a comprehensive view of the Ca2+ handling pro-
teins responsible for Ca2+ homeostasis and dynamics [39].

The functional role of the numerous transporting molecules re-
sponsible for Ca2+ mobilization and signaling in the different ovar-
ian cell types is only begging to unfold. Moreover, in spite of con-
vincing evidence that the disruption of Ca2+ homeostasis underlies
certain ovarian malignant phenotypes [40–42] and the identifica-
tion of Ca2+ transporters whose altered function underlies different
pathologies, a rational therapeutic application of these findings is still
at its infancy. However, the rapid development of the field warrants
the development of improved molecular Ca2+ transport-targeting
tools for diagnosis and treatment of ovarian cancer and other re-
productive pathologies. This study represents an important step in
the definition of the specific physiological questions that need to be
addressed.

Supplemental data

Supplementary data are available at BIOLRE online.

Supplementary Figure S1. A1: An ovarian section containing a large
longitudinal section of the oviduct (white star) was immunostained
both with CaV 1.2 and SMAα. A2 and A3: Higher magnification
images of the areas marked in yellow in A1. SMAα-positive interfol-
licular smooth muscle fibers are not stained with the Cav1.2 antibody
(A2, yellow arrow). In contrast, Cav1.2 and SMAα clearly co-localize
in the smooth muscle fibers of the oviduct (see orange and yellow
hues in A3).
Supplementary Movie 1 (SM1). This file shows the spontaneous
Ca2+ fluctuations recorded in two follicles. A series of confocal mi-
croscopy images (�F movie) was obtained from an ovarian slice
containing two intact follicles (F1 and F2 in Figure 1). This movie
represents 1.2 min of recording. Scale 100 μm.
Supplementary Movie 2 (SM2). This file shows two spontaneous
Ca2+ fluctuations in the oocyte from an intact follicle. These oscilla-
tions begin in the edge of the oocyte, spreading inwards as a wave.
See additional information in Figure 2D–F. Scale 20 μm.
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389732 from CONACyT (México). This study was conducted as part of the
requirements to obtain his Ph.D.

References

1. Gougeon A. Dynamics of human follicular growth: morphologic, dynamic,
and functional aspects. In: Adashi EY, Leung PCK (eds.). The Ovary, 2nd
ed. San Diego: Elsevier Academic Press; 2004:25–38.

2. Bulling A, Berg FD, Berg U, Duffy DM, Stouffer RL, Ojeda SR, Gratzl
M, Mayerhofer A. Identification of an ovarian voltage-activated Na+
channel type: hints to involvement in luteolysis. Mol Endocrinol 2000;
14(7):1064–1074.

3. Mattioli M, Barboni B, Bacci ML, Seren E. Maturation of pig oocytes:
observations on membrane potential. Biol Reprod 1990; 43(2):318–322.

4. Mason DE, Mitchell KE, Li Y, Finley MR, Freeman LC. Molecular basis
of voltage-dependent potassium currents in porcine granulosa cells. Mol
Pharmacol 2002; 61(1):201–213.

5. Manikkam M, Li Y, Mitchell BM, Mason DE, Freeman LC. Potassium
channel antagonists influence porcine granulosa cell proliferation, differ-
entiation, and apoptosis. Biol Reprod 2002; 67(1):88–98.

6. Li Y, Ganta S, von Stein FB, Mason DE, Mitchell BM, Freeman LC. 4-
aminopyridine decreases progesterone production by porcine granulosa
cells. Reprod Biol Endocrinol 2003; 1(1):31.

7. Kunz L, Thalhammer A, Berg FD, Berg U, Duffy DM, Stouffer RL, Dis-
sen GA, Ojeda SR, Mayerhofer A. Ca2+-activated, large conductance K+

channel in the ovary: identification, characterization, and functional in-
volvement in steroidogenesis. J Clin Endocrinol Metab 2002; 87(12):566–
5574.

8. Traut MH, Berg D, Berg U, Mayerhofer A, Kunz L. Identification and
characterization of Ca2+-activated K+ channels in granulosa cells of the
human ovary. Reprod Biol Endocrinol 2009; 7(1):8.

9. Kunz L, Richter JS, Mayerhofer A. The adenosine 5′-triphosphate-sensitive
potassium channel in endocrine cells of the human ovary: role in mem-
brane potential generation and steroidogenesis. J Clin Endocrinol Metab
2006; 91(5):1950–1955.

10. Brackenbury WJ. Voltage-gated sodium channels and metastatic disease.
Channels 2012; 6(5):352–361.

11. Mealing G, Morley P, Whitfield JF, Tsang BK, Schwartz JL. Granulosa
cells have calcium-dependent action potentials and a calcium-dependent
chloride conductance. Pflugers Arch 1994; 428(3-4):307–314

12. Mattioli M, Barboni B, DeFelice LJ. Calcium and potassium currents in
porcine granulosa cells maintained in follicular or monolayer tissue cul-
ture. J Membr Biol 1993; 134(1):75–83.

13. Kusaka M, Tohse N, Nakaya H, Tanaka T, Kanno M, Fujimoto S. Mem-
brane currents of porcine granulosa cells in primary culture: characteriza-
tion and effects of luteinizing hormone. Biol Reprod 1993; 49(1):95–103.

14. Schwartz JL, Asem EK, Mealing GA, Tsang BK, Rousseau EC, Whitfield
JF, Payet MD. T- and L- calcium channels in steroid-producing chicken
granulosa cells in primary culture. Endocrinology 125(4):1973–1982.

15. Asem EK, Qin W, Rane SG. Effect of basal lamina of ovarian follicle on T-
and L- type Ca2+ currents in differentiated granulosa cells. Am J Physiol
Endocrinol Metab 2002; 282(1):E184–E196.

16. Agoston A, Kunz L, Krieger A, Mayerhofer A. Two types of calcium
channels in human ovarian endocrine cells: involvement in steroidogenesis.
J Clin Endocrinol Metab 2004; 89(9):4503–4512.

17. Platano D, Magli MC, Pia Ferraretti A, Gianaroli L, Aicardi G. L-and T-
type voltage- gated Ca2+ channels in human granulosa cells: functional
characterization and cholinergic regulation. J Clin Endocrinol Metab
2005; 90(4):2192–2197.

18. Van der Kraak G. Role of calcium in the control of steroidogenesis in
preovulatory ovarian follicles of the goldfish. Gen Comp Endocrinol 1991;
81(2):268–275.

19. Byers SL, Wiles MV, Dunn SL, Taft RA. Mouse estrous cycle identification
tool and images. PLoS One 2012; 7(4):e35538.

20. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch
T, Preinbisch S, Rueden C, Saalfeld S, Schmid B, Tienevez JY, White
DJ et al. Fiji: an open-source platform for biological-image analysis, Nat
Methods. 2012; 9(7):676–682.

21. Tiwari M, Prasad S, Shrivastav TG, Chaube SK. Calcium signaling during
meiotic cell cycle regulation and apoptosis in mammalian oocytes. J Cell
Physiol 2017; 232(5):76–981.

22. Hill-Eubanks DC, Werner ME, Heppner TJ, Nelson MT. Calcium
signaling in smooth muscle. Cold Spring Harb Perspect Biol 2011;
3(9):a004549.

23. Magoffin DA. Ovarian theca cell. Int J Biochem Cell Biol 2005;
37(7):1344–1349.

24. Perez-Reyes E. Molecular physiology of low-voltage-activated T-type cal-
cium channels. Physiol Rev 2003; 83(1):117–161.

25. Pritchett KR, Taft RA. Reproductive biology of the laboratory mouse In:
Fox JG, Davisson MT, Quimby FW, Barthold SW, Newcomer CE, Smith
AL (eds.), The Mouse in Biomedical Research, Vol III, 2nd ed. Academic
Press. Cambridge Massachusetts USA; 2007:91–121.

26. Kitai H, Santulli R, Wright KH, Wallach EE. Examination of the role
of calcium in ovulation in the in vitro perfused rabbit ovary with use of
ethyleneglycol-bis(beta-aminoethyl ether)-n,n′-tetraacetic acid and vera-
pamil. Am J Obstet Gynecol 1985; 152(6):705–708.

27. Veldhuis JD, Klase PA. Mechanisms by which calcium ions regulate the
steroidogenic actions of luteinizing hormone in isolated ovarian cells in
vitro. Endocrinology 1982; 111(1):1–6.

28. Paul S, Kundu S, Pramanick K, Bandyopadhyay A, Mukherjee D. Reg-
ulation of ovarian steroidogenesis in vitro by gonadotropin in common
carp Cyprinus carpio: interaction between calcium- and adenylate cyclase-
dependent pathways and involvement of ERK signaling cascade. J Mol
Endocrinol 2010; 45(4):207–218.

29. Flores JA, Veldhuis JD, Leong DA. Follicle-stimulating hormone evokes an
increase in intracellular free calcium ion concentrations in single ovarian
(granulosa) cells. Endocrinology 1990; 127(6):3172–3179.

30. Flores JA, Leong DA, Veldhuis JD. Is the calcium signal induced by
follicle-stimulating hormone in swine granulosa cells mediated by adeno-
sine cyclic 3´,5´-monophosphate-dependent protein kinase?. Endocrinol-
ogy 1992; 130:1862–1866.

31. Sutton-McDowall ML, Mottershead DG, Gardner DK, Gilchrist RB,
Thompson JG. Metabolic differences in bovine cumulus-oocyte complexes
matured in vitro in the presence or absence of follicle-stimulating hormone
and bone morphogenetic protein 151. Biol Reprod 2012 87(4):1–8.

32. Sadighian JJ, Kearns WG, Waddell BJ, Dimino MJ. Effects of diacyiglyc-
erol and inositol trisphosphate on steroidogenesis by ovarian granulosa
from pigs. Biol Reprod 1989; 40(2):294–299.

33. Chen JJ, Wang SW, Chien EJ, Wang PS. Direct effect of propylthiouracil
on progesterone release in rat granulosa cells. Br J Pharmacol 2003;
139(8):1564–1570.

34. Aguirre C, Jayes FC, Veldhuis JD. Luteinizing hormone (LH) drives diverse
intracellular calcium second messenger signals in isolated porcine ovar-
ian thecal cells: preferential recruitment of intracellular Ca2+ oscillatory
cells by higher concentrations of LH. Endocrinology 2000; 141(6):2220–
2228.

35. Flores JA, Aguirre C, Sharma OP, Veldhuis JD. Luteinizing hormone (LH)
stimulates both intracellular calcium ion ([Ca2+]i) mobilization and trans-
membrane cation influx in single ovarian (granulosa) cells: recruitment as
a cellular mechanism of LH-[Ca2+]i dose response. Endocrinology 1998;
139(8):3606–3612.

36. Chevalier M, Lory P, Mironneau C, Macrez N, Quignard JF. T-type
CaV3.3 calcium channels produce spontaneous low-threshold action po-
tentials and intracellular calcium oscillations. Eur J Neurosci 2006;
23(9):2321–2329.

37. Schwartz JL, Asem EK, Mealing GA Tsang BK, Rousseau EC, Whitfield
JF, Payet MD. T- and L- calcium channels in steroid-producing chicken
granulosa cells in primary culture. Endocrinology 1989; 125(4):1973–
1982.
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A B S T R A C T

Benign prostatic hyperplasia (BPH) is an aging-related and progressive disease linked to an up-regulation of α1-
adrenoceptors. The participation of EGF receptors (EGFR) in the GPCRs’ signalosome has been described but so
far data about the contribution of these receptors to prostatic stromal hyperplasia are scanty. We isolated and
cultured vimentin-positive prostate stromal cells obtained from BPH patients. According to intracellular Ca2+

measurements, cell proliferation and Western blotting assays, these cultured hyperplastic stromal cells express
functional α1-adrenoceptors and EGFR, and proliferate in response to the α1-adrenoceptor agonist pheny-
lephrine. Interestingly, in these cells the inhibition of EGFR signaling with GM6001, CRM197, AG1478 or
PD98059 was associated with full blockage of α1-adrenoceptor-mediated cell proliferation, while cell treatment
with each inhibitor alone did not alter basal cell growth. Moreover, the co-incubation of AG1478 (EGFR in-
hibitor) with α1A/α1D-adrenoceptor antagonists showed no additive inhibitory effect. These findings highlight a
putative role of EGFR signaling to α1-adrenoceptor-mediated human prostate hyperplasia, suggesting that the
inhibition of this transactivation cascade could be useful to reduce BPH progression.

1. Introduction

Benign prostatic hyperplasia (BPH) is a progressive condition that
affects aging men. The epithelial and stromal hyperplasia occurs in the
periurethral prostatic transition zone favoring the occurrence of the
lower urinary tract symptoms suggestive of BPH (LUTS/BPH). Prostate
enlargement and the enhanced prostatic smooth muscle contraction are
responsible for the static and dynamic components of BPH, respec-
tively, and both components reduce bladder outflow favoring urinary
retention [1–3].

The α1-adrenoceptor belongs to the G protein-coupled receptors
(GPCRs) family being composed by three receptor subtypes known as
α1A-, α1B- and α1D-adrenoceptors [4]. The adult human prostate ex-
presses mainly α1A-adrenoceptors particularly in the stroma, and its
expression is increased during BPH [5–9]. Therefore, it is well accepted
that the mechanism underlying the BPH-related raise of smooth muscle
contraction involves mainly the increased prostate expression of α1A-
adrenoceptors [5,6]. On the other hand, α1D-adrenoceptors have been

implicated in prostatic cell proliferation [6,10,11] and their mRNA
expression is also up regulated in BPH patients [5,6]. α1A-adrenoceptor
blockers such as tamsulosin and silodosin are the first line drugs to treat
low to moderate LUTS/BPH favoring bladder emptying, but they do not
modify prostatic enlargement progression or the risk of BPH compli-
cations [12].

The etiology of prostate enlargement is complex with some evidence
pointing to the involvement of metabolic and endocrine disorders, in-
cluding roles of peptide growth factors, such as the epidermal growth
factor (EGF) [2,13,14].

Two large families of membrane receptors, namely GPCRs and re-
ceptor tyrosine kinases, regulate cell proliferation among other cell
functions. G protein-coupled receptors’ signaling involves canonical
and non-canonical pathways. In the case of α1-adrenoceptor, the ca-
nonical pathway mediated by G protein involves the activation of
phospholipase Cβ and the increase of intracellular Ca2+ [4]. On the
other hand, the non-canonical receptor signaling activates other in-
tracellular pathways including growth factor receptors signaling in a
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process known as transactivation [15–17].
The participation of EGF receptors in the GPCRs’ signalosome is

essential for physiological and disease-related conditions such as mi-
togenesis, inflammation, and muscle contraction [17–23]. Moreover,
the pioneer work of Oganesian and colleagues [23] showed that the
constitutive activity of naturally occurring variant of α1A-adrenoceptor
transfected to Rat-1 fibroblasts lead to cell proliferation. EGF receptors
belong to the ErbB/HER protein family and are expressed in normal
human prostate mainly in the epithelial cells [24,25]. However, the
expression of these receptors in prostate from BPH patients expands to
stromal cells [25], where α1-adrenoceptors are mainly expressed, with
EGF inducing stromal cell proliferation [26,27]. Besides, the avail-
ability of EGF receptor ligand depends on matrix metalloproteinases
activity, which in turn may be activated by GPCR [15,24].

Previously we characterized two N-phenylpiperazine derivatives
named LDT3 and LDT5 as new α1A/α1D-adrenoceptor antagonists, and
we showed that the α1D-adrenoceptor antagonist BMY7378 as well as
LDT3 and LDT5 inhibit human prostatic cell proliferation in vitro
[28,29], while another α1D-adrenoceptor antagonist, naftopidil, in-
hibits cell proliferation in vivo [30]. Therefore, we explored the possible
role of α1-adrenoceptor-mediated transactivation of EGF receptor
leading to mitogenesis of stromal cells from BPH patients. Our results
indicate that EGF receptor transactivation is involved in the α1-adre-
noceptor-mediated proliferation of human hyperplastic prostatic cells
providing insight into the understanding of BPH physiopathology, and
suggesting that this transactivation cascade could be a target to reduce
BPH progression.

2. Material and methods

2.1. Cell culture maintenance

Prostate tissue samples were collected from three patients with
LUTS/BPH during transurethral resection and immediately placed in
ice-cold Dulbecco's modified Eagle's medium (DMEM) and transported
to the Laboratory. The inclusion criteria of the patients were IPSS
greater than 8 points, 50–70 years of age and PSA less than 2.5 ng/mL.
Exclusion criteria were: previous prostatic surgery, prostate cancer, use
of drugs that interfere with the function of adrenoceptors such as an-
tagonists, anti-androgens and antidepressants, herbal extract, bladder
catheter or neurogenic bladder. This study was approved by the ethics
committee of the Federal University of Rio de Janeiro (UFRJ; CAAE-
0029.0.197.000–05; 2009) and all experiments were performed in ac-
cordance with relevant guidelines and regulations. Informed written
consent was signed by all donors. Briefly, prostate tissue was washed in
phosphate buffer solution (PBS) before minced. The prostate fragments
(1 mm3) were added to DMEM supplemented with 10% heat-in-
activated fetal bovine serum containing 1mg/mL type I collagenase.
Tissue specimens were dissociated by magnetic bar constant stirring for
2–4 h at 37 °C. The recovered cells were seeded in 25mm3

flasks cul-
tured in DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 1% sodium pyruvate and 1% penicillin/streptomycin (100 IU/
mL and 0.1mg/mL, respectively), and fungizone (25 μg/mL) at 37 °C
and 5% CO2. Cells were observed at phase contrast microscopy (x250)
to analyze morphology and confluence. At sub-confluence

(approximately 90% confluence), cells were harvested using 0.05%
trypsin/EDTA, and plated. A homogeneous stromal cell culture was
obtained after six passages. The subsequent steps were the sub-culture
of the cells and storage at −70 °C until use. Cells were used at 9th - 11th

passage since the initial cell harvesting [31].
Rat-1 fibroblasts stably expressing human α1A- or α1D-adrenocep-

tors were cultured in DMEM supplemented with 10% fetal bovine
serum, 300 μg/mL neomycin analogue G418 sulfate, 1% penicillin/
streptomycin (100 IU/mL and 0.1 mg/mL, respectively; 37 °C, 5% CO2)
until confluence. The receptor density of α1-adrenoceptors estimated
with [3H]-prazosin is in the range of 1.0–1.5 pmol/mg of protein [28].

2.2. Immunofluorescence assay

To analyze BPH cell morphology we used an anti-human cytokeratin
(CK) monoclonal antibody (Dako) and anti-vimentin (Vim) monoclonal
antibody (Sigma) as primary antibodies. For this procedure,
2× 104 cells (11th passage) were plated and incubated for four days.
Following, the culture medium was removed and cells were fixed with
absolute cold ethanol for 20min at room temperature, and then washed
three times with PBS. The nonspecific binding was blocked with PBS/
BSA 5% and then primary antibodies were added to the cultures and
incubated for 2 h at room temperature. After that, cells were washed
with PBS and incubated for an additional 2 h with goat anti-mouse
Alexa 546 secondary antibody (Invitrogen). Cell nuclei were counter-
stained with DAPI (Santa Cruz Biotechnology). Finally, cells were wa-
shed in distilled water and mounted on histological slides with N-pro-
pylgallate (Sigma). Negative control conditions were performed by
omitting the primary antibodies. No reactivity was observed when the
primary antibody was absent. Images were captured using an inverted
microscopy (Olympus IX81) and a Hamamatsu ORCA-R2 digital CCD
camera using a 40× objective.

2.3. Intracellular [Ca2+] measurement

In order to verify if primary stromal cell cultures from BPH patients
express functional α1-adrenoceptors we used a fluorimetric assay to
measure the intracellular Ca2+ concentration ([Ca2+]i), a robust
marker of the canonical Gq signaling. Cells were serum-starved over-
night. In the next day, cells were washed with PBS and loaded with
2.5 μM fura-2/AM in the dark for 60min at 37 °C in Krebs-Ringer-
HEPES solution containing (mM) NaCl 120, KH2PO4 1.2, MgSO4 1.2,
KCl 4.75, glucose 10, CaCl2 1.2, HEPES 20, and 0.05% bovine serum
albumin (pH 7.4). Thereafter, the cells were washed to remove the
unincorporated dye, detached by gentle trypsinization, centrifuged
(200×g, 7 min, 4 °C), and incubated (106 cells/condition) for 100 s
(baseline) and then stimulated with 10 μM noradrenaline (NA) or
100 μM phenylephrine (Phe). The antagonists (BMY7378, 50 nM;
WB4101, 50 nM or tamsulosin, 5 nM) were pre-incubated for 100 s
before addition of the agonists, and their concentrations were pre-
viously defined based on their affinities [28]. Fluorescence measure-
ments were performed at 340 and 380 nm excitation wavelengths and
510 nm emission wavelength, with a chopper interval set at 0.5 s, using
an Aminco-Bowman Series 2 luminescence spectrometer (Rochester,
NY). Peak fluorescence values were used for data analysis, and the

Abbreviations

AG AG1478
BPH benign prostatic hyperplasia
CK cytokeratin
EGF epidermal growth factor
EGFR epidermal growth factor receptor
GM GM6001

GPCR G protein-coupled receptor
HB-EGF pro-ligand heparin-binding epidermal growth factor
LUTS lower urinary tract symptoms
NA noradrenaline
Phe phenylephrine
Vim vimentin
5-HT serotonin
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intracellular Ca2+ concentration ([Ca2+]i) was calculated, as described
by Grynkiewicz et al. [32].

2.4. Cell growth assays

Briefly, cells (3× 103 cells/well) were plated in 96-well plates in
serum-free DMEM for 24 h. Sub-confluent cells were kept in DMEM
(basal) or stimulated with 3 μM phenylephrine (Phe) for 48 h in the
absence or presence of GM6001 (10 μM; metalloproteinase inhibitor),
CRM197 (200 ng/mL; HB-EGF inhibitor), AG1478 (5 μM; selective
EGFR tyrosine kinase inhibitor) or the MEK inhibitor PD98059 (1 μM)
added 30min before addition of the agonist. EGF 100 ng/mL (48 h) was
used as positive control. All concentrations were chosen based on their
affinities for the targets and previously reported in the literature
[19,22]. Alternatively, cells were also treated with 3 μM phenylephrine
for 48 h in the absence or presence of LDT3 or LDT5 (50 nM) alone, or
in combination with AG1478 (5 μM), added 30min before. The medium
was changed every 24 h with fresh dilutions of drugs. Cell growth was
evaluated by counting of viable cells using Trypan blue as an exclusion
dye or by the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay [28]. Otherwise indicated, each assay was per-
formed in quadruplicate to calculate the mean value of one experiment.
Data were expressed as the percentage of the basal condition which was
considered as 100%.

2.5. Western blot assays

BPH cells (1× 106) seeded on 6-well plate were incubated with
100 μM phenylephrine (Phe) or 10 μM noradrenaline (NA; in the pre-
sence of 1 μM propranolol added 2min before) for 2, 5, 15, and 30min
in serum free medium. After treatment, cells were lysed with 200 μL of
RIPA buffer (150mM NaCl, 1 mM EGTA, 10% glycerol, 1% Triton X-
100, 0.1% SDS, 1.5mM MgCl2, 10mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 100mM NaF, 10mg/mL aprotinin, 10mg/mL
leupeptin, and 50mM Tris-HCl, pH 7.4) under agitation, centrifuged at
13,000×g for 5min (4 °C) and the supernatants were used for evalua-
tion of activation (phosphorylation) of extracellular signal-regulated

kinases 1 and 2 (ERK 1/2). Protein content was determined according
to the method of Lowry et al. Twenty μg of proteins were boiled for
5min and resolved using 10% SDS/PAGE. After electrophoresis, pro-
teins were transferred to nitrocellulose membranes and incubated for
1 h with Tris buffered saline (TBS) containing 0.1% Tween-20 (TBS-T)
and 5% non-fat milk. Then, membranes were washed 3 times in TBS-T
and incubated overnight with the primary monoclonal antibodies
phospho-p44/p42 MAPK (p-ERK 1/2 Thr202/Tyr204, #9101; 1:1000),
or p44/p42 MAPK Total (ERK 1/2, #4695; 1:1000) diluted in TBS-T
with 5% non-fat milk at 4 °C with gentle shaking. The peroxidase-
conjugated anti-rabbit IgG secondary antibody (#7074; 1:10000) was
diluted in cold TBS-T and incubated for 1 h. Membranes were washed in
TBS-T and detection of immunoreactivity was performed by enhanced
chemiluminescence (ECL, Westar Cyanagen). Protein blot images were
scanned and the optical density was obtained using ImageJ software
(NIH, USA). The relative expression of p-ERK was normalized in rela-
tion to total ERK (also used as loading control).

2.6. Human androgen receptor binding assay

Filtration based radioligand binding assays for human prostate an-
drogen receptors (LNCap cells; catalogue number 0933) using 1 nM
[3H]-methyltrienolone (4 °C, 24 h) were performed by Eurofins Cerep
SA, France (Study 100018032). Mibolerone (1 μM) was used as positive
control and showed an IC50 value of 1.9 nM. LDT3 and LDT5 were
tested at the final concentration of 1 μM and the results were expressed
as the percentage of the specific binding of [3H]-methyltrienolone
(considered as 100%).

2.7. Reagents and antibodies

LDT3 and LDT5 were synthesized as previously described [28]. The
following reagents were acquired from the sources indicated between
parenthesis: (R)-(−)-phenylephrine hydrochloride, (± )-propranolol
hydrochloride, (−)-noradrenaline, fungizone, EGF, CRM197 and re-
agents for RIPA buffer (Sigma Aldrich, USA). Fura 2/AM (Molecular
Probes, USA). Dulbecco's modified Eagle's medium (DMEM), fetal

Fig. 1. BPH cells are positive for vimentin and negative for cytokeratin staining. Cells were incubated with anti-human primary monoclonal antibodies against
cytokeratin (upper panels, CK) or vimentin (lower panels, Vim, red). In all immunostaining-negative controls, reactions were performed by omitting the primary
antibody. No reactivity was observed when the primary antibody was absent. Blue staining=DAPI. Bars= 150 μm, objective 40×. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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bovine serum (South America), trypsin, penicillin (10000 IU/mL)/
streptomycin (10mg/mL), PD98059 and other reagents for cell culture
(Life Technologies, USA). AG1478 (Calbiochem, USA). GM6001 (Merck
Millipore, USA). Rabbit monoclonal primary antibodies against extra-
cellular signal-regulated kinases (ERK) 1/2 (#4695), and phospho-ERK
1/2 (#9101) (Cell Signaling, USA). Monoclonal anti-human cytokeratin
antibody (#0821, Dako, USA). Monoclonal anti-human vimentin anti-
body (#V2258, Sigma Aldrich, USA). Anti-rabbit IgG secondary anti-
body (#7074, Cell Signaling, USA) and anti-mouse Alexa 546 secondary
antibody (#A11003, Invitrogen, USA).

2.8. Statistical analysis

Otherwise indicated, data are expressed as mean and S.E.M. of 3–5
independent experiments. Independent experiments were performed
using different primary cell cultures. The significance of the differences
among two or more conditions was determined by two-tailed Student's
t-test or one-way analysis of variance (one way ANOVA), respectively.
ANOVA was followed by Dunnett's multiple comparisons test using the
software GraphPad Prism 6.0 (Graphpad, La Jolla, CA, USA).
Differences were considered statistically significant if P < 0.05.

3. Results

3.1. BPH stromal cells express functional α1-adrenoceptors

The cultured hyperplastic cells are positive for vimentin and nega-
tive for cytokeratin staining which is a signature of stromal cells
(Fig. 1). The canonical α1-adrenoceptor signaling is linked to the in-
crease of intracellular Ca2+ concentration [Ca2+]i. As shown in Fig. 2,
the stimulation of BPH cells expressing native α1-adrenoceptors with
either 100 μM phenylephrine or 10 μM noradrenaline induced similar
increments of [Ca2+]i in relation to basal, which indicates that the
receptors are functional. We chose the selective agonist of α1-adreno-
ceptor phenylephrine to perform the subsequent experiments.

The agonist specificity for α1-adrenoceptor was confirmed by
measuring the intracellular Ca2+ concentration in Rat-1 fibroblasts
stably expressing α1A- or α1D-adrenoceptors subtypes, the two adreno-
ceptor subtypes relevant for BPH. Cell pre-incubation with the an-
tagonists WB 4101 (50 nM; α1A-adrenoceptor antagonist) and tamsu-
losin (5 nM, α1A/1D-adrenoceptor antagonist), but not with BMY7378
(50 nM, α1D-adrenoceptor antagonist), blocked the effect of 100 μM
phenylephrine in cells expressing α1A-adrenoceptors, while BMY7378
(50 nM) blocked the agonist effect only in cells expressing α1D-adre-
noceptors (Fig. 3A and B).

3.2. The EGF receptor modulates the α1-adrenoceptor-mediated BPH cell
growth

The presence of EGF receptors in the stromal cells was evaluated by
cell proliferation. Cells were stimulated with EGF (100 ng/mL) in the
absence and presence of an antagonist. As shown in Fig. 4A, the EGF-
induced BPH cell proliferation was blocked by the EGF receptor tyr-
osine kinase inhibitor (AG1478, 5 μM). AG1478 per se did not alter
basal cell growth discarding a putative cytotoxicity. Interestingly,
phenylephrine (3 μM) increased BPH cell proliferation similarly to EGF.
Then, in order to evaluate a possible dependence on the EGF receptor
for the α1-adrenoceptor-mediated BPH cell proliferation, we in-
vestigated if the blockage of downstream EGF receptor signaling could
alter phenylephrine-mediated cell growth.

GM6001 (10 μM) is a pan inhibitor of the matrix metalloproteinases
involved in pro-ligand heparin-binding epidermal growth factor (HB-
EGF) cleavage, and consequently EGF receptor signaling [23]. GM6001
treatment did not alter the basal cell proliferation but prevented cell
proliferation induced by phenylephrine (Fig. 4B), and the specific in-
hibitor of human HB-EGF, CRM197 (200 ng/mL) [18], had the same

effect. The selective EGF receptor tyrosine kinase inhibitor AG1478
(5 μM) also prevented completely the effect of phenylephrine, without
altering the basal cell proliferation. Cells were treated with the MEK
inhibitor PD98059 (1 μM) which also inhibited cell proliferation in
response to phenylephrine (Fig. 4B). Similar qualitative results were
obtained using the MTT assay (Fig. 4C). Moreover AG1478, GM6001
and PD98059 blunted the EGF-mediated cell growth (Fig. 4D). None of
the inhibitors per se inhibited cell growth. Altogether, the inhibition of
sequential steps of EGF receptor signaling impaired the proliferative
effect of the α1-adrenoceptor agonist phenylephrine.

3.3. α1-adrenoceptor agonists induce ERK phosphorylation in BPH cells

Since BPH cell proliferation induced by activation of α1-adreno-
ceptor was prevented by the inhibition of EGF receptor signaling, which
usually involves activation of the mitogen-activated protein kinase
pathway, we then evaluated the impact of phenylephrine on ERK 1/2
activation by quantifying the ratio of phospho-ERK (p-ERK) to total
ERK protein. Due to BPH cell limitation, we used only one concentra-
tion of phenylephrine (100 μM) which has been used elsewhere to ac-
tivate ERK 1/2 pathway [33,34]. Moreover, previous data obtained
from different cell systems showed that this concentration usually in-
duces the maximal effect of the agonist [33,34].

Phenylephrine stimulated ERK 1/2 activity in stromal BPH cells in a
time-dependent manner, and its effect peaked after 15min. A similar
stimulatory effect was also observed with the α1-adrenoceptor agonist
noradrenaline (10 μM, in the presence of propranolol 1 μM). In these
experiments, EGF (100 ng/mL, 5min stimulation) was used as a posi-
tive control and it stimulated ERK 1/2 activation (Fig. 5A–C). In iso-
metric contraction assays, 100 μM phenylephrine added in the plateau
of the contraction induced by 1 μM 5-HT, and in the presence of 1 μM
prazosin, failed to relax rat aorta therefore discarding a putative β-
adrenergic effect (data not shown). Previously we showed that the se-
lective α1D-adrenoceptor antagonist BMY7378, as well as the α1A-/α1D-
adrenoceptor antagonists LDT3 and LDT5, inhibited human hyper-
plastic prostate stromal cell growth mediated by phenylephrine [28].
Current data showed that AG1478 (5 μM) inhibited the proliferative
effect of phenylephrine, and the association with the α1A/α1D-adreno-
ceptor antagonists LDT3 or LDT5 (50 nM) resulted in similar inhibition
suggesting that in this model the EGF receptor pathway is necessary for
α1-adrenoceptor-mediated BPH cell proliferation (Fig. 6). Of note, this
inhibitory effect of LDT3 or LDT5 (50 nM) did not involve the inhibition
of prostate androgen receptors (AR) since even at a much higher

Fig. 2. Phenylephrine and noradrenaline increase intracellular Ca2+ con-
centration ([Ca2+]i) in hyperplastic prostatic stromal cells obtained from BPH
patients. Cells were loaded with 2.5 μM fura-2 AM for 60 min before stimula-
tion with the agonists (10 μM NA, 100 μM Phe). Data were expressed as mean
and S.E.M. (n = 7–10 replicates from 3 individual experiments). ***P = 0.007
vs. basal (two-tailed Student's t-test). Phe=phenylephrine;
NA=noradrenaline.
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concentration (1 μM) they did not inhibit the specific binding of the AR
agonist (LDT3: 6.9 ± 4.9%, n=2; LDT5: 17.7 ± 8.1%, n= 2).

4. Discussion

BPH is an aging-related disease linked to an imbalance between
prostate cell proliferation and apoptosis, favoring hyperplastic stromal
cell growth [35]. Mounting evidence points to the importance of GPCRs
for cell proliferation in pathological conditions [17,22,23]. Here we

showed that the α1-adrenoceptor-mediated proliferation of human hy-
perplastic prostatic stromal cells is fully inhibited by EGF receptor and
MEK inhibitors suggesting the transactivation of the EGF receptors by
α1-adrenoceptors as an important event for BPH cell proliferation. To
the best of our knowledge this is the first report about the stromal α1-
adrenoceptor-EGF receptor signaling in BPH.

The prostatic stroma makes up a large percentage of prostate vo-
lume during BPH, and the use of human stromal cells is considered
valuable for BPH studies [35,36]. However, the isolation of stromal

Fig. 3. The increase of intracellular Ca2+ con-
centration ([Ca2+]i) in Rat-1 cells transfected with
human α1A- or α1D-adrenoceptors induced by phe-
nylephrine is inhibited by selective antagonists
added 100 s before. Cells were loaded with 2.5 μM
fura-2 AM for 60min before stimulation with phe-
nylephrine (100 μM Phe). WB 4101 (50 nM): α1A-
adrenoceptor antagonist; tamsulosin (5 nM): α1A/D-
adrenoceptor antagonist; BMY7378 (50 nM): α1D-
adrenoceptor antagonist. Data represent the differ-
ence (Δ) between the basal and agonist-induced
increase of fluorescence, and were expressed as
mean and S.E.M. (n = 6–8 replicates from 3 in-
dividual experiments). ***P < 0.001 vs. Phe (A,
one way ANOVA followed by Dunnett's multiple
comparisons test; B, two-tailed Student's t-test).

Fig. 4. The BPH cell proliferative effect of phenylephrine depends on the activation of EGF receptors. A) Hyperplastic stromal cells in culture were treated with 3 μM
phenylephrine (Phe) or 100 ng/mL EGF for 48 h in the absence (control, white bar) or presence of the EGF receptor tyrosine kinase inhibitor AG1478 5 μM
***P < 0.001 Phe and EGF vs. control; AG1478 and EGF + AG vs. EGF (one way ANOVA followed by Dunnett's multiple comparisons test).
B and C) Hyperplastic stromal cells were treated with 3 μM phenylephrine (black bar) for 48 h in the absence (control, white bar) or presence of the following
inhibitors of EGF receptor signaling: GM= GM6001 10 μM; CRM= CRM197 200 ng/mL; AG = AG1478 5 μM; PD= PD98059 1 μM. Cell proliferation was accessed
by cell counting using Trypan Blue exclusion dye (B) and MTT assays (C). D. The EGF-mediated cell growth (100 ng/mL) is fully inhibited by AG1478, GM6001 and
PD98059. The inhibitors alone did not alter basal cell proliferation (P > 0.05). Data were expressed as mean and S.E.M. of 3 experiments (performed in duplicate
(A) or quadruplicate (B)), or 4 experiments performed in quadruplicate (C, D). B and C: **P < 0.01 and ***P < 0.001 vs. Phe; D: *P < 0.05 and ***P < 0.001 vs.
control or EGF (one way ANOVA followed by Dunnett's multiple comparisons test).
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cells from human prostate yields a small quantity of material. The cell
immortalization frequently causes the loss of cell characteristics,
making the screening of immortalized cell clones for lines that keep the
phenotypic characteristics needed. For instance, immortalized human
prostate stromal cells show an increased expression of α1B-adrenocep-
tors which is not observed in human prostate or primary cultured cells
[37]. Therefore we used primary cell culture obtained from BPH pa-
tients (i.e., non-transformed cells). In our model, cultured cells stained
positively for vimentin, and negatively for the epithelial cell marker
cytokeratin, indicating the predominance of stromal cells.

The proposed ratio of α1A:α1B:α1D-adrenoceptors mRNA in normal
human prostate is approximately 63:6:31%, respectively [6]. In support
to these data real time RT-PCR assays corroborate the predominance of
α1A- and α1D-adrenoceptors mRNA [5]. Moreover, an increased ex-
pression of α1A- and α1D-adrenoceptors mRNA has been reported in
BPH, and the α1D-adrenoceptor mRNA has a more pronounced in-
creased expression (as high as three times) [5,6]. Therefore these up-
regulated receptors are supposed to participate in the pathophysiology
of BPH. However, most, if not all, commercially available antibodies
against each subtype of α1-adrenoceptor lacks selectivity, which limits
the quantification of the protein at cellular level [38], and the identi-
fication of functional α1-adrenoceptor subtypes relies on the use of

selective drugs.
Our data showed that BPH stromal cells express functional α1-

adrenoceptors since phenylephrine, a selective α1-adrenoceptor ago-
nist, activated the canonical signaling pathway involving the increase
of [Ca2+]I. Similar data were obtained using the endogenous non-
selective adrenoceptor agonist noradrenaline, when tested in the pre-
sence of propranolol for blocking its β–adrenoceptor effects. Moreover,
functional data suggest that α1D-adrenoceptor is involved in the BPH
cell proliferative effect of phenylephrine since BMY7378, a selective
α1D-adrenoceptor antagonist, blocked the agonist effect [28].

EGF receptor is a membrane-bound glycoprotein expressed in
normal and hyperplastic human prostate [39,40] including stromal
cells [27,35, and present data]. One of the proposed mechanisms
leading to EGF receptor transactivation by GPCR includes the action of
metalloproteinases promoting the shedding of members of EGF family
such as HB-EGF, and consequently the binding to its cognate receptor
[15,18,20]. As a consequence, metalloproteinase inhibition is reported
as a strategy to interrupt EGF receptor transactivation. Here we showed
that inhibition of metalloproteinase prevented BPH cell growth medi-
ated by phenylephrine, which could suggest that the activation of α1-
adrenoceptor induces EGF receptor transactivation. In support of these
data it was previously shown in rat lacrimal gland epithelial cells that
α1D-adrenoceptor mediates the shedding of EGF and EGF receptor ac-
tivation [41].

In our model EGF induced stromal cell proliferation. As shown by
Duque and colleagues [27], both HB-EGF and EGF (100 ng/mL) induce
a similar mitogenic effect upon human prostate stromal cell suggesting
a role of these agonists in BPH. Moreover, stromal cells express HB-EGF
mRNA and the HB-EGF inhibitor CRM197 inhibits in a concentration-
dependent manner the stromal cell growth [27].

There is evidence that a naturally occurring human α1A-adreno-
ceptor genetic variant is constitutively coupled to EGFR transactivation
[23]. In support of our hypothesis that α1-adrenoceptors might induce
transactivation of EGF receptor in BPH cells, the HB-EGF inhibitor
CRM197, as well as the EGF tyrosine kinase receptor inhibitor AG1478,
prevented hyperplastic cell growth induced by phenylephrine. Of note,
the concentration of AG1478 used (5 μM) fully inhibited the

Fig. 5. Time-dependent activation of ERK 1/2 by phenylephrine and nora-
drenaline in hyperplastic stromal cells obtained from BPH patients (full-length
representative blots). Cells were treated with 100 μM phenylephrine (Phe; A),
10 μM noradrenaline (NA) in the presence of 1 μM propranolol (B), for the in-
dicated times or 100 ng/mL EGF (5min, A-C). C. Densitometric analysis. Data
were expressed as mean of 2 individual experiments.

Fig. 6. The BPH cell proliferative effect of phenylephrine is completely in-
hibited by α1-adrenoceptor antagonists (LDT3 and LDT5) or AG1478, an EGF
receptor tyrosine kinase inhibitor, alone or in association. The co-incubation of
AG1478 (5 μM) with the α1-adrenoceptor antagonists did not potentiate the
inhibitory effect of LDT3 and LDT5. Phe = phenylephrine. Data were expressed
as mean and S.E.M. of 2 individual experiments performed in triplicate.
***P < 0.001 all conditions vs. Phe (one way ANOVA followed by Dunnett's
multiple comparisons test).
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phenylephrine- and the EGF-induced cell proliferation. As ERK 1/2
activation is important for cell proliferation, and it may be activated by
EGF receptor signaling, we investigated the effect of the MEK inhibitor
PD98059, which also inhibited the proliferative effect of pheny-
lephrine. Accordingly, in Western blotting assays, besides EGF (positive
control), phenylephrine (and noradrenaline) also stimulated ERK 1/2
phosphorylation corroborating functional data. Therefore, our results
suggest that α1-adrenoceptors (most probably α1D-subtype) transacti-
vate EGF receptors in stromal cells from BPH patients leading to cell
proliferation. However, present data do not rule out that the canonical
signaling of α1-adrenoceptor (i.e., Gq canonical signaling) could also
activate ERK pathway. On the other hand, as the inhibition of EGF
receptor signaling did not reduce cell proliferation in the absence of
phenylephrine, we could suggest that α1-adrenoceptor-mediated EGF
receptor transactivation is mainly agonist-dependent, rather than con-
stitutively active as previously shown in cardiomyoblasts [42].

Different sets of evidence obtained by others indicate that transac-
tivation of EGF receptors is involved in α1-adrenoceptor signaling. For
instance, it has been shown that α1D-adrenoceptor activation induces
the shedding of biologically active EGF and subsequent EGF receptor
transactivation, and an EGF neutralizing antibody reduces pheny-
lephrine-induced ERK activation in rat lacrimal gland [41]. Moreover,
α1-adrenoceptor activation induces ERK 1/2 activity in rat aorta myo-
cytes (mainly α1D-adrenoceptor type) [19], and in human epithelial
prostatic cells where ERK 1/2 activity was related to cell volume reg-
ulation [43]. In good accordance with our data, the metalloproteinase
inhibitor GM6001 [41] and the EGF receptor inhibitor AG1478 [19]
blocked ERK 1/2 activation in response to phenylephrine linking α1-
adrenoceptor to EGF receptor transactivation. On the other hand, the β-
adrenoceptor-mediated EGF receptor transactivation may involve
(COS-7) or not (brown adipocytes) ERK 1/2 pathway [44,45]. There-
fore ERK 1/2 activation during EGF receptor transactivation depends
both on GPCR and cell type.

It is noteworthy that the co-incubation of EGF receptor inhibitor
AG1478 with the α1A-/α1D-adrenoceptor antagonists LDT3 or LDT5
resulted in full inhibition of cell proliferation, which was similar to the
inhibition promoted by each drug alone. A putative nonspecific in-
hibition of androgen receptors by these α1 adrenoceptor antagonists
was ruled out by binding assays. Moreover, as previously shown by our
group or by others, the α1D-adrenoceptor selective antagonists
BMY7378 and naftopidil also fully inhibited the proliferative effect of
phenylephrine in BPH cells [28,30]. However, in these models tamsu-
losin, a benzenesulfonamide derivative, showed no effect [28,30].
Furthermore, tamsulosin alone did not inhibit the increase of volume of
the cell line BPH-1 in response to phenylephrine [43]. In common,
BMY7378, naftopidil, LDT3 and LDT5 are α1D-adrenoceptors antago-
nists that share the N-phenylpiperazine moiety which could shape some
inhibitory functional selectivity upon BPH cell proliferation, and
therefore other experiments would be welcome. Patients’ adherence to
current pharmacotherapy is low, a fact that favors BPH progression
[46] and stimulates the search for new drugs. Understanding the me-
chanisms involved in prostate cell proliferation may help the develop-
ment of new drugs.

In conclusion, our findings demonstrate that α1-adrenoceptor acti-
vation in human hyperplastic prostate cells induces canonical and non-
canonical signaling. The α1-adrenoceptor non-canonical signaling in-
volved in mitogenesis of BPH cells depends on EGF receptor transacti-
vation. This mechanism could contribute to prostate enlargement and
to the development of LUTS/BPH, and therefore our data give new
insight into the physiopathology of BPH. We therefore propose that
blockage of this transactivation cascade could be a putative non-hor-
monal pharmacological strategy to reduce concomitantly LUTS and
BPH progression.
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Abstract

A method to study desensitization and recovery of crayfish photoreceptors is presented. We performed intracellular electrical recordings of
photoreceptor cells in isolated eyestalks using the discontinuous single electrode-switched voltage-clamp configuration. First, with a razor
blade we made an opening in the dorsal cornea to get access to the retina. Thereafter, we inserted a glass electrode through the opening, and
penetrated a cell as reported by the recording of a negative potential. Membrane potential was clamped at the photoreceptor's resting potential
and a light-pulse was applied to activate currents. Finally, the two light-flash protocol was employed to measure current desensitization and
recovery. The first light-flash triggers, after a lag period, the transduction ionic current, which after reaching a peak amplitude decays towards
a desensitized state; the second flash, applied at varying time intervals, assesses the state of the light-activated conductance. To characterize
the light-elicited current, three parameters were measured: 1) latency (the time elapsed between light flash delivery and the moment in which
current achieves 10% of its maximum value); 2) peak current; and 3) desensitization time constant (exponential time constant of the current
decay phase). All parameters are affected by the first pulse.

To quantify recovery from desensitization, the ratio p2/p1 was employed versus time between pulses. p1 is the peak current evoked by the first
light-pulse, and p2 is the peak current evoked by the second pulse. These data were fitted to a sum of exponential functions. Finally, these
measurements were carried out as function of circadian time.

Video Link

The video component of this article can be found at https://www.jove.com/video/56258/

Introduction

In order to be perceived as a visual stimulus, light reaching the eyes must be transduced into an electrical signal. Hence, in all visual organisms,
light triggers a transduction ion-current, which in turn produces a change in the membrane potential of photoreceptor cells, the so-called receptor
potential. Due to this, the light sensitivity of the eye primarily depends on the state of the light activated conductance, which can be either
available to be activated or desensitized.

In crayfish photoreceptors, light triggers a slow, transient, ionic current1. Upon illumination, the transduction current arises after a lag or latency
before reaching its maximum; thereafter it decays, as the transduction channels fall into a desensitized state in which they are unresponsive to
further light stimulus2. That is, light, in addition to activating the transduction current responsible of vision, also induces a transient decrement
of the sensitivity of photoreceptor cells. Desensitization may represent a general protective mechanism against overexposure to an adequate
stimulus. The eye's sensitivity to light is recovered as the transduction conductance recovers from desensitization.

Intracellular recording is a useful technique for measuring electrical activity of excitable cells3,4,5,6,7,8. Although intracellular recording has become
less frequent with the advent of the patch-clamp technique9, it is still a convenient approach when cells are either difficult to isolate, or present
a geometry that makes the formation of the patch-clamping giga-seals difficult (i.e., seals or tight-contacts between the patch electrode and
membranes with electrical resistance of the order of 109ohms). Examples of the latter are sperm cells10 and the photoreceptor cells herein
studied. In our experience, Procambarus clarkii photoreceptors are difficult to isolate and keep in primary culture; additionally, they are thin rods
that make giga-seal formation difficult to achieve. In intracellular recordings, a sharp electrode is advanced into a cell that is kept in place by
the surrounding tissue. The electrode is chopped by the high-speed switching circuitry of the amplifier, so current is sampled between voltage
pulses. This mode is known as discontinuous single-electrode voltage clamp (dSEVC mode)11. The high resistance (small opening) of the
electrode hinders the diffusional exchange between the cell and the pipette solutions, yielding a minimal disturbance of the intracellular milieu3. A
potential drawback of this technique is that electrode insertion may produce a non-selective leak current; therefore, care must be taken to avoid
recording from cells where the size of the leak current may interfere with the intended measurements4,12.

https://www.jove.com
https://www.jove.com
https://www.jove.com
mailto:froylangl@yahoo.com
https://www.jove.com/video/56258
http://dx.doi.org/10.3791/56258
https://www.jove.com/video/56258/


Journal of Visualized Experiments www.jove.com

Copyright © 2019  Journal of Visualized Experiments November 2019 |  153  | e56258 | Page 2 of 8

Herein, we use isolated crayfish eyestalks to assess desensitization and recovery of the light-activated ion conductance by performing
intracellular electrical recordings of photoreceptor cells under voltage clamp conditions.

Protocol

NOTE: The experiments comply with the Laws of Animal Protection of Mexico.

1. Experimental Setup

1. General connections
1. Connect the amplifier to a suitable computer through an analog-to-digital converter and use an oscilloscope to monitor the experiment

(Figure 1).
2. Connect the photostimulator to the A/D converted.

2. Recording chamber
1. Place the recording chamber on top of an anti-vibration table and locate it inside a Faraday cage.

 

NOTE: This prevents mechanical vibration and electrical noise that may affect the recording. Our Faraday cage was made of darkened
wire mesh. A homemade, 2 mL, acrylic recording chamber is used (Figure 2).

2. Prepare the bath solution to keep the preparation alive13: 205 mM NaCl; 5 mM KCl; 2 mM MgSO4; 13 mM CaCl2; 5 mM Hepes-NaOH,
pH 7.3.
 

NOTE: Solution does not include dextrose or any bubbling by 95% O2, 5% CO2 mixture because the experimental procedure is short
enough to detect damage by the electrical recording (see step 4.2.3 for completeness).

3. Electrodes
1. Use a chloride-coated silver-wire electrode as the reference electrode

 

NOTE: Silver chloride coating is necessary to allow the electrode reaction: AgCl(s) + e−↔ Ag(s) + Cl-.
2. Sand a silver wire (thickness ~ 1 mm, length ~ 10 cm) with a fine grade emery paper in order to clean its surface.
3. Rinse the silver wire with distilled water.
4. Immerse the clean silver-wire in a 4-6% sodium hypochlorite solution (NaClO) until it appears dark (approximately 20 min).
5. Use thin glass pipettes filled with an electrolyte solution (2.7 M KCl) as the intracellular electrode.
6. Pull a glass capillary tube (internal diameter ≈ 1 mm) with a micro-pipette puller to obtain a thin tip with a small opening (0.01-0.1 µm)14.
7. Fill the pulled capillary glass with a 2.7 M KCl solution. First fill it by capillarity (immerse the pipette tip into the 2.7 M KCl solution) and

then fill the half of the pipette with a fine injection needle. If necessary, tap the electrode pipette to eliminate air bubbles.
8. Connect the electrode to its holder. Connect the holder to the amplifier headstage with the amplifier. Position the electrode-holder-

headstage with a stable 3-D micromanipulator. Lower the electrode until bath solution covers its tip.
 

NOTE: The electrode must have a vertical orientation

4. Select the Bridge Mode of the amplifier (in the Mode section of the amplifier, press the Bridge button) and measure the electrode resistance.
Make sure that the resistance is about 50 MΩ11.
 

NOTE: This electrode size allows a good-quality electrical recording with limited damage to the cell.
5. Null the offset current and compensate capacitive transients using the Holding Position button in the section Voltage Clamp of the amplifier,

and the Capacitance Neutralization button in Microelectrode 1 section of the amplifier.
6. Superfusion system

1. Pour the bath solution (step 1.2.2) into a suitable receptacle (a 250 mL serum bottle) and connect it to an irrigation tubing set (3.2 mm
of internal diameter), thus connecting the recording chamber. Use a gravity driven superfusion system. Regulate the flow rate to ~ 0.5
mL/s.

2. Connect the chamber to a suction device. Regulate the solution suction system in such a way that the total volume of the recording
chamber does not vary. Use a vacuum pump for suction.
 

NOTE: A constant volume in the recording chamber is important to keep stray capacitances constant throughout the experiment.

2. Biological Material

Note: Use adult crayfishes P. clarkii (7-10 cm long) in the intermolt stage of indistinct sex.

1. Circadian time
1. One month prior to the experiments, maintain 100 crayfishes under a 12-h light/12-h dark cycle15 (white light, 2.4 kW/m2).

 

NOTE: One month is sufficient time to synchronize the crayfish population.
2. Determine the circadian time of the crayfish population by assessing the amplitude of electroretinograms of five randomly chosen

animals15.
 

NOTE: 0 h circadian time (CT 0) indicates the beginning of a subjective day, i.e., time during which an organism is normally
active16,17,18,19 (Figure 3). The crayfish is a nocturnal animal, so under a 12-h light/12-h dark cycle, it is active during the dark phase.

2. Eyestalk isolation procedure
1. At the desired circadian time, anesthetize a selected crayfish by immersion in tap water at 0-4 °C, for 15 min.
2. By means of a fine scissor, detach the eyestalk from the base.
3. Access the retina using a razor blade to make an opening (~ 1-mm2) in the dorsal cornea.
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4. Place the eyestalk in the center of the recording chamber (the hole covered with silicone) with the access opening to the retina on the
top of the chamber.

3. Keep the eyestalk under constant darkness for 20 min.
 

NOTE: 20 min is sufficient time for the photoreceptor cell to be fully dark adapted.

3. Photoreceptor Impaling

1. Put the microelectrode and the eyestalk's longitudinal axis parallel in such a way that the microelectrode is centered for access to the retina.
Use a stereoscopic microscope (10X) to place the devices in the correct configuration.

2. Monitor the voltage difference between the reference and recording electrodes by selecting the Bridge Mode11 of the amplifier.
3. Lower the electrode into the bath and thereafter place it right over the retina.
4. Move away the microscope and position the photostimulator lamp parallel to the eyestalk's longitudinal axis.

 

NOTE: Distance between lamp and superfusion chamber is approximately 15 cm.
5. Slowly lower the microelectrode until a sudden voltage drop is detected.

 

NOTE: A voltage drop of around −50 mV indicates the impalement of a healthy photoreceptor cell.
6. Deliver a test light-flash (white light, 7.2 kW/m2, 10 µs duration) to record the photoreceptor's receptor potential.

 

NOTE: The photoreceptor's receptor potential is a depolarizing potential of 10-15 mV amplitude and 300 ms duration (Figure 4).

4. Electrical Recording

1. Ensure that the photoreceptor cells are totally adapted to dark conditions (see step 2.3).
1. Deliver a test-light flash every 2 min. Automate the time between flashes by choosing an adequate value (120 s) of "time between

episodes" in the data acquisition software.
 

NOTE: 2 min is the necessary time to allow the total recovery of the currents underlying the photoreceptor's electrical response.
2. Monitor the resting membrane potential, as well as the amplitude and duration of the receptor potential. Assume that the photoreceptor

is completely adapted once the membrane potential, amplitude, and duration of the receptor potential remain unchanged. Eyestalks
previously kept under constant darkness for 20 min (step 2.3) complete their adaptation in approximately 5 min.

3. Stop stimulating the cell 2 min before recording the light-elicited current.

2. Current recording
1. Clamp the voltage at the measured resting membrane potential value of the cell by selecting "Holding amplitude" in the data acquisition

software (in Waveform on the Analog Output Channel section).
2. Select the dSEVC mode of the amplifier. In the Mode section of the amplifier, select the SEVC button and switch the lever to the

Discont SEVC position.
3. Set the switching rate to 500-1,000 Hz (by using the Rate Adjust button of the amplifier), as determined by the speed of the electrode11.
4. Deliver a light-flash, and observe the evoked ion influx.

 

NOTE: This is the light-elicited or transduction current (Figure 5).
5. Return to the Bridge mode on the amplifier and record a receptor potential by sending a light flash (see section 3). Make sure that

the photoreceptor cell is totally adapted to dark conditions. Measure the receptor potential characteristics (amplitude and duration)
and compare with the first measurements. Assume that the impaled photoreceptor cell is a healthy cell if they have the same
characteristics.
 

NOTE: After eyestalk ablation, biological preparation is viable during the following 2 h.

3. Two pulse protocol: Measure the recovery from desensitization with a two light-flash protocol.
 

NOTE: The two light-flash protocol is similar to the standard two-pulse voltage protocol used to measure recovery from inactivation of
voltage-gated channels20. The first light-flash causes a temporary change in the sensitivity of the photoreceptor cell and the second flash
evaluates the state of the light-activated conductance.

1. Deliver a pair of light pulses. Apply the second flash after a desired time interval (from 300 ms to 2 min).
2. Digitize the currents at 10 KHz sampling with the data acquisition software and save the data for off-line analysis11.

 

NOTE: A table with the configuration values of the software is included as supplementary material.

5. Data Analysis

1. Kinetics of the light-elicited current
1. Measure three current parameters: activation latency L, the time elapsed from the light-flash delivery until the current attains 10% of its

maximal amplitude (Figure 5); peak or maximal current amplitude Ip; and desensitization time constant T. Measure the desensitization
time constant (Τ) by fitting the current decay phase to:
 

 

where, A = -I(t=0) is a positive constant (Figure 5).

2. Desensitization and recovery
 

Note: Recovery from desensitization was assessed as the ratio p2/p1, where p1 is the relevant parameter (either L, Ip, or T) of the control
current, and p2 is the corresponding parameter of the second test-current.

1. Plot p2/p1 (either L, Ip, or T) as a function of time between pulses.
2. Depending on the parameter, fit the points of each plot to:
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or to:
 

3. Use an appropriate statistical test to determine the number of exponential terms required to fit the experimental data.

Representative Results

First, a representative receptor potential of crayfish photoreceptor cells is obtained (Figure 4). Afterwards, a test light-flash was applied to trigger
the light transduction current (Figure 5). The cationic transduction current1 activates after a lag, reaching a maximal and thereafter slowly drops
into an absorbing desensitized state from which it slowly recovers.

It is reasonable to suppose that the long latency L (tens of milliseconds) of the light-elicited current depends on the biochemical events triggered
by light, which involve G-protein pathways. The amplitude of the peak current Ip depends on the fraction of channels available to be opened, and
the relative rates of current activation and inactivation. The latter is assessed by the decay time constant T.

On the other hand, the L recovery should be related to the rate of recovery of the biochemical phototransduction cascade; Ip recovery depends
both, on the intrinsic conformational changes of the proteins responsible for the ion conductance, and on the rate of recovery of the biochemical
phototransduction cascade. The latter could also be related to the recovery of T. Furthermore, the parallel variation of L and T suggest that a
common biochemical factor (or factors; e.g., the phosphorylation state of the channel) can affect both parameters1.

A two-flash protocol (Figure 6) was applied subsequently to determine the kinetics of recovery from desensitization (Figure 7) at different
moments in the circadian cycle (Figure 8).

 

Figure 1. Line diagram of the equipment setup. Connections among personal computer (PC) (A), interface (B), oscilloscope (C), voltage-
clamp amplifier (D), photostimulator (E), and the headstage/holder/microelectrode system of the equipment setup (F). Please click here to view a
larger version of this figure.
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Figure 2. Recording chamber. (A) The recording chamber inside a Faraday cage with its superfusion-suction system. It is also shown the
position of photostimulator, microscope, and micromanipulator-headstage-microelectrode system. (B) Diagram of the recording chamber. Please
click here to view a larger version of this figure.

 

Figure 3. Electroretinogram (ERG) amplitude. (A) Crayfish. (B) Representative plot of the ERG amplitude of crayfish photoreceptors (data
were taken every 20 min) as a function of circadian time. The existence of a circadian rhythm can be clearly appreciated. Note that for each
cycle, the beginning of activity coincides with circadian time 0. Please click here to view a larger version of this figure.

 

Figure 4. Receptor potential. Representative receptor potential evoked by a light flash (white light, 7.2 kW/m2, 10 µs duration). This figure has
been modified from Barriga-Montoya, C, et al.2. Please click here to view a larger version of this figure.
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Figure 5. Transduction current. Representative transduction current triggered by a light flash (white light, 7.2 kW/m2, 10 µs duration) applied
with the voltage kept constant at the photoreceptor resting potential. Current latency, peak amplitude, and desensitization phase are indicated.
This figure has been modified from Barriga-Montoya, C, et al.2. Please click here to view a larger version of this figure.

 

Figure 6. Two-pulse protocol. Currents elicited by a pair of light flashes. Light stimuli were applied at 0 ms and 700 ms (indicated by arrows).
This figure has been modified from 2. Please click here to view a larger version of this figure.

 

Figure 7. Recovery from desensitization. (A) Ip: peak current recovery, (B) L: latency recovery, (C) T: Desensitization time constant T recovery.
Experiments were performed at 0 h CT. This figure has been modified from Barriga-Montoya, C, et al.2. Results are expressed as the mean ±
standard deviation of the number of experiments (n = 11). Please click here to view a larger version of this figure.
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Figure 8. Recovery from desensitization as a function of CT. (A) Ip recovery, (B) L recovery, (C) Т recovery. (D) Weighted time constants.
Biphasic processes are marked with an arrow. This figure has been modified from Barriga-Montoya, C, et al.2. Results are expressed as the
mean ± standard deviation of the number of experiments (n = 11). Please click here to view a larger version of this figure.

Discussion

The crayfish has proven to be an excellent model due to its ability to survive under non-natural conditions. There is easy access to in vivo and
in vitro electrophysiological analyses. In addition, crustaceans are a favorable group for neurobiological research in the field of comparative
chronobiology21.

In this paper, the study of desensitization and recovery of the light-activated transduction-current of crayfish photoreceptor cells is shown using
the intracellular recording technique. However, we believe that the same technique could be adapted to other invertebrate visual systems as long
as it is possible to access photoreceptor cells.

To obtain acceptable experimental results, it is important to consider some critical steps in the protocol, including eliminating electrical noise by
grounding all equipment, building an electrode with a sufficiently fine tip, and ensuring that the photoreceptor cell is completely dark-adapted
before the two-pulse protocol begins.

Despite the limitations of intracellular recording such as the damage of membrane, it is possible to go further and obtain detailed information
about the biophysical mechanism underlying crayfish (or another animal) photoreceptor electrical signal. As in other invertebrate photoreceptors,
in crayfish photoreceptors, light triggers a graded depolarization, or receptor potential, produced by the activation of a cationic conductance. The
light-activated conductance begins after a lag or latency, and after reaching its maximal amplitude, it slowly drops following an exponential time
course, as the channels enter an absorbing desensitized state.

The kinetics of recovery from desensitization of the light-elicited ion conductance of crayfish were obtained using a two-light flash protocol
(similar to the standard two-voltage pulse protocol used to study recovery from inactivation of voltage-gated channels)20. Interestingly, and in
contrast to the well-known case of voltage-gated channels, not only the peak amplitude, but also all the current parameters (Ip, L, T) change after
the first light stimulus, recovering with characteristic exponential time courses to the original, first flash values, as reported elsewhere20. This
variation of all the parameters that characterize the current indicates the participation of second messengers in the visual transduction system of
crayfish1,2,22,23,24.

Additionally, and interestingly, as Figure 8 shows, recovery of L, Ip, and T depends on the circadian time at which experiments are realized.
Further studies are needed to determine the molecular basis of this phenomenon. Of course, it is possible to obtain similar information using
another technique, such as patch clamp. However, the intracellular milieu can be greatly disturbed in other techniques, and this could be
critical, if, for example, internal elements like proteins, amino acids, nucleotides, among many others, play a relevant role in the electrical signal
generation or in the interaction with hormones or neuromodulators.
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Heterologous calcium-dependent inactivation of
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Store-operated calcium entry (SOCE) is an essential calcium influx mechanism in animal

cells. One of the most important auto regulatory control systems involves calcium-dependent

inactivation (CDI) of the Orai channel, which prevents excessive calcium influx. In the present

study we analyze the role of two channels in the induction of CDI on Orai1. Here we show

that calcium entering through freely diffusing TRPV1 channels induce strong CDI on Orai1

while calcium entering through P2X4 channel does not. TRPV1 can induce CDI on Orai1

because both channels were found in close proximity in the cell membrane. This was not

observed with P2X4 channels. To our knowledge, this is the first study demonstrating that

calcium arising from different channels may contribute to the modulation of Orai1 through

CDI in freely diffusing single channels of living cells. Our results highlight the role of TRPV1-

mediated CDI on Orai1 in cell migration and wound healing.
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The calcium ion (Ca2+) is a second messenger with a key
role in numerous cellular processes1. Cells have developed
many mechanisms to regulate this ion2. Store-operated

calcium entry (SOCE) is the principal mechanism for calcium
mobilization in non-excitable cells3,4. The prototypical store-
operated calcium channel is the Ca2+ release-activated Ca2+

(CRAC) channel5,6. The essential components of CRAC are the
endoplasmic reticulum (ER) Ca2+ sensor STIM17,8 and the
plasma membrane (PM) channel Orai9. In general, activation of
inositol 1,4,5-triphosphate (IP3) receptors on the ER produces a
rapid and transient release of Ca2+ from ER store. The resulting
decrease of the Ca2+ concentration inside the ER is sensed by the
EF-hand motif of STIM1, which then translocates to the PM,
associating to Orai and inducing channel activation.
Orai activity is regulated through a negative feedback

mechanism that maintains intracellular Ca2+ homeostasis and
prevents excessive Ca2+ influx. Such a mechanism is known as
Ca2+-dependent inactivation (CDI).

CDI consists of slow CDI (SCDI) and fast CDI (FCDI), which
have different kinetics and sites of action. SCDI occurs gradually
in tens of seconds after channel activation and has been reported
to occur by global increases in cytosolic calcium concentrations10.
The most important regulator of SCDI is the SOCE-associated
regulatory factor (SARAF)11. Moreover, SCDI can be regulated by
other factor such as caveolin, E-syt1, septin4, and PI(4,5)P212,13.

FCDI take place within ~10–100 ms after channel activation
and is controlled by Ca2+ binding to a site located ~8 nm from
the channel pore14,15. FCDI is modulated by various factors,
including the STIM1-Orai1 expression ratio16, an amino acid
region negatively charged in STIM1 (residues 475–483)17–19, the
intracellular loop II–III of Orai120, the N-terminus of Orai1
(residues 68–91)17,21, and also probably the first 63 amino acids
from Orai122. Most interestingly, a single amino acid mutation
alters FCDI in Orai1 channels rendering the channel CDI
insensitive21.

To our knowledge, all the studies carried out to this date to
understand and explore CDI have been conducted by artificially
increasing intracellular Ca2+ via the patch clamp pipette or by
measuring CDI with normal and reduced extracellular calcium
concentrations, which reflects CDI induced by Ca2+ entering
through the Orai channel pore (homologous CDI). Less studied
are physiological sources of Ca2+, such as the contribution of
other channels to CDI in Orai.
In the present study, we have explored other sources of Ca2+

arising from different channels that may play a role in Orai's CDI.
We have found that Ca2+ entering the cell through TRPV1
channels induce strong CDI in Orai1, while Ca2+ entering
through P2X4 purinergic channels does not. Super resolution
studies indicate that Orai1 and TRPV1 are associated and move
in close proximity to each other at the PM, while P2X4 and Orai1
do not. These results were confirmed by co-immunoprecipitation
(CoIP) and Förster resonance energy transfer (FRET) studies
between Orai1-TRPV1 and Orai1-P2X4.

All the results presented here strongly suggest that a close
association between TRPV1 and Orai1 results in an elevated Ca2+

microenvironment near the Orai1 pore when TRPV1 channels
are activated, which enhances CDI in Orai1. Because P2X4 and
Orai1 are not found in close proximity at the PM, Ca2+ entering
P2X4 channels do not induce CDI in Orai1, in spite the fact that
Ca2+ entering through P2X4 channels contribute to increments in
cytosolic Ca2+ concentrations.

These results have important physiological implications in the
modulation of calcium influx in cells where TRPV1 and Orai1
channels coexist, such as astrocytes. We show that TRPV1 is an
important modulator of Orai1 channel activity in cortical astro-
cytes by controlling CDI in this channel and thus reducing the

amount of Ca2+ entering to the cell when TRPV1 and Orai1 are
simultaneously or sequentially activated. This heterologous
modulation of CDI plays a role in controlling cell migration and
wound healing mediated by astrocytes.

Results
Engineering of Orai1-GCaMP3 to characterize CDI. In an
attempt to identify how Orai1 may sense changes of Ca2+ in its
vicinity, we engineered a fusion protein consisting of the green
genetically encoded calcium indicator (GCaMP3) fused to the
amino terminus of Orai1 channel (Orai1-GCaMP3). We use the
red calcium indicator (R-GECO) to simultaneously measure
changes in global calcium in the cytosol and compare it to local
calcium changes reported by the fusion protein Orai1-GCaMP3,
which would presumably report only calcium changes near the
channel pore from Orai1.
Firstly, we characterize Orai1-GCaMP3 to determine if the

fusion protein behaves like a wild type Orai1 channel. Orai1-
GCaMP3 is found primarily at the PM, similarly to Orai1 alone
or Orai1-GFP used as controls (Fig. 1a). The expression of the
fusion protein was identified also by western blot (Fig. 1b, for full-
length blot see Supplementary Fig. 1). As expected, cells
overexpressing Orai1-GCaMP3 or Orai1-GFP showed enhanced
SOCE (Fig. 1c, d), indicating that the functionality of Orai1-
GCaMP3 is indistinguishable from that of Orai1-GFP. This was
clear when measuring the area under the curve (AUC) for
calcium entry (Fig. 1d), but also with the peak increments in
Fura-2 fluorescence from the same data (endogenous 0.43 ± 0.15,
Orai1-GCaMP3 0.92 ± 0.18, and Orai1-GFP 0.99 ± 0.16, Fig. 1c).

Furthermore, Orai1-GCaMP3 forms regular puncta with
STIM1 when internal calcium stores are depleted with thapsi-
gargin (TG) (Fig. 1e–g). These results indicate that the function of
Orai1 is unaltered by fusing the GCaMP3 calcium indicator.
We characterize further the calcium changes sensed by Orai1-

GCaMP3 or by R-GECO present in the cytosol as a soluble
protein. We proceeded to explore the ability of Orai1-GCaMP3 to
sense calcium increments when other channels that permeate
calcium are activated. We explored several channels and found
that Orai1-GCaMP3 senses calcium arising from the activation of
TRPV1 channel (Fig. 2a, b) but not from the P2X4 purinergic
receptor (Fig. 2c, d). Most interestingly, a PM targeted calcium
sensor (Lck-GCaMP5)23 detects calcium increments derived from
the activation of both, TRPV1 and P2X4 channels (Supplemen-
tary Fig. 2). These results suggest that, even though both fusion
proteins (Orai1-GCaMP3 and Lck-GCaMP5) are located at the
PM, they may be contained within different microdomains
conferring them differential sensitivity to calcium increments
arising from different sources.
We decided to characterize in greater detail the interactions

between Orai1-TRPV1 and Orai1-P2X4 in an attempt to identify
the molecular mechanism responsible for the differential sensing
of calcium by Orai1-GCaMP3 when TRPV1 or P2X4 are
activated.
If Orai1-GCaMP3 is sensing increments in calcium upon

activation of TRPV1 but not P2X4, then the calcium accumulat-
ing in the proximity from Orai1 should have an effect on Orai1
CDI. To explore this hypothesis, we developed a sequential
activation patch clamp protocol to induce channel activity first on
TRPV1 or P2X4 followed by the activation of Orai1 with TG and
measure whole-cell currents in the perforated patch clamp mode.
Control experiments consisting of perfusion with extracellular
solution (Methods) provided a basal Orai1 activity and a control
for CDI (Fig. 3a, b).
Activation of TRPV1 with capsaicin (Cap) followed by the

activation of Orai1 with TG resulted in strong CDI (Fig. 3b, c).
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This phenomenon was not observed when we activated P2X4 with
cytidine triphosphate (CTP) followed by the activation of Orai1
with TG (Fig. 3d, e). To further demonstrate that the rapid decay
in Orai1 current was the result of CDI, we conducted experiments
with the Orai1 mutant insensitive to CDI (Orai1-Y80W)21.
Activation of TRPV1 followed by activation of Orai1-Y80W with

TG did not induce significant CDI (Fig. 3f, g). Furthermore, using
strong calcium buffering with BAPTA inside the cell (BAPTA-
AM) further confirmed that the rapid reduction in Orai1 current
was the result of CDI (Fig. 3b, d). The CDI observed in Orai1
after TRPV1 activation was evident at all voltages explored
(Fig. 3h).
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Orai1 is in close proximity to TRPV1 but not to P2X4. If cal-
cium entering TRPV1 is inducing strong CDI in Orai1 but not
calcium entering through P2X4, this result strongly suggests that
TRPV1 and Orai1 must be in close proximity from each other.
Indeed FRET analysis indicates that Orai1-YFP and TRPV1-CFP
are within less than 10 nm from each other (Fig. 4a, c). FRET was
not observed between Orai1-YFP and CFP-P2X4 (Fig. 4b, c).
These results were confirmed by CoIP studies with Orai1-TRPV1
and Orai1-P2X4 (Fig. 4d, for full-length blots see Supplementary
Fig. 3).
To explore at the single channel level how calcium entering

TRPV1 is sensed by our Orai1-GCaMP3 fusion protein, we

conducted super resolution studies. Super resolution imaging
showed individual Orai1, TRPV1, and P2X4 channels freely
diffusing at the PM of living cells (Fig. 5a and Supplementary
Movies 1 and 2). Measuring the distance between Orai1-TRPV1
and Orai1-P2X4 confirmed the results obtained by FRET and
CoIP. The distance between individual Orai1 and TRPV1
channels was significantly smaller than that between Orai1-
P2X4 (Fig. 5b). Average distances over time obtained from
hundreds of single channels showed at least a 4-fold greater
distance between Orai1 and P2X4 compared to Orai1 and TRPV1
(Fig. 5c). Furthermore, super resolution imaging of fluorescence
increments using Orai1-GCaMP3 single channels showed that

Fig. 1 Developing and testing the Orai1-GCaMP3 sensor. a Representative confocal images of the fluorescence obtained with Orai1-GCaMP3 (blue) and
histone 2B fused to mCherry as nuclear marker (yellow) expressed in HEK293 cells obtained from at least 3 independent transfections. Left panels show
the 3D (x, y, and z axes) confocal projections from Orai1-GCaMP3 to illustrate its plasma membrane localization. Scale bar 5 µM. b Western blot analysis
from HEK293 cells expressing the Orai1-GCaMP3 sensor and Orai1-GFP (representative blot from 3 independent blots). Notice the 55 kDa band
corresponding to endogenous Orai1 and the 79 kDa band from Orai1-GFP and the Orai1-GCaMP3 sensor. c Cell population calcium measurements using a
spectrofluorometer with HEK293 cells expressing Orai1-GFP+ STIM1-DsRed (yellow) or Orai1-GCaMP3+ STIM1-DsRed (green) or measuring the
endogenous SOCE (black). Measurements obtained from at least 5 independent transfections. Calcium increments induced by the application of
thapsigargin (TG) in free extracellular calcium and SOCE measured after re-addition of 2 mM calcium to the extracellular solution. d Area under the curve
(AUC) for fluorescence obtained after re-addition of 2 mM calcium (calcium influx) with endogenous Orai1 (gray), Orai1-GFP (yellow), and Orai1-GCaMP3
(green). e Representative confocal images of the puncta formation after TG application in cells expressing Orai1-GCaMP3 (blue) and STIM1-DsRed
(yellow). Images shown before the application of thapsigargin (pre-TG) and after (post-TG) for the equatorial plane (middle) of the cell (EP) and the
cortical plane (CP, the plane closest to the Petri dish bottom). Scale bar 5 µM. f Co-localization index (PC, Pearson’s correlation coefficient) for Orai1-
GCaMP3+ STIM1-DsRed before and after TG. g Co-localization index (PCC) for Orai1-GFP+ STIM1-DsRed before and after TG. In all cases, data shows
the mean ± standard deviation from at least 6 independent transfections. Asterisks show p values of < 0.01. The statistical significance was p < 0.05.
Statistics was performed by Student’s t-test
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this fusion protein could sense calcium increments arising from
TRPV1 but not P2X4 channels (Fig. 5d, e and Supplementary
Movies 1 and 2). These differences in sensing calcium from
TRPV1 or P2X4 were evident also when measuring the average
change in fluorescence from hundreds of single Orai1-GCaMP3
channels (Fig. 5f, g).

ANK1 of TRPV1 is essential for the association to Orai1 C
terminus. To identify the molecular structures responsible for the
association between Orai1 and TRPV1 channels, we conducted a
wide screening using peptide microarrays with a platform we

have previously developed and tested24 (data available here25).
Previous studies have highlighted the role of the ankyrin domains
from TRPV1 in the association to regulatory proteins and scaf-
folds26. To evaluate the role of each of the 6 ankyrin domains
from TRPV1 we produced fusion proteins of each domain to the
green fluorescent protein (GFP) and conducted CoIP studies
using Orai1 as bait. CoIP analysis indicated that the first 3
ankyrin domains associate to Orai1, although the first ankyrin
domain (ANK1) showed to strongest interaction (Fig. 6a, for full-
length blots see Supplementary Fig. 4). To explore further to what
sequence from Orai1 was the ANK1 associating, we produced
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fusion proteins between the amino terminus from Orai1 and GFP
(Orai1-NH2-GFP) and the carboxyl terminus from Orai1 (Orai1-
COOH-GFP). Peptide microarray studies showed that the
strongest interaction was between ANK1 and COOH-GFP
(Fig. 6b). COOH-GFP interacts with the first 3 ankyrin
domains from TRPV1, but the strongest interaction is with ANK1
(Fig. 6c). To ensure that the amount of Orai1-COOH deposited
on each microarray spot was not affecting the binding of the

different ankyrin domains, we produced a fusion protein of the
carboxyl terminus from Orai1 fused to the red fluorescent protein
(Orai1-COOH-DsRed). In this way, we can determine how much
of the Orai1-COOH-DsRed was deposited on each microarray
spot (using the red fluorescence channel) and the binding from
the 6-ankyrin domains fused to GFP (using the green fluores-
cence channel), simultaneously (Methods). Below the strips of the
microarray from the 6 ankyrin domains are illustrated examples

Fig. 3 Activation of TRPV1 induces strong CDI in Orai1. a Perforated patch measurements in HEK293 cells expressing Orai1-GFP and STIM-DsRed. The
sequential protocol consisted in the application of extracellular solution followed by a second control application of extracellular solution (ES) and finally
thapsigargin. The second ES application will be replaced by either capsaicin or cytidine triphosphate (CTP) in the following experiments. In all cases,
capsaicin or CTP were incubated for 3 min and then the cells were washed with fresh ES for 1–2min prior to TG stimulation (TG was present for the
remaining duration of the experiment). b Relative current illustrating the activation by applying a voltage step from 0 to −100mV for cells expressing Orai1
and TRPV1 pre-stimulated with capsaicin (cap, black), Orai1 only with thapsigargin (red), and Orai1 and TRPV1 pre-stimulated with capsaicin in cells
incubated with BAPTA-AM (green). c Perforated patch measurements using the sequential protocol pre-simulating with capsaicin in cells expressing
Orai1-GFP and TRPV1-CFP. The middle panel shows the currents elicited by capsaicin stimulation (TRPV1). Panel to the right shows the subsequent
activation of Orai1 with TG. d Relative current illustrating the activation of current by applying a voltage step from 0 to −100mV for cells expressing Orai1
and activated by TG (red), cells expressing Orai1 and P2X4 and pre-stimulated with CTP (black) and cells expressing Orai1 and P2X4 and pre-stimulated
with CTP and previously incubated with BAPTA-AM (green). Lines show mean ± standard deviation from at least 31 cells. e Perforated patch
measurements using the sequential protocol in a cell expressing Orai1 and P2X4. f Relative current illustrating the activation for cells expressing Orai1 wild
type (WT) with pre-stimulation with capsaicin (black) and cells expressing the CDI-resistant mutant Orai1 Y80W with (red) or without pre-stimulation
(green). g Perforated patch measurements using the sequential protocol in cells expressing Orai1 Y80W and TRPV1. h Orai1 currents relative to mutant
Orai1 Y80W at different voltages. Cells pre-stimulated with CTP (black circle), with capsaicin (open circle) or cells not exposed to capsaicin, only TG (NT).
All experiments show the mean ± standard deviation from at least 20 cells
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of the Orai1-COOH-DsRed deposited on the microarray cover-
slip for each condition (Fig. 6c, lower panels labeled Orai1-
COOH-DsRed)25.

To explore the role of the first 3 ankyrin domains in the entire
TRPV1 protein, we produced individual deletions of these 3
ankyrin domains. Unfortunately, only the deletion of the first
ankyrin domain produced channels that reached the PM, deleting
beyond this first ankyrin domain resulted in channels that were

retained in intracellular compartments. This finding was
previously reported, showing that only the first amino acids
from the amino terminus of TRPV1 can be deleted without
affecting channel localization and function26. In particular, the
ankyrin domain 3 plays a key role in channel tetramerization27.
Nevertheless, we could explore the role of the first ankyrin
domain on CDI using the deletion mutant TRPV1-ΔANK1,
which is lacking the first ankyrin domain (Methods).
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Super resolution imaging analysis showed that the relative
distance between TRPV1-ΔANK1 and Orai1 was greater than
that between TRPV1 wild type (TRPV1-WT) and Orai1
(Fig. 6d–f). Most interestingly, Orai1-GCaMP3 partially sense
changes in calcium when TRPV1-ΔANK1 was activated with
capsaicin compared to TRPV1-WT (Fig. 6g). Activation of
TRPV1-WT and TRPV1-ΔANK1 with capsaicin results in robust
increments in intracellular calcium reported by R-GECO
produced as a soluble protein in the cytosol (Supplementary
Fig. 5), discarding the possibility that the reduced sensing of
calcium entering via TRPV1-ΔANK1 by Orai1-GCaMP3 may be
the result of reduced calcium influx by the TRPV1-ΔANK1
deletion mutant. Furthermore, TRPV1-ΔANK1 does not co-
immunoprecipitate with Orai1 (Supplementary Fig. 5).
Activation of TRPV1-ΔANK1 using our sequential activation

patch clamp protocol showed only reduced CDI in Orai1 while
TRPV1-WT produced strong CDI as previously shown (Fig. 3
and Supplementary Fig. 6). To discard any nonspecific effects of
capsaicin on ionic currents, we conducted additional controls
using the synthetic antagonist of capsaicin, capsazepine (Supple-
mentary Fig. 5). Capsazepine stimulation had no effect on Orai1
CDI. Furthermore, the activation of TRPV1 with capsaicin in
cells incubated with BAPTA-AM showed no effect on Orai1 CDI,
strongly supporting the hypothesis that the CDI observed on
Orai1 is the result of increments in intracellular calcium mediated
by TRPV1 (Supplementary Fig. 5).
These results highlight the role of the first ankyrin domain in

the association of TRPV1 to the carboxyl terminus from Orai1.
This molecular interaction supports the formation of a complex
between Orai1 and TRPV1, bringing the two channels in close
proximity. This association between both channels favors the
generation of a calcium microenvironment near the Orai1
channel pore when TRPV1 is activated, which modulates CDI
on Orai1. The strong CDI observed in Orai1 channels induced by
the activation of TRPV1 remains even after TRPV1 is not active
anymore (Fig. 3c). These results suggest that calcium entering
TRPV1 triggers the initial steps of CDI on Orai1 channels, but a
sustained mechanism maintains CDI even when the influx of
calcium through TRPV1 has been stopped (by washing out
capsaicin). The sustain CDI can be explained by the fact that
FCDI is modulated by Orai1-STIM1 interactions and not only
high calcium near the Orai1 pore. Such Orai1-STIM1 interactions
are mediated by the STIM1-Orai1 expression ratio16 an amino
acid region negatively charged in STIM1 (residues 475–483)17–21

from Orai122.

CDI may prevent excessive calcium entry into the cell when
both channels (TRPV1 and Orai1) are activated simultaneously
or sequentially.
To facilitate the study of the interactions between TRPV1 and

Orai1 and the identification of the amino acid domains involved
in this association, we conducted all the experiments described to
this point in HEK293 cells. However, in order to assess the effect
of TRPV1-induced CDI on Orai1 channels in a physiological
model, we implemented a scratch-wound assay (SWA) using
primary cultures of cortical astrocytes. We have previously shown
that the majority of thrombin-activated calcium influx in cortical
astrocytes is carried by Orai1 channels28. Cortical astrocytes
express TRPV1 channels29. Furthermore, thrombin plays a key
role in astrocyte migration and wound healing30–32.

First, we validated that our Orai1-GCaMP3 sensor behaved in
astrocytes similarly to what we have observed in HEK293 cells.
Indeed, primary cultures of cortical astrocytes expressing our
Orai1-GCaMP3 calcium sensor responded to capsaicin stimula-
tion but not to the activation of P2X4 purinergic receptors with
CTP (Fig. 7a). Nevertheless, astrocytes respond normally to CTP
with a robust increment in intracellular calcium measured with
the soluble calcium sensor R-GECO (Fig. 7a). Orai1-GCaMP3
senses also calcium increments induced with TG (Fig. 7a). All
these results recapitulate what we observed with HEK293 cells
expressing our Orai1-GCaMP3 construct (Fig. 2).
Capsaicin induces CDI on endogenous Orai1 currents from

cortical astrocytes but not CTP stimulation (Fig. 7b). Further-
more, expression of the first ankyrin domain in astrocytes
(ANK1-GFP) reduces the amount of CDI obtained with capsaicin
pre-stimulation in our sequential perforated patch clamp protocol
(Fig. 7c, d). Endogenous TRPV1 immunoprecipitate with
endogenous Orai1 in cortical astrocytes (Supplementary Fig. 7),
similarly to what we observed with the overexpression of these
channels in HEK293 cells (Fig. 4d).

Using the SWA model, we have found that endogenous Orai1
participates in thrombin-induced cell migration and wound
healing with cortical astrocytes, since transfection with a selective
siRNA for Orai128 prevents the effects of thrombin on wound
healing (Supplementary Fig. 7).
Capsaicin stimulation previous to activation of Orai1 with

thrombin significantly reduces wound healing (Fig. 7e, f), this
effect is not observed with the synthetic antagonist of capsaicin,
capsazepine (Supplementary Fig. 7). Expressing the ANK1-GFP
domain in cortical astrocytes prevents the effect of capsaicin on
thrombin-induced wound healing (Fig. 7e, f).

Fig. 5 Super resolution studies reveal that TRPV1 and Orai1 move in close proximity in the plasma membrane. a Super resolution single channel TIRFM
images from cells expressing Orai1 (green) and P2X4 (magenta) in the left panel or Orai1 (green) and TRPV1 (blue, right panel). Yellow circles show
measurements between the nearest two channels for Orai1-P2X4 (left panel) or Orai1-TRPV1 (right panel). Scale bar 60 nm. b Relative distance over time for
a single pair of channels measured in cells expressing Orai1-P2X4 (magenta) and Orai1-TRPV1 (blue). c Mean relative distance obtained from several
hundred channels in cells expressing Orai1-P2X4 (magenta) with or without CTP and Orai1-TRPV1 (blue) with or without capsaicin. Notice that agonist
stimulation (CTP or capsaicin) did not alter mean distances. d Super resolution single channel TIRFM images from cells expressing Orai1-GCaMP3 (green)
+ P2X4-CFP (left panels) or TRPV1-CFP (right panels) before and after stimulation with CTP or capsaicin. Notice the increment in the fluorescence of single
Orai1-GCaMP3 channels after capsaicin stimulation but not with CTP. Scale bar 200 nm. e Fluorescence intensity in arbitrary units (AUF) reported by the
Orai1-GCaMP3 sensor under the different stimulations. Notice that only cells expressing TRPV1 (T1-CFP) exposed to capsaicin produced an increment in
fluorescence (blue bar). Capsaicin stimulation in cells without TRPV1 (orange and magenta bar) or cells expressing TRPV1-CFP but not exposed to capsaicin
(green bar) did not result in changes in the fluorescence of Orai1-GCaMP3. f Fluorescence measurements of the entire field of view (containing dozens of
individual channels) over time with cells expressing the Orai1-GCaMP3 sensor and TRPV1 with capsaicin (blue line) or cells expressing P2X4 and stimulated
with CTP (magenta line). Lines show the mean ± standard deviations (dotted lines). Fluorescence from Orai1-GCaMP3 sensor increases only after capsaicin
stimulation in cells expressing TRPV1. g Area under the curve (AUC) for the different conditions shown in panel f. Notice that only the fluorescence is
observed in cells expressing the Orai1-GCaMP3 sensor+ the TRPV1 channel and stimulated with capsaicin (green bar). *p < 0.01. The statistical significance
was p < 0.05. Statistics was performed by Student’s t-test
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All these results strongly suggest that the activation of
endogenous TRPV1 channels in cortical astrocytes
modulate the activity of endogenous Orai1 channels by inducing
CDI and reducing calcium entry through Orai1 channels.
Enhanced CDI reduces thrombin-induced cell migration and

wound healing. The results presented here provide the first
evidence, to our knowledge, of the role of Orai1 in thrombin-
activated cell migration and wound healing, while highlighting
the role of CDI on Orai1 activity during this physiological
process.
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Discussion
The present study identifies the molecular determinants of the
association between TRPV1 and Orai1 channels, which favor
heterologous CDI of Orai1 by calcium entering through single
TRPV1 channels. Using super resolution studies on living cells,
we observed that both channels move associated at the PM. This
physical interaction results in relevant physiological modulation
of channel activity (TRPV1 contributes to CDI on Orai1). This
was not observed for another channel that does not associate to
Orai1, the purinergic P2X4 receptor, even though activation of
this receptor/channel results in robust increments in cytosolic
calcium as reported by our cytosolic soluble sensor, R-GECO.

CDI is a regulatory process that prevents excessive calcium
influx via Orai channels, which may have deleterious or toxic
effects in the cell. Up until now, this phenomenon has been
studied using electrophysiological whole-cell current measure-
ments evoked by Orai channels. To induce CDI under these
conditions, the extracellular and/or intracellular calcium con-
centrations have been artificially controlled. To our knowledge,
this is the first report showing that a physiological source of
calcium (e.g., activation of TRPV1) can induce CDI on Orai1
both in an heterologous expression system (HEK293 cells) and in
cell that naturally express both channels (cortical astrocytes). We
have shown that the induction of CDI is the result of the close
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proximity between Orai1 and TRPV1 at the PM, since the acti-
vation of a different channel (P2X4) did not induce CDI on Orai1.
Furthermore, super resolution studies show that both channels
(TRPV1 and Orai1) move in close proximity to each other. This
was not observed for P2X4 and Orai1. The use of our local cal-
cium reporter Orai1-GCaMP3 in super resolution studies shows
that Orai1 single channels detect increments in calcium mediated
by the activation of TRPV1 while freely diffusing at the PM.
However, our Orai1-GCaMP3 sensor does not detect increments
in calcium mediated after the activation of P2X4. These results
obtained with super resolution studies indicate that Orai1 and
TRPV1 are moving in close proximity to each other, maintaining
a microenvironment where calcium entering via TRPV1 accu-
mulates and induces CDI in Orai1.
Super resolution analysis showed at least a 4-fold greater dis-

tance between P2X4 and Orai1, when compared to the distance
between TRPV1 and Orai1 (Fig. 5). The average distance between
individual TRPV1 and Orai1 channels obtained from super
resolution studies was around 50 nm. This distance contrasts to
that observed with our FRET studies (less than 10 nm). The
discrepancy can be explained by the resolution limits attained by
both methods. While FRET detects distances between two pro-
teins smaller than 10 nm (100 Å), the super resolution method
(even though has gone beyond the light diffraction limit) it is still
far away from the resolution of FRET. For example, STED (sti-
mulated emission depletion) imaging has achieved a resolution of
20 nm when using organic dyes and 50–70 nm resolution when
using fluorescent proteins33. The association of Orai1 and TRPV1
channels was evaluated also with CoIP studies. Even though all
CoIP studies presented here are in agreement with the FRET and
super resolution results, we would like to highlight the fact that
the molecular weight obtained from Orai1 (≈55 kDa) differs from
the predicted molecular weight for this protein (≈33 kDa). Thus,
we would like to take the CoIP studies with caution, even though
other reports have found similar discrepancies in the molecular
weight for Orai134,35. Feasible explanations for the higher mole-
cular weight observed may involve glycosylation, phosphoryla-
tion, and other post-translational modifications of Orai136–38.

We have identified the first ankyrin domain (ANK1) as a
structure responsible for the association of TRPV1 to the carboxyl
terminus from Orai1. Deletion of this ANK1 domain (TRPV1-
ΔANK1) prevents TRPV1-mediated CDI on Orai1. Single Orai1-
GCaMP3 channels do not longer sense calcium entering through
TRPV1-ΔANK1.
A previous study shows that capsaicin inhibits Jurkat T-cell

activation by blocking ICRAC39. Other studies have also shown
that capsaicin or TRPV1 activation inhibits SOCE40–43. However,
the molecular mechanism for these observations remained
unknown until now.
CDI is a complex process, which involves the participation of

several proteins such as SARAF11, caveolin, E-syt1, septin4, and
PI(4,5)P213. Furthermore, several amino acid regions have been
identified in Orai1 and STIM1 to play a role in CDI17–21. This
may be one of the reasons why CDI remained for several minutes
after TRPV1 was not active anymore. Calcium entering through
TRPV1 channel was the triggering event that initiated CDI in
neighboring Orai1 channels, but other factors were involved in
the sustained CDI even after the calcium source (TRPV1) was not
active anymore (after washing out capsaicin).
In the present study, we focused our attention on the role of a

different channel (TRPV1) in the induction of CDI on Orai1, to
induced what we have named here heterologous CDI (as opposed
to homologous CDI, which is induced by calcium entering via the
Orai1 channel pore). We identified the ankyrin 1 domain from
TRPV1 and the carboxyl terminus from Orai1 as sequences
required for the association of these two channels. We cannot

discard the participation of other proteins (as those mentioned
above) or other amino acid regions in CDI. Further studies are
required to evaluate the participation of other proteins and/or
amino acid regions in Orai1 and TRPV1 in CDI.
Many cells and tissues express both TRPV1 and Orai1 chan-

nels, in particular cortical astrocytes. In these cells, activation
of TRPV1 may modulate the subsequent (or concomitant)
activation of Orai1 channels44. The role of astrocytes in chronic
pain is well established44. We have previously shown that Orai1
mediates the thrombin response in cortical astrocytes28.
Furthermore, thrombin induces cell migration and proliferation
in astrocytes30–32.

In the present study, we have shown that the activation of
endogenous TRPV1 channels with capsaicin induces CDI on
endogenous Orai1 channels from cortical astrocytes. In this study,
we showed that the heterologous modulation of Orai1 by TRPV1
via CDI plays a role in controlling injury-promoted astrocyte
migration (Fig. 7). All these results provide the first evidence
highlighting the role of heterologous CDI in controlling calcium
entry via Orai1 and how this modulates migration in astrocytes
primary cultures.

Methods
Plasmids and reagents. Capsaicin and the synthetic antagonist of capsaicin,
capsazepine and cytidine triphosphate (CTP) were purchased from Sigma
(St. Louis, MO). TG was purchased from Calbiochem (La Jolla, CA).

Plasmids Orai1-GFP, GCaMP3, STIM1-DsRed, H2B-mCherry, and Lck-
GCaMP5 were purchased from Addgene (Cambridge, MA), R-GECO was a
generous gift from Dr. Takeharu Nagai (Osaka University, Japan), TRPV1-CFP
and TRPV1-YFP were kindly donated by Dr. Leon Islas-Suárez (Facultad de
Medicina, UNAM), CFP-P2X4 was a generous gift of Dr. Jorge Arreola (Instituto
de Fisica, UASLP). Full length complementary DNA of human-Orai1 was inserted
into GCaMP3 between BamHI and EcoRI to generate Orai1-GCaMP3. All
constructs were fully sequenced before using them.

Ankyrin domains fused to GFP. Oligonucleotides were synthesized (Integrated
DNA Technologies, Skokie, IL) to generate peptides corresponding to the amino
acid sequences for the 6 ankyrin (ANK) domains from rat TRPV1 (Genbank
NM_031982). Ankyrin domains were obtained from ref. 45.

Oligonucleotides were cloned in the pDrive plasmid after PCR amplification
and cloned in frame at the 5′ of GFP. The resulting peptides were:

ANK1 110.152 (42 aa) RLYDRRSIFDAVAQSNCQELESLLPFLQRSKKRLTDSE
FKDPE

ANK2 153.199 (46 aa) TGKTCLLKAMLNLHNGQNDTIALLLDVARKTDSLK
QFVNASYTDSYY

ANK3 200.246 (46 aa) KGQTALHIAIERRNMTLVTLLVENGADVQAAANG
DFFKKTKGRPGFY

ANK4 247.282 (35 aa) FGELPLSLAACTNQLAIVKFLLQNSWQPADISARDS
ANK5 283.331 (48 aa) VGNTVLHALVEVADNTVDNTKFVTSMYNEILILGA

KLHPTLKLEEITNR
ANK6 332.358 (26 aa) KGLTPLALAASSGKIGVLAYILQREIH
Followed by the enhanced GFP sequence. All fusion genes were fully sequenced

prior to use. For CoIP studies, the pcDNA 3.1 plasmid containing the nucleotide
sequences for the 6 ankyrin domains individually fused to the GFP sequence
(above) were transfected in HEK293 cells combined with the plasmid containing
Orai1. For peptide microarray studies, the plasmids mentioned above were
transfected in HEK293 cells maintained in suspension in 500 mL flasks to produce
fusion proteins. Cells were harvested and sonicated to disrupt the cell membrane.
Supernatants were immunoprecipitated using the commercial anti-GFP antibody
(632376, Clontech, Mountain View, CA). Aliquots of the 6 ankyrin domains fused
to GFP were utilized for TIRFM peptide microarray studies as previously
described46. Briefly, silica glass was coated with a 0.01 mgmL−1 poly-D-lysine
(Sigma, St. Louis, MO). Orai1-dsRED-COOH peptide was spotted on the
microarray slide using a peptide solution of 500 ng in 50 μL. Approximately 2 μL
were manually deposited on each spot using a pipette. Spots were allowed to dry for
20 min at room temperature prior to starting the TIRFM microarray experiment.
Microarray slides were mounted on the lg-TIRFM closed chamber (TIRF Labs,
Cary, NC).

A similar PCR strategy was conducted to produce the fusion proteins between
the amino terminus from Orai1 and GFP (NH2-GFP), the carboxyl terminus from
Orai1 (COOH-GFP), and the carboxyl terminus from Orai1 fused to the red
fluorescent protein (DsRed, Takara Bio, USA). Production and purification of
recombinant fused proteins followed the procedure described above. The Orai1-
COOH domain contained the last 38 amino acids (amino acid 200–238) with the
sequence: HKTDRQFQELNELAEFARLQDQLDHRGDHPLTPGSHYA (Genbank:
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AAH13386.1). Followed by the GFP or dsRED protein (Takara Bio, USA). The
amino terminus of Orai1 contained the first 54 amino acids (1–54, Genbank:
AAH13386.1): MSLNEHSMQALSWRKLYLSRAKLKASSRTSALLSGFAMVAMV
EVQLDADHDYPP. Followed by the GFP protein. The deletion mutant TRPV1-
RPV1-was produced by PCR amplification of TRPV1 cDNA using a forward
oligonucleotide that started after nucleotide 536 (amino acid 153).

Cell culture and transfection. Human embryonic kidney 293 cells (HEK293;
ATCC) were cultured using Dulbecco's modified Eagle's medium (DMEM)
(GIBCO) supplemented with 10% (V/V) fetal bovine serum, 50 µg mL−1

penicillin–streptomycin and maintained at 37 °C in a humidified atmosphere with
5% CO2.

Transient transfection was performed using Lipofectamine 2000 (Invitrogen)
according to manufacturer instruction using cells seeded to 80% confluence in
Optimem medium (GIBCO). Before imaging, culture medium was changed in Krebs
solution (119mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 1.3mM MgCl2, 20mM
HEPES, 11mM glucose, 1.8 mM CaCl2, 500 µM EGTA and adjusted to 7.4 pH).

Western blot. Proteins of cells transfected with Orai1-GCaMP3 or Orai1-GFP
were separated using SDS-Page with 10% acrylamide and transferred to the
membrane using 110 V for 60 min in a wet chamber. A specific antibody was used
to identify Orai1 (ab59330, Abcam) and for TRPV1 the antibody used was VR1
(sc-398417) from Santa Cruz Biotechnology. Primary antibody was incubated with
agitation at 4 C° for 1 h. The secondary antibody was incubated for 2 h with agi-
tation at room temperature. Signal was acquired using X-ray films and then the
image was digitalized and analyzed using ImageJ software. Full-length blots are
included in Supplementary Figures.

Confocal microscopy. HEK293 cells transfected with the different constructs and
channels were plated on 25 mm coverslips. Cells were imaged in Krebs–Ringer’s
solution. TG (1 μM; Calbiochem) was used for store depletion. Image acquisition
for co-localization experiments was conducted 12 min after store depletion.
Enhanced GFP (EGFP), GCaMP3, DsRed, and R-GECO were excited at 488, 488,
494, and 594 nm, respectively. Fluorescence emission was collected at 500–540 nm
for EGFP and GCaMP3 and 605–650 nm for DsRed and R-GECO. All images were
captured at room temperature with a ×60, 1.40 numerical aperture oil-immersion
objective lens controlled by Fluoview Olympus software on a FV10i confocal
microscope (Olympus imaging). Pearson's correlation coefficient was calculated
with Fluoview Olympus software.

Ca2+ measurements. Calcium imaging was performed in 25 mm coverslip with
cells transfected with the plasmid of choice indicated in the figures. Cells expressing
Orai1-GCaMP3 in Krebs–Ringer solution with Ca2+ were exposed to TG (1 µM) to
induce store depletion. Capsaicin (4 µM) was utilized to activate TRPV1 channels
and 150 µM cytidine triphosphate (CTP) to open P2X4 channels. Calcium
dynamics were measured in individual cells (at least 20 per coverslip per condition)
using a wide-field inverted IX81 Olympus® microscope with a ×60 1.42 NA oil
immersion objective, MT-20 illumination system, 420/10, 484/25 excitation filter,
and 450, 550/25, 520 nm/40 bandpass and 605/40 bandpass emission filter with an
EMCCD camera iXon-897 (Andor Technology, South Windsor, CT, USA). Sam-
pling was acquired each second during 300 s. The acquired images were analyzed
using Olympus Cell-R software. To measure calcium increments in cell popula-
tions, we loaded HEK293 cells with FURA-2 AM (Molecular Probes) at 2 μM final
concentration. FURA-2 AM was incubated for 30 min at 25 °C. Calcium-free Krebs
solution contained (119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 1.3 mM MgCl2,
20 mM HEPES, 11 mM glucose, 1 mM EGTA and adjusted to 7.4 pH). Then cells
were rinsed with the same solution and were exposed to 1 µM TG to induce store
depletion and Orai1 activation. Ca2+ entry was measured through an Aminco-
Bowman luminescence spectrometer (Thermo Electron, Madison, WI). Dual
excitation wavelength was selected at 340 and 380 nm and emission was collected
at 510 nm. Fluorescence sampling was acquired each 10 s during 1000 s.

FRET measurements. The cells were seeded on 25 mm coverslips and co-
transfected with TRPV1-CFP and Orai1-YFP. We performed FRET measurements
using the acceptor photobleaching protocol with TRPV1-CFP as donor and Orai1-
YFP as acceptor, as previously described4.

For acceptor photobleaching, the images were acquired with an inverted
Olympus FV1000 confocal microscope. The photobleaching of the acceptor was
performed exposing the selected ROI to the laser at 50% of its maximum intensity
(ROI indicated by a yellow square in Fig. 4), at a wavelength of 492 nm. This
wavelength does not affect the donor as the excitation of GFP beyond 480 nm is
negligible. The photobleaching protocol consisted of continuous excitation at
492 nm for 4 min, during this time, the fluorescence emission of CFP and YFP
were monitored using the confocal microscope. Photobleaching excitation was
alternated with image acquisition of CFP (460 nm) and YFP (520 nm). We used a
1.45 NA ×100 objective (Olympus, Japan) for image acquisition.

FRET efficiency, which indicates the percentage of excitation photons that
contribute to FRET, was calculated measuring the fluorescence intensity in a ROI,
before and after photobleaching the acceptor (Orai1-YFP), we also measured the

fluorescence of acceptor and donor in a different ROI (without the photobleaching
protocol applied, indicated by a yellow circle in Fig. 4) to correct for photobleaching
that might occur during acquisition unrelated to the photobleaching protocol. FRET
efficiency was calculated with the formula EFRET= (Dpost−Dpre)/Dpost, where Dpre

and Dpost are YFP fluorescence before and after the photobleaching protocol,
respectively. The EFRET calculated from the area not subjected to photobleaching
(indicated by a yellow circle in Fig. 4) was considered the baseline. This baseline value
was indistinguishable from the EFRET obtained between Orai1-YFP and CFP-P2X4

(Fig. 4). For a detailed description of the protocol, please refer to ref. 47.

Electrophysiology. HEK293 cells expressing the different constructs described in
Fig. 3 were placed on coverslips coated with poly-lysine (Sigma). Cells were studied
between 24 and 48 h post-transfection. Coverslips were mounted on an open
perfusion chamber (TIRF Labs, Cary, NC). The patch clamp amplifier used for
whole-cell recordings was the EPC-10 (Heka Electroniks, Germany). The patch
clamp pipettes were prepared from Corning 7052 glass and had a resistance of
1–5MΩ when filled with the pipette solution (see below). An Ag/AgCl electrode
was utilized to attain electrical continuity and was connected to the bath solution
via a KCl-agar bridge. TG was applied using a multibarrel perfusion system driven
by gravity (TIRF Labs, Cary, NC).

Whole-cell currents were studied in the perforated patch mode. Amphotericin B
was dissolved in 50 μL DMSO to give a 60 mgmL−1 stock solution and stored at
−20 °C until use. The amphotericin B stock solution was dissolved to a final
concentration of 0.24 mgmL−1 in a syringe containing the pipette solution: cesium
aspartate 120 mM, EGTA 5mM, HEPES 10mM, MgCl2 2 mM, and NaCl 8 mM;
pH to 7.2 adjusted with CsOH. The bath solution contained NaCl 120 mM,
tetraethylammonium chloride (TEA-Cl) 10 mM, CaCl2 10 mM, MgCl2 2 mM,
glucose 30 mM, and HEPES 10mM; pH to 7.2 adjusted with NaOH. Osmolarity of
both solutions was adjusted to 310 mOsm with mannitol (Sigma).

To determine Orai1 current inactivation, the cell was first stimulated with either
1 μM capsaicin (Cap) or 10 μM cytidine triphosphate (CTP) for approximately
1 min. The solution was removed and washout for 1–2 min with bathing solution
before stimulation with 1 μM TG. Relative inactivation was obtained after
obtaining the current density relative to the non-inactivating Orai1 Y80W mutant.

Current density was obtained after dividing the current from each cell by the
cell capacitance (measured directly from the amplifier readout). The amplifier
provided current density in real time calculated via the Patchmaster software and
EPC10 electronics (Heka Electroniks, Germany). For time courses studying Orai1
whole-cell current activation, TG was applied while the cell membrane potential
was held at −100 mV. All whole-cell current illustrated in Fig. 3 represents the
mean ± standard deviation (SD) from at least 30 independent cells obtained from 4
different days and transfections.

Orai1 whole-cell currents were imported into Igor pro v. 7 (Wavemetrics,
Oregon) for further analysis and plotting. Final figures were created with Adobe
Illustrator (Adobe Systems).

Super-resolution microscopy. The total internal reflection fluorescence (TIRF)
excitation (cellTIRF Illuminator; Olympus) system was mounted on an Olympus
IX81 inverted microscope for all super resolution experiments reported here. The
excitation angle was set up to attain the critical angle for total internal reflection,
which provided a penetration of less than 100 nm. Cells were continuously illu-
minated using excitation sources depending on the fluorophore studied. Blue
(CFP-P2X4) and green (Orai1-YFP) were excited with either a 405 and 491-nm
diode-pumped solid-state laser, respectively. Cells were continuously illuminated
using the following excitation sources: blue (CFP-P2X4) and green (Orai1-YFP)
were excited with either a 405 and 491-nm diode-pumped solid-state laser,
respectively. The maximum laser power, measured at the back of the focal plane of
the objective lens, ranged between 20 and 25 mW, depending on the laser line used.
Excitation wavelength and intensity were modulated using the Xcellence software
v.1.2. A multiband laser cube set was used to discriminate the selected light sources
(LF 405/488/561/635 A-OMF, Bright Line; Semrock). The microscope was
equipped with an Olympus UApo N ×100/1.49-numerical-aperture oil-immersion
objective lens with an extra ×1.6 intermediate magnification lens. All movies were
recorded on a crop chip mode (512 × 32 pixels) of an EMCCD camera (Andox,
Ixon 888) at 100 nm per pixel.

For each independent experiment, sub-diffraction images were derived from the
Super Resolution Radial Fluctuation (SRRF) analysis48. Reconstructions contained
thousands of TIRF images acquired within the evanescent field. All images were
collected using stroboscopic illumination, alternating between laser lines in a per-
frame basis, each with an exposure time of 1–5 ms.

Each serial stack (300 images block) was analyzed using the NanoJ-core and
NanoJ-SRRF plugins of Image J48,49. For the analysis the following parameters were
utilized: ring radius 0.5, radiality magnification 5, axes in ring 10; all other
parameters were set up as the default options in NanoJ-core and NanoJ-SRRF
plugins. The radiality maps were drift corrected using pre-calculated drift tables
obtained with the Estimate Drift tool of NanoJ-SRRF, considering an average of
300 images. These drift-corrected radiality maps were then finally integrated on a
super-resolution image by calculating the Temporal Radiality Pairwise Product
Mean.
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To obtain distances between Orai1 and TRPV1 or Orai1 and P2X4 overtime, we
used the tracking image correlation method50. For this purpose, HEK293 cells were
transfected with a combination of Orai1-YFP and TRPV1-CFP or Orai1-YFP and
CFP-P2X4, respectively. The signal of individual fluorophores was tracked overtime
by alternating the excitation wavelengths, as described above. Temporal blocks of
300 images were analyzed. Tracking image correlation (TrIC) computes a
colocalization analysis on single particles along their trajectory based on local
image cross-correlation. The accuracy of the correlation is limited to the SRRF,
which in our case is between 40 and 60 nm. All of the analysis was programmed
with MATLAB (The MathWorks, Natick, MA) using the original algorithms
described by Dupont and collaborators50. Unlike the original study, which tracked
particles in the 3D space, we conducted only 2D tracking within the depth of the
evanescent wave (less than 100 nm). The depth resolution of TIRFM (less than
100 nm) provided high accuracy when determining the 2D spatial localization of
the particles when compared to confocal microscopy, which in the best case
scenario has a depth resolution of around 600 nm51.

TIRFM microarrays. For peptide microarrays studies using ankyrin domains fused
to GFP, we utilized a novel system specifically developed for this purpose based on
total internal reflection microscopy (TIRFM)46. We have documented extensively
this method elsewhere46. Briefly, purified peptides (either the ANK1 domain
(see above) or the Orai1-COOH-DsRed terminal domain) were printed using a
micropipette on conventional glass microarray slides previously coated with a film
of 0.01 mgmL−1 poly-D-lysine (Sigma, St. Louis, MO). The microarray-closed
chamber was bathed with a solution containing the ANK domains fused to GFP
(see above) at a final concentration of 1 μM. After 3 min incubation, the chamber
was bathed with saline solution and fluorescence signal was collected for 1 min.
Excitation was in TIRFM mode using the LG-TIRFM system (TIRF Labs, Cary,
NC). Excitation was alternated between 405 nm (GFP excitation) and 594 nm
(DsRed excitation). DsRed emission was used to evaluate the amount of Orai1-
COOH-dsRED deposited on each microarray spot. Microarray spots containing
less than 80% of the average DsRed fluorescence were discarded because insuffi-
cient Orai1-COOH-dsRED was deposited in those spots. Emission of GFP (D505/
40 m) and DsRed (ET620/60 m) were collected using high-quality single band
emission filter from Chroma (Chroma Technology Corporation, Bellows Falls, VT,
USA). For details on our TIRFM microarray system and protocols for micro-
perfusion and fluorescence detection, please refer to ref. 24.

Co-immunoprecipitation. Plasmids c-Myc-Orai1 and TRPV1-YFP or CFP-P2X4

were overexpressed in HEK293 cells. Cells were washed twice with PBS, then the
cells were lysed with TNI lysis buffer52 (0.5% Igepal CA-630, 50 mM Tris pH 7.5,
250 mM NaCl, 1 mM EDTA, 1× Complete ULTRA-EDTA-free protease Inhibitor
cocktail) during 30 min at 4 °C with agitation and sonicated using a bath sonicator
(55 kHz, 5 min). The samples were centrifuged 40 min (4 °C, 18,000×g) and the
supernatant was incubated overnight with sepharose resin beads coupled to anti-c-
myc antibody. Proteins were recovered by centrifuging the beads (4 °C, 500×g).
Bound proteins were eluted with elution buffer52 (0.2 M glycine pH 2.3 and 0.5%
Igepal CA-630) during 30 min at 37 °C. The proteins were analyzed by western
blot using specific antibodies c-myc (Invitrogen, MA1-21316) for c-Myc-Orai1
(50 kDa), VR1 (Santa Cruz, 398417) for TRPV1-YFP (125 kDa) and P2X4 (Abcam,
134559) for CFP-P2X4 (71 kDa), all the antibodies were used according to the
manufacturer’s recommendations. For endogenous Orai1 and TRPV1 from
astrocytes we use the following protocol. Cells from 5 to 7 100 mm Petri dishes
with confluent monolayers of primary culture astrocytes were rinsed and cells were
detached mechanically. All cells from the Petri dishes were concentrated and lysed
using TNI lysis buffer during 30 min with agitation at 4 °C and sonicated using a
bath sonicator (55 kHz, 5 min). The samples were centrifuged 40 min (4 °C,
18,000×g) and the supernatant was incubated overnight with sepharose resin beads
coupled to anti-Orai1 antibody. Proteins were recovered by centrifuging the beads
(4 °C, 500×g). Bound proteins were eluted with elution buffer during 30 min at
37 °C. The proteins were analyzed by western blot using the specific antibodies
described above.

Scratch-wound assay. Primary cortical astrocytes were isolated from rat brains28.
All procedures for maintaining the rats and for isolation of astrocytes were
approved by the Animal Care Committee of the Instituto de Fisiología Celular,
Universidad Nacional Autónoma de México. Animal care was performed
according to the International Guiding Principles for Biomedical Research Invol-
ving Animals (Council for International Organizations of Medical Sciences, 2010).
Cortical astrocytes cultures were obtained from 1-day-old Wistar rat pups provided
by our animal facility center. The astrocytes were isolated from the brain cortex of
6–8 pups. Brains were placed in Krebs solution and cut in small slices. The tissue
was dissociated with a solution containing trypsin (4800 UmL−1, Sigma, St. Louis,
MO) for 10 min. Cells were mechanically dispersed by passage through 80 μm
nylon mesh and resuspended in Eagle’s medium (Gibco, Grand Island, NY) sup-
plemented with 10% heat-inactivated fetal bovine serum (Gibco), 2 mM glutamine
(Sigma), 50 UmL−1 penicillin (Gibco), and 50 μg mL−1 streptomycin (Gibco). The
dissociated astrocytes were plated on 35 mm plastic Petri dishes and incubated at
37 °C in humidified 5% CO2, 95% air atmosphere for 2 weeks.

When indicated astrocytes were transfected with the constructs described in the
figure legends28. For RNA interference experiments, astrocytes cultures of 80%
confluence in 35 mm plates were transfected with a set of three oligonucleotides of
Stealth siRNAs for Orai1 (RSS357633, RSS357634, RSS357635) purchased from
Invitrogen. A Stealth RNAi scramble negative control (Invitrogen) was used in
parallel experiments. siRNAs transfection was carried out on primary astrocytes
using Lipofectamine 2000 and Opti-MEM reduced serum medium according to the
manufacturer’s instructions (Invitrogen).

For the SWA, we followed the next protocol. Cover glass chambers
(ThermoScientific, Rochester, NY) were coated with 0.01 mgmL−1 poly-D-lysine
(Sigma, St. Louis, MO). Confluent primary cortical astrocytes were seeded onto
chambers28. Once confluent, astrocytes were serum-deprived overnight. A single
scratch with a 1 mL pipet tip was made through the astrocyte monolayer, cells were
rinsed three times with serum-free media. The scratch area was marked with a
sharpie for later identification and positioning in the microscope. Images of cells
were obtained with a low magnification ×10 objective attached to an inverted IX81
microscope (Olympus). A low-resolution 5 MP USB c-mount microscope camera
(Zowaysoon) attached to the microscope c-port was used to acquire individual
images of the scratch wound area at 0 time (pre-wound), immediately after the
scratch wound, 5, 10, 15, 20, and 25 h after scratch wound. After every image
acquisition cells were placed in the CO2 incubator.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
All constructs used in the present study are available upon request. Super resolution
image files are too big (each file is over 1 terabyte in size) to be included in any archiving
system but are available upon request. Microarray data is publicly available (https://doi.
org/10.6084/m9.figshare.7621955.v1). Other data that support the findings of this study
are available from the corresponding author upon reasonable request.
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1  | INTRODUC TION

Merkel cells were first described by Friedrich Merkel in 1875 as cells 
that may serve as “touch cells.”[1] It took over 100 years to prove 
that Merkel cells have a function in skin sensation.[2] Merkel cells are 
mechanosensory cells, which are innervated by afferent neurons and 
play a key role in the tactile discrimination of the shape and texture 
of objects.[2,3] Functional studies in mutant mice, in which Merkel 
cells were not formed, have demonstrated that the animals were 
unable to discriminate between different textures when performing 

behavioural tasks.[4] In humans, Merkel cells are most abundant on 
the fingertips, lips and face.[5–7] In mice, they are found mainly in the 
back skin, paws and whiskers.[8]

Most of our knowledge about Merkel cells comes from studies 
focused on the murine back skin, where these cells are found in 
specialized structures called touch domes which are located exclu-
sively around primary hair follicles.[9] Recently, we discovered that 
a subset of SOX9- expressing cells located inside of developing hair 
follicles are Merkel cell progenitors that give rise to Merkel cells 
at embryonic day (E) 14.5.[10] We also found that fibroblast growth 
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Abstract
Merkel cells are mechanosensory cells involved in tactile discrimination. Merkel 
cells have been primarily studied in the murine back skin, where they are found in 
specialized structures called touch domes located around primary hair follicles. 
Yet, little is known about the morphogenesis of Merkel cells in areas of the skin 
devoid of hair, such as the glabrous paw skin. Here, we describe Merkel cell forma-
tion in the glabrous paw skin during embryogenesis. We first found in the glabrous 
paw skin that Merkel cells were specified at E15.5, 24 hours later, compared to in 
the back skin. Additionally, by performing lineage- tracing experiments, we found 
that unlike in the back skin, SOX9(+) cells do not give rise to Merkel cells in the 
glabrous paw skin. Finally, we compared the transcriptomes of Merkel cells in the 
back and the glabrous paw skin and showed that they are similar. Genetic and tran-
scriptome studies showed that the formation of Merkel cells in both regions was 
controlled by similar regulators. Among them was FGFR2, an upstream factor of 
MAPK signalling that was reported to have a critical function in Merkel cell forma-
tion in the back skin. Here, we showed that FGFR2 is also required for Merkel cell 
development in the glabrous paw skin. Taken together, our results demonstrate 
that Merkel cells in the murine back skin and glabrous paw skin are similar, and 
even though their formation is controlled by a common genetic programme, their 
precursor cells might differ.
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factor receptor 2 (FGFR2) plays an essential function in Merkel cell 
specification in the back skin, as loss of Fgfr2 leads to drastic de-
creases in the number of Merkel cells but does not affect the for-
mation of SOX9- positive (+) cells.[10] To further our investigations, 
we sought to determine whether our recent findings in the murine 
back skin apply to other types of skin in the mouse such as the gla-
brous skin. When do Merkel cells first appear in glabrous skin? Do 
they share common progenitors with Merkel cells in the hairy skin? 
How similar are the Merkel cells among these different anatomical 
regions? These are some of the unanswered questions we wanted 
to take on.

In this study, we characterized Merkel cell formation in the gla-
brous paw skin during embryogenesis and determined how known 
Merkel cell regulators in the back skin affect Merkel cell formation 
in the glabrous paw skin to uncover common regulators of Merkel 
cells.

2  | METHODS

2.1 | Mice

All mice were housed in the Center for Comparative Medicine and 
Surgery (CCMS) at Icahn School of Medicine at Mount Sinai (ISMMS) 
in accordance with the Institutional Animal Care and Use Committee 
(IACUC) approved protocol LA11- 0020. At least three animals from 
independent litters were used for each analysis. Fgfr2flox mice were 
generously provided by Dr. Philippe Soriano.[11] Sox9- CreER mice 
were described in Ref. [12] R26- mT/mG (stock number: 007676), 
Atoh1- GFP (stock number: 013593), Gli1- CreER (stock number: 
007913) and Krt14- Cre (stock number: 004782) mice were obtained 
from Jackson Laboratories. For tamoxifen treatment, pregnant fe-
males carrying Sox9- CreER; R26- mT/mG or Gli1- CreER; R26- mT/
mG embryos were injected with tamoxifen (Sigma- Aldrich; St. Louis, 
MO) doses totalling 40 μg/g body weight at E13.5 and E14.5. Pups 
were collected at E17 and P0 for further analysis. Mice were geno-
typed mice by PCR using DNA extracted from tail skin.

2.2 | Immunofluorescence staining and microscopy

For immunofluorescence staining, tissues were collected and embed-
ded into OCT (Tissue- Tek; Torrance, CA) and subsequently cut into 
10- μm sections using a Leica Cryostat. Slides were fixed for 10 min-
utes in 4% paraformaldehyde (PFA; Electron Microscopy Sciences) 
in PBS and blocked for 1 hour at room temperature or overnight at 
4°C in PBS with 1% Triton X- 100, 1% BSA and 0.25% normal donkey 
serum (NDS). Primary antibodies were diluted in blocking solution, 
and incubations were carried out for one hour at room temperature 
or overnight at 4°C, followed by incubation in secondary antibod-
ies for one hour at room temperature. Slides were counterstained 
with DAPI, mounted using antifade mounting media and then im-
aged using a Leica DM5500 upright slide microscope using 10x, 20x 
or 40x objectives.

2.3 | Antibodies

The following antibodies were used: KRT14 (generously gifted by 
Dr. Julie Segre of the National Human Genome Research Institute, 
USA, 1/20,000), KRT8 (Developmental Studies Hybridoma Bank, 
TROMA- 1, 1/500), KRT20 (Dako, M7019, 1/70), SOX2 (Stemgent, 
09–0024, 1/150), GFP (Abcam, ab13970, 1/1000), SOX9 (Abcam, 
ab185966, 1/500) and FGFR2 (Cell Signaling, 23328, 1/150). For 
immunofluorescence staining, secondary antibodies were coupled 
with Alexa 488, 549 or 649 from Jackson Laboratories (1/1000).

2.4 | Quantifications

Merkel cells were quantified by counting the number of KRT8(+) 
cells per millimetre (mm) of skin. Briefly, the length of each sec-
tion was measured, and the number of positively stained cells was 
counted. Typical section lengths were between 7 and 14 mm, and 
at least 100 mm of skin was counted for each condition. A large 
number of Merkel cells were counted in control conditions (> 200 
KRT8(+) cells), and subsequently, the number of Merkel cells in a sim-
ilar length of back and paw skin was counted for the knockout condi-
tion. Comparisons and statistics were performed between matching 
knockout and control littermates.

2.5 | Statistics

In column bar graphs in Figure 4D and E, mean value ± one stand-
ard deviation was presented. Box- and- whisker plots show first to 
third quartiles around the median, with whiskers showing a 5%- 95% 
range and outliers presented as individual data points. To deter-
mine the significance between two groups, a Mann- Whitney test 
was performed. For all statistical tests, P < 0.05 was considered for 
statistical significance, and furthermore, the actual P- values (to four 
decimal places) are provided in the figure legends. Significance levels 
were defined as *P < 0.05, **P < 0.01, ***P < 0.001. n.s., not signifi-
cant. For statistical analyses, GraphPad Prism 5 was used.

2.6 | Fluorescence- activated cell sorting (FACS)

Interfollicular epidermis (IFE) and Merkel cells were isolated and 
pooled from multiple Atoh1-GFP newborn mice from more than 3 
litters (about 50- 100 newborn mice) using FACS. Briefly, P0 Atoh1- 
GFP back skins were collected and incubated for 4- 6 hours in 1.26U/
mL dispase (Invitrogen) at 4°C. The epidermis was then gently 
peeled from the underlying dermis, dissociated by 0.25% Trypsin 
with 1 mmol/L EDTA (Corning Cellgro; Manassas, Virginia, USA) and 
washed with 1x PBS. To collect glabrous skin, P0 Atoh1- GFP paws 
were collected and incubated in 1.26U/mL dispase (Invitrogen) and 
0.3% type 1 collagenase (Worthington) overnight at 4°C. The paw 
epidermis was then separated from the dermis, dissociated in 0.25% 
Trypsin with 1 mmol/L EDTA (Corning Cellgro; Manassas, Virginia, 
USA) for 15 minutes at 37°C and washed with 1x PBS.
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The cell suspension was stained in HBSS + 2%FBS with 1:100 
SCA1- PerCP- Cy5.5 (Biolegend) and 1:500 EPCAM- APC (Biolegend) 
for 20 minutes at room temperature and washed with 1x HBSS prior 
to cell sorting in HBSS with DAPI. IFE was sorted as ATOH1- GFP(−), 
EPCAM(+) and SCA1(+). Merkel cells were sorted as ATOH1- GFP(+), 
EPCAM(+) and SCA1(−). Note that alpha6 integrin was not used in the 
flow sorting scheme to isolate Merkel cells, but alpha6- integrin(+) 
cells were included in FACS purification of hair follicle cells.[13] All 
cell isolations were performed on a BD FACSAria II instrument 
(BD, Franklin Lakes, New Jersey, USA) in the Flow Cytometry Core 
Facility at ISMMS.

2.7 | RNA purification, RT- qPCR and library 
preparation

FACS- purified cells were collected directly into RLT Plus buffer 
(QIAGEN), and RNA was purified from these sorted cells with the 
RNeasy Plus Micro Kit (QIAGEN) according to manufacturer's in-
structions. To perform RT- qPCR, complimentary DNA was reverse- 
transcribed from total RNA using qScript cDNA SuperMix (Quanta 
Biosciences, Gaithersburg, Maryland, USA). Prior to library con-
struction, sample quality was measured using an Agilent Bioanalyzer. 
Only samples with RNA integrity numbers > 8 were used for library 
preparation. Briefly, 10 ng of RNA was first reverse- transcribed and 

amplified using the Ovation RNA- seq System V2 (Nugen). Libraries 
from 100 ng of sonicated cDNA (Covaris) were then constructed 
using the Ovation Ultra- Low DR Multiplex system (Nugen). All RNA 
libraries were sequenced on an Illumina HiSeq platform at GENEWIZ.

2.8 | RNA- Seq analysis and data visualization

RNA- seq reads were aligned to the mouse reference genome (mm10) 
using Tophat (v2.0.13).[14] The mouse gene models of Refgene were 
downloaded from the UCSC genome browser (genome.uscs.edu) 
on 13 March 2017. FPKM (fragments per kilobase of transcript 
per million mapped reads) values were generated using Cufflinks 
(v2.2.1).[15] Lowly expressed genes (mean FPKM values < 2) were 
excluded from differential expression analysis. For each gene, read 
counts were obtained using the counts feature in the subread pack-
age (v1.4.6).[16] Differentially expressed genes were identified with 
absolute fold change > 5 and adjusted P- value < 0.01 by DESeq2.[17] 
The sample PCA plot was generated using the plotPCA function in 
DESeq2 package after a variance stabilizing transformation of the 
count data by the variance Stabilizing Transformation function in 
DESeq2 package. The heatmap was generated using the heatmap.2 
function in gplots package with normalized counts from the DESeq2 
package scaled by row.

2.9 | Gene ontology enrichment analysis

Significantly over- represented functional categories were identified 
using DAVID Bioinformatics Resources 6.8.[18] Selected gene ontol-
ogy (GO) terms and KEGG pathways were considered significant 
with P values < 0.05 and are showed in Figure 4 and Table S1-S5.

2.10 | Data availability

RNA- seq data of back skin/paw glabrous skin Merkel cells and IFE 
at P0 were uploaded to the GEO database (GSE122598; this study). 
RNA- seq data of hair follicle cells at P0 were obtained from the 
previous publication[13] and in the GEO database (GSM3069360, 
GSM3069361 and GSM3069362). Additional data that support the 
findings of this study are available from the corresponding author 
upon request.

3  | RESULTS

3.1 | Merkel cells are formed at embryonic day 15.5 
in the glabrous paw skin

While Merkel cells in the back skin, which contains hair follicles, have 
been extensively studied, little is known about the development of 
Merkel cells in glabrous skin, which is devoid of hair follicles. To char-
acterize Merkel cell formation in glabrous skin, we used Atoh1-GFP 
mice, in which an enhanced green fluorescent protein (GFP) is fused 
to the 3′- end of the atonal homolog 1 gene (Atoh1).[19] We collected 
paws from Atoh1-GFP pups at embryonic day (E) 14.5, E15.5, E16.5 

F IGURE  1 Merkel cells are formed at embryonic day 15.5 in 
the glabrous paw skin. (A–D) Immunofluorescence analysis of early, 
intermediate and late Merkel cell differentiation markers ATOH1- 
GFP (green), KRT8 (red) and KRT20 (white), respectively, in the 
glabrous paw skin of Atoh1-GFP mice 14.5 (A), E15.5 (B), E16.5 (C) 
and P0 (D). White arrows indicate Merkel cells. White dotted lines 
indicate the edges of the tissue. Note that ATOH1- GFP(+) and 
KRT8(+) Merkel cells were first observed at E15.5, and KRT20(+) 
Merkel cells were first observed at E16.5. Scale = 50 μm in all 
panels

(A)

(B)

(C)

(D)
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and postnatal day (P) 0 and performed immunofluorescence analy-
ses of ATOH1- GFP and the keratin intermediate filaments 8 and 20 
(KRT8 and KRT20, respectively) that are expressed in more mature 
Merkel cells.[20,21] At E14.5, when Merkel cells were already formed 
inside of the hair placode of the back skin,[10,21] we could not detect 
any ATOH1- GFP(+), KRT8(+) or KRT20(+) Merkel cells in the mouse 
paw (Figure 1A). At E15.5, a few ATOH1- GFP(+) and KRT8(+) Merkel 
cells were observed in the mouse paw (Figure 1B). At E16.5, we de-
tected more cells positive for ATOH1- GFP and KRT8, as well as a few 
cells that were also positive for KRT20 (Figure 1C). At P0, the number 
of Merkel cells positive for ATOH1- GFP, KRT8 and KRT20 drastically 
increased (Figure 1D). Similar to in the back skin,[21] induction of ex-
pression of ATOH1, KRT8 and KRT20 markers was temporally regu-
lated in the glabrous paw skin as out of more than 200 Merkel cells 
analysed, no KRT20(+)/KRT8(−) cells were observed and only a small 
number of KRT8(+)/ATOH1- GFP(−) cells were detected (Figure S1A, 
B). Thus, similar to in the back skin, the formation of Merkel cells in 
the glabrous paw skin is a temporally regulated process, although the 
timing of the induction of Merkel cell formation in the glabrous paw 
skin occurs 1 day later compared to in the back skin.

3.2 | SOX9(+) cells do not give rise to Merkel cells 
in the glabrous paw skin at E14.5

In the back skin, we previously found that Merkel cells formed 
from SOX9(+) cells present in primary hair placodes.[10] Therefore, 
we sought to determine whether Merkel cells in glabrous skin are 
also formed from SOX9(+) cells. By performing immunofluorescence 
studies at previously examined time points E14.5- E16.5 and P0, we 
observed in the glabrous paw skin that Merkel cells were not near 
SOX9(+) cells (Figure 2A- D), suggesting that SOX9(+) cells may not 
be a common precursor cell population for Merkel cells in all of the 
different regions of the body.

To test this hypothesis, we used Sox9-CreER; R26-mT/mG mice 
to fate map cells originating from SOX9(+) cells. We treated em-
bryos with tamoxifen at E13.5- E14.5, when Merkel cells had not 
yet been specified, and collected paws and back skins at E17.5 
(Figure 2E). Immunofluorescence analysis showed that GFP stain-
ing was found in approximately 85% of KRT8(+) Merkel cells in the 
back skin (Figure 2F, G), which is consistent with our previous re-
port that showed that Merkel cells originate from SOX9(+) precursor 
cells in the back skin.[10] In contrast, KRT8(+) Merkel cells were not 
GFP(+) in the glabrous paw skin (Figure 2H, I; Figure S1C). In fact, 
GFP(+) cells were negative for E- Cadherin, a marker of epithelial cells 
(Figure S1D). These fate- mapping studies show that at E14.5, when 
SOX9(+) cells give rise to Merkel cells in the back skin, SOX9(+) cells 
do not give rise to Merkel cells in the glabrous paw skin.

3.3 | Differential requirement of SHH for Merkel 
cell formation in the back and glabrous paw skin

In the back skin, Merkel cells are located around primary hair fol-
licles and during development originate from SOX9(+) cells located 

in developing hair follicles.[9,10] In contrast, our data showed that 
Merkel cells in the glabrous paw skin do not originate from SOX9(+) 
cells. We therefore tested whether the formation of Merkel cells in 
the back and glabrous skin is similarly affected in mouse mutants 
with impaired hair follicle formation and loss of SOX9(+) cells. SHH 
and Smoothened (SMO), two critical factors of the SHH signalling 
pathway, are essential for hair follicle formation and specification of 

F IGURE  2 During embryogenesis, SOX9(+) cells do not give 
rise to Merkel cells in the glabrous paw skin at E14.5. (A–D) 
Immunofluorescence analysis of SOX9 (red), Merkel cell markers 
ATOH1- GFP (green) and KRT8 (white) at E14.5 (A), E15.5 (B), E16.5 
(C) and at P0 (D) in the glabrous paw skin of Atoh1-GFP mice. White 
dotted lines indicate the edges of the tissue. Note that ATOH1- 
GFP(+) and KRT8(+) Merkel cells do not overlap with SOX9(+) cells. 
(E) Experimental design for Sox9-CreER; mT/mG lineage- tracing 
experiment. (F) Sox9-CreER; mT/mG lineage tracing in the back skin. 
White arrows point to Merkel cells; arrow heads point to SOX9- 
traced cells. SOX9- traced cells are GFP(+) (green). KRT8(+) Merkel 
cells are stained in red. Note the overlap between SOX9 progenies 
and KRT8 staining. (G) Quantification of Merkel cells positive for 
KRT8 and GFP in Sox9-CreER; mT/mG back skin sections at E17. 
n = 6. Data are presented as a percentage of the total 401 cells 
quantified. The bar graph shows the percentage of KRT8(+) cells, 
which are co- labelled with GFP (blue) or not co- labelled with GFP 
(orange). (H) Sox9-CreER; mT/mG lineage tracing in the glabrous paw 
skin. White arrows point to Merkel cells; white arrow heads point 
to SOX9- traced cells. SOX9- traced cells are GFP(+) (green). KRT8(+) 
Merkel cells are stained in red. Right side panels show separated 
colour channels. (I). Quantification of Merkel cells positive for KRT8 
and GFP in Sox9-CreER; mT/mG glabrous paw skin sections at E17. 
n = 6. Data are presented as percentages of the total 325 cells 
quantified. The bar graph shows the percentage of KRT8(+) cells 
that are co- labelled with GFP (blue) or not co- labelled with GFP 
(orange). White dotted lines indicate the edges of the tissue. Scale 
bar is 50 μm in (A- D), (F) and (H)

(A)

(E)

(F)
(G)

(H)
(I)

(B) (C) (D)
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SOX9(+) cells.[22,23] In mouse mutants that lack Shh or Smo genes in 
the skin epithelium, Merkel cells are not formed in the back skin.[22,23] 
However, in the glabrous paw skin, loss of Shh or Smo had much less 
of an effect on Merkel cell formation as these cells were still formed, 
and their total count was only slightly reduced, compared to con-
trol[23] (Table 1). This lesser effect on Merkel cell formation was also 
found in the glabrous paw skin when coupling the loss of Smo with 
the loss of EED, a component of the Polycomb repressive complex 
(PRC) 2 that temporally restricts Merkel cell formation.[23,24] Loss of 
EED leads to an ectopic expansion of Merkel cells in both the back 
and glabrous paw skin.[23,24] Concurrent loss of EED and Smo in the 
skin epithelium depleted Merkel cells in the back skin; however, it 
leads to a slight increase in the number of Merkel cells in the gla-
brous paw skin[23] (Table 1).

These observations encouraged us to test whether SHH- 
responding cells, known to serve as Merkel cell precursors in the 
back skin,[22] are also the precursors of Merkel cells in glabrous skin. 
By performing lineage- tracing experiments using Gli1-CreER, mT/mG 
reporter mice, we demonstrated that at E14.5, GLI1(+) cells do not 
give rise to Merkel cells in the glabrous paw skin (Figure S2A- C). In 
fact, GFP(+) cells were negative for E- cadherin, suggesting that they 
are not of epithelial origin (Figure S2D). Thus, during development, 
SHH signalling is important for Merkel cell formation in the back skin 
but to a lesser extent in the glabrous paw skin. Together, these re-
sults show that in the back skin, SHH signalling is required for hair 
follicle formation, SOX9(+) cell specification and Merkel cell devel-
opment; however, in the glabrous paw skin, SHH signalling makes 
minor contributions to Merkel cell development.

3.4 | Transcriptome profiles of Merkel cells isolated 
from the back and glabrous paw skin are similar

To look further into the mechanisms of Merkel cell formation, we 
performed transcriptional profiling of Merkel cells isolated from the 
back and glabrous skin regions. By performing FACS, we purified 
Merkel cells from the back and glabrous paw skins of P0 Atoh1-GFP 
mice and collected IFE cells from corresponding regions. We next 
isolated total RNAs from these FACS- purified cells and subjected 
them to high- throughput RNA sequencing (RNA- seq). We also in-
cluded in the analysis hair follicle cells from the back skin for com-
parative reference purposes.[13] Principal component analysis (PCA) 
of the top 5000 most variable genes (across all samples) showed that 

Merkel cell populations from back and glabrous paw skins clustered 
near each other but away from the epidermal and hair follicle popu-
lations (Figure 3A). Hierarchical clustering of the significantly dif-
ferentially expressed genes between Merkel cells and IFE cells also 
showed that Merkel cell populations from the back skin and glabrous 
skin clustered together and that they are distinct from the epidermis 
and hair follicle cells (Figure 3B). It should be noted that since the 

TABLE  1 Table of genes encoding for the critical regulator of Merkel cell formation in the back skin but not in the glabrous paw skin

Gene symbol(s)
Mouse models used to study the gene 
loss of function effects Merkel cell phenotype in the back skin

Merkel cell phenotype in the 
glabrous skin

Shh ShhEGFPcre/EGFPcre 
Krt14-Cre; Shhflox/flox

Merkel cells are not formed (Perdigoto 
et al., 2016; Xiao et al., 2016)

Reduced number of Merkel 
cells (Perdigoto et al., 2016)

Smo Krt14-Cre; Smoflox/flox 
Krt5-tTA; TRE-Cre; Smoflox/flox

Merkel cells are not formed (Perdigoto 
et al., 2016; Xiao et al., 2016)

Reduced number of Merkel 
cells (Perdigoto et al., 2016)

Eed, Smo Krt14-Cre; Eedflox/flox; Smoflox/flox Reduced number of Merkel cells (Perdigoto 
et al., 2016)

Increased number of Merkel 
cells (Perdigoto et al., 2016)

F IGURE  3 RNA- seq transcriptional profiling of Merkel cells 
isolated from back and glabrous paw skins revealed common core 
Merkel cell genes. (A) Principal component analysis based on the 
top 5000 most variable genes in the back skin and the glabrous paw 
skin. (B) Hierarchical clustering of the significantly differentially 
expressed genes between Merkel cells and IFE in either the back 
skin or glabrous paw skin (Figure S3), indicating distinct clusters of 
genes with either shared or unique gene expression in all isolated 
skin cell types. (C) List of core Merkel cell genes. Selected signature 
genes from the 514 genes that were commonly upregulated in 
Merkel cells of back and the glabrous paw skin regions, compared 
to IFE of the corresponding skin region and selected by these 
criteria, FPKM > 2, fold change > 5 and adjusted P- value < 0.01, 
are organized according to functional categories. (D) Differential 
expression analysis of genes expressed in Merkel cells in the 
glabrous paw skin vs. the back skin. Genes with mean FPKM > 2, 
absolute fold change > 2 and adjust P- value < 0.01 were considered 
as differentially expressed genes
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RNA- seq data of purified hair follicle cell populations are obtained 
from a previous study,[13] there could be a batch effect in the PCA 
and hierarchical clustering analysis.

Seeking to determine which genes are specifically expressed 
in the back skin and glabrous skin, we first identified 1151 genes 
that were significantly upregulated in Merkel cells in the back skin 
compared to adjacent IFE cells and 753 genes that were significantly 
upregulated in Merkel cells in the glabrous paw skin compared to 
adjacent IFE cells, by fold change > 5 and adjusted P- value < 0.01 
(Figure S3, Table S1 and Table S2). By performing KEGG pathway 
analysis of genes enriched in Merkel cells of the back skin and the 
glabrous paw skin, we observed common enrichment for genes of 
the cholinergic synapse, synaptic vesicle cycle and MAPK signalling 
pathways (Table S1 and Table S2). Gene ontology (GO) term analysis 
also showed similar enrichment for genes of ion transport, nervous 
system development and synaptic transmission in both back skin and 
glabrous paw skin Merkel cell populations (Table S1 and Table S2).

In line with our PCA and hierarchical clustering analyses which 
showed similarity in the Merkel cell populations of the back skin and 
glabrous paw skin, we observed a large overlap between upregu-
lated genes in Merkel cells in the back and glabrous paw skins, in 
comparison to their corresponding IFE. We identified 514 upregu-
lated genes in common and classified them as core Merkel cell genes 
(Figure 3C and Table S3). Among them were Atoh1, Isl1, Sox2, Krt20 
and Piezo2, genes with known roles in Merkel cells of the back and 
glabrous skin[19,21,25–27] (Figure 3C and Table 2).

We next performed differential expression analysis between 
Merkel cells in the glabrous paw skin and those in the back skin using 
FDR < 0.01 and fold change cut- off > 2. The analysis showed 198 
genes that were more highly expressed in glabrous paw skin Merkel 
cells and 168 genes that were more highly expressed in back skin 
Merkel cells, out of more than 11 000 genes expressed in these cells 
(Figure 3D; Table S4 and S5). We also observed expression of Hox 
family genes, exclusive to the back skin or glabrous paw skin. Among 
these were Hoxb3, Hoxb7 and Hoxb5 in back skin Merkel cells and 
Hoxc9 and Hoxc10 in glabrous paw skin Merkel cells. Additionally, 
KEGG pathway and GO term analyses of genes expressed higher in 

glabrous paw skin Merkel cells showed enrichment of genes pertain-
ing to focal adhesion, cell division and cell cycle pathways (Table S5), 
while genes expressed higher in back skin Merkel cells showed en-
richment of genes pertaining to focal adhesion and cell adhesion 
pathways (Table S4). We did not observe any enrichment for the 
SHH signalling pathway or its components, which could explain the 
differing requirement of SHH signalling of Merkel cell formation in 
the glabrous paw skin and the back skin. Together, this result sug-
gests that Merkel cells in the glabrous paw skin and back skin are 
very similar, and differences in gene expression between these two 
populations are likely due to their distinct localizations within the 
body such as Hox genes.

3.5 | FGFR2 is critical for Merkel cell formation in 
both back and glabrous paw skin

As described above, KEGG pathway analysis of Merkel cell core 
genes revealed enrichment for genes of MAPK signalling pathways 
(Figure 4A and Table S3). Interestingly, we recently reported that 
FGFR2- mediated signalling is required for Merkel cell specifica-
tion in the back skin,[10] and it is known that the MAPK signalling 
pathway is a downstream effector of FGFR2- mediated signal-
ling.[28] To test whether FGFR2 signalling also controls Merkel cell 
formation in the glabrous paw skin, we analysed Fgfr2 cKO mice 
in which Fgfr2 is conditionally ablated in the skin epithelium.[10] 
Immunofluorescence analysis of mouse glabrous paw skin con-
firmed the loss of FGFR2 in P0 Fgfr2 cKO mice compared to con-
trol (Figure 4B) and revealed significant reductions in the numbers 
of KRT8(+) and KRT20(+) Merkel cells (Figure 4C- E). Thus, FGFR2- 
mediated signalling is required for Merkel cell formation in both 
back and glabrous paw skin.

4  | DISCUSSION

Merkel cells are important epidermal mechanoreceptors involved 
in tactile recognition of shapes and textures of objects.[4,29] In the 

TABLE  2 Table of genes encoding critical regulators of Merkel cell formation in both the back skin and the glabrous paw skin

Gene symbol(s)
Mouse models used to study the gene 
loss of function effects Merkel cell phenotype in the back skin

Merkel cell phenotype in the 
glabrous skin

Atoh1 Hoxb1Cre; Atoh1flox/floxKrt14-Cre; 
Atoh1flox/flox

Merkel cells are not formed (Maricich et al., 
2009; Perdigoto et al., 2014; Van 
Keymeulen et al., 2009)

Merkel cells are not formed 
(Maricich et al., 2009; Van 
Keymeulen et al., 2009)

Sox2 Krt14-Cre; Sox2flox/flox Reduced number of Merkel cells (Lesko 
et al., 2013; Bardot et al., 2013)

Reduced number of Merkel cells 
(Bardot et al., 2013)

Ezh1/2 Krt14-Cre; Ezh1/2flox/flox Increased number of Merkel cells (Bardot 
et al., 2013)

Increased number of Merkel cells 
(Bardot et al., 2013)

Eed Krt14-Cre; Eedflox/flox Increased number of Merkel cells (Dauber 
et al., 2016; Perdigoto et al., 2016)

Increased number of Merkel cells 
(Dauber et al., 2016; Perdigoto 
et al., 2016)

Suz12 Krt14-Cre; Suz12flox/flox Increased number of Merkel cells (Dauber 
et al., 2016)

Increased number of Merkel cells 
(Dauber et al., 2016)
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body, Merkel cells are innervated by afferent neurons and located 
in touch- sensitive areas, which in mice are located on their back 
skin, whisker pads and footpads. Merkel cells in the back skin are 
located in touch domes around primary hair follicles and are in-
nervated by two types of neurofilament fibres, NFH+/TrkC+ and 
Ret+/TrkA+ fibres.[30] In contrast to in the back skin, Merkel cells 
in the glabrous paw skin are mainly innervated by NFH+/TrkC+ 
fibres.[30]

The majority of studies on Merkel cells have been done on the 
murine back skin. Our recent study revealed that Merkel cells within 
the back skin arise from SOX9(+) precursors located in hair plac-
odes.[10] In contrast, there is little understanding of the mechanisms 
that control Merkel cell formation in areas of the skin devoid of hair, 
such as the glabrous paw skin.

In this paper, we performed a comparative analysis of Merkel 
cells located in the back skin and the glabrous paw skin. Our study 
shows that in the glabrous paw skin, the formation of Merkel cells 
occurs one day later than it does in the back skin, but it follows 
the same maturation process characterized by progressive ex-
pression of early (Atoh1), mid (Krt8) and late (Krt20) differentiation 
markers.[21]

We performed transcriptional profiling of Merkel cells isolated 
from back and glabrous paw skins of newborn mice and identified 
that these cells share similar transcriptomes. Consistent with previ-
ous studies, among commonly expressed genes were transcription 
factors Atoh1 and Sox2,[31,32] which have been shown to be essential 

for Merkel cell formation in glabrous and back skin.[19,21,26,27] In epi-
dermal progenitors, Atoh1 and Sox2 are regulated by the epigene-
tic repressor PRC2. The loss of PRC2 by knocking out their critical 
components Ezh1/2, Eed or Suz12 in the skin epithelium leads to ac-
tivation of Atoh1 and Sox2 expression, which results in the forma-
tion of ectopic Merkel cells.[23,26] As in the back skin, we observed 
a similar phenotype in the glabrous paw PRC2- null skin epithe-
lium.[23,24,26] To gain further insight into the general regulators of 
Merkel cell control, we performed KEGG pathway analysis of com-
monly upregulated genes and identified enrichment for genes in 
the MAPK signalling pathway. One of the pathways that activates 
the MAPK kinase cascade is the FGF signalling pathway.[28] As our 
recent study shows that FGFR2 is critical for Merkel cell formation 
in the back skin,[10] we thus examined FGFR2's role in the glabrous 
paw skin and demonstrated that the loss of Fgfr2 leads to a drastic 
decrease in the number of Merkel cells, highlighting a general re-
quirement for the FGFR2 signalling pathway in Merkel cell forma-
tion. Thus, Merkel cells in newborn back skin and glabrous paw skin 
are similar and share some common regulators that control Merkel 
cell formation.

Our studies also uncover the differences between Merkel cell 
development in both back and glabrous skin. Although SOX9(+) cells 
were recently shown to give rise to Merkel cells in the back skin at 
E14.5,[10] our fate- mapping experiments showed that SOX9(+) cells 
do not give rise to Merkel cell in the glabrous paw skin at a similar 
time point. Furthermore, we found that SHH signalling, which is es-
sential for Merkel cell formation in the back skin,[22,23] is important 
but has minor roles in Merkel cell development in the glabrous skin.

How can we reconcile between these differences? In the back 
skin, SHH signalling is essential for proper hair follicle development, 
including SOX9(+) cell specification.[22,23] Because glabrous skin 
lacks hair follicles, the mechanisms regulating Merkel cell formation 
through control of hair follicle development should have no effect 
on Merkel cell formation in this region. Because SOX9(+) cells do not 
give rise to Merkel cells in the glabrous paw skin, there could be a 
different precursor population in this region. Alternatively, the back 
and glabrous paw skins might share a common Merkel cell progenitor 
population, with SOX9 expression within this progenitor population 
occurring only in the back skin. In support of the latter hypothe-
sis, previous studies have shown that the loss of Sox9 in the skin 
epithelium does not affect Merkel cell formation in the back skin, 
suggesting that even in this region, SOX9 is not required for Merkel 
cell development and serves simply as a marker.[10] Future work on 
uncovering a population of Merkel cell precursors in glabrous skin 
will reconcile these possibilities.

Future studies on the morphogenesis of Merkel cells are import-
ant not only for our understanding of the biology of the skin as a 
sensory organ but also for uncovering processes that lead to human 
pathologies. Hyper-  or hypo- sensitivity to touch have long been 
reported in patients with diabetes, inflammation or autism.[33–36] 
Recent studies have shown that Merkel cells can inhibit allokne-
sis, a disease state where mechanical light touch stimuli provoke 
itching.[37] Finally, these discoveries might help us uncover which 

F IGURE  4 FGFR2 is critical for Merkel cell formation in the 
glabrous paw skin. (A) KEGG pathway analysis of Merkel cell 
core genes from the back skin and glabrous paw skin. Selected 
KEGG terms are in red. The size of a circle indicates the number 
of genes in a KEGG term. (B) Immunofluorescence analysis of a 
Merkel cell marker KRT8 (green) and FGFR2 (red) in P0 control and 
Fgfr2 cKO glabrous paw skin. Note that FGFR2 (red) is completely 
gone in P0 Fgfr2 cKO. (C) Immunofluorescence analysis of Merkel 
cell markers KRT20 (green) and KRT8 (red) in P0 control and 
P0 Fgfr2 cKO glabrous paw skin. (D). Quantification of KRT8 (+) 
Merkel cells in P0 control and P0 Fgfr2 cKO, P < 0.0001, n = 4. (E). 
Quantification of KRT20(+) Merkel cells in P0 control and P0 Fgfr2 
cKO, P < 0.0001, n = 4. White dotted lines indicate the edges of 
the tissue. Scale = 50 μm in (B) and (C). The data presented in box 
plots (D, E) show the median with 25th and 75th percentile borders. 
Whiskers extend from minimum to maximum. ***P < 0.001 (per 
Mann- Whitney test)

(A)

(C) (D) (E)

(B)
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mechanisms control Merkel cell carcinoma, a deadly skin disease 
with no effective treatment.[38–41]
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Dasiel O. Borroto-Escuela, Manuel Narvaez, Martina Zannoni, 
Chiara Contri, Minerva Crespo-Ramírez, Michael di Palma, 
Patrizia Ambrogini, Daily Y. Borroto-Escuela, Ismel Brito,  
Mariana Pita- Rodríguez, Ismael Valladolid-Acebes,  
Miguel Pérez de la Mora, and Kjell Fuxe

Abstract

The isolation and characterization of GPCR heteroreceptor complexes, specially those present at the 
 central nervous system, are of crucial relevance for the understanding of the molecular mechanisms behind 
several mental and neurodegenerative disorders. The existence of homo- and heteroreceptor complexes 
with allosteric receptor-receptor interactions increases the diversity of receptor function including 
 recognition, trafficking, and signaling. This phenomenon increases our understanding of how brain 
 function is altered through molecular integration of receptor signals. An alteration in specific  heteroreceptor 
complexes or their neuronal localization is considered to have a role in the pathogenic mechanisms that 
lead to mental and neurological diseases, including drug addiction, depression, Parkinson’s disease, and 
schizophrenia. Therefore, it is fundamental to understand the appropriate localization and synaptic 
 clustering of these GPCR heteroreceptor complexes. This chapter represents a workflow for the analysis of 
GPCR heteroreceptor complexes by means of combined use of differential centrifugation/ co-
immunoprecipitation in rat brain tissue. The combination of differential centrifugation/ co-
immunoprecipitation allows the separation and detection of GPCR heteroreceptor complexes present at 
synaptic sites from those found in intracellular compartments and vesicular pools. It is a reproducible 
protocol and produces reliable quantitative data.

Key words G protein-coupled receptors (GPCRs), GPCR heteroreceptor complexes, Receptor- receptor 
interactions, Heterodimerization, Co-immunoprecipitation, Subcellular, Synaptic membrane protein, 
Ultracentrifugation
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1 Introduction

Mental and neurological diseases, including drug addiction, depres-
sion, Parkinson’s disease, and schizophrenia, are highly complex in 
their etiology. It is not surprising that the underlying pathological 
processes are poorly understood, and treatment  possibilities are 
inadequate. One emerging concept is that direct physical interac-
tions of different receptors named homo−/heteroreceptor com-
plexes may be involved with disease onset and progression [1–3]. 
Among all membrane receptor  complexes, the G protein- coupled 
receptors (GPCR)  heteroreceptor complexes are of special rele-
vance [4–8].

In the last decades, GPCR heteroreceptor complexes were 
demonstrated through diverse biophysical, biochemical, or 
microscopy- based procedures (e.g., co-immunolocalization, co-
immunoprecipitation, radioligand binding, co-internalization 
analysis, fluorescence resonance energy transfer (FRET) or 
 bioluminescence resonance energy transfer (BRET) methods) [9–
11]. Each methodology used has provided precise and valuable 
information which was considered with caution in view of the 
 limitations of the techniques. Some controversy regarding some 
approaches also emerged [12, 13].

In this chapter, we will describe how the combined use of brain 
tissue subcellular fractionation procedure and co-immunoprecipi-
tation method may make it possible in a highly selective and sensi-
tive assay to study and characterize also the GPCR homo- and 
heteroreceptor complexes, specially their  existence and distribu-
tion within a subcellular compartment. Although the combined 
procedures of brain tissue subcellular  fractionation by differential 
centrifugation and  co-immunoprecipitation require a great deal of 
optimization and troubleshooting, in most cases the method allows 
the study of the synaptic clustering of GPCR heteroreceptor com-
plexes in a fine-tuning manner.

2 Materials

3- to 4-week-old male Sprague Dawley rats (Scanbur, Sweden). All 
studies involving animals are performed in accordance with the 
Stockholm North Committee on Ethics of Animal Experimentation, 
the Swedish National Board for Laboratory Animal, and the 
European Communities Council Directive (Cons 123/2006/3) 
guidelines for accommodation and care of laboratory animals. 
Thus, animals are housed in standard cages with ad libitum access 
to food and water and maintained under controlled standard 
 conditions (12 h dark/light cycle, 22 °C temperature, and 66% 
humidity).

2.1 Animals
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Protein A-immobilized agarose fast flow, 50% (v/v) (Sigma-
Aldrich); TrueBlot™ anti-mouse IgG IP resin (eBioscience); 
Protease Inhibitor Cocktail Set III (Millipore), phosphatase 
 inhibitors (aprotinin, β-glycerophosphate, pefabloc, leupeptin); 
acrylamide/bis-acrylamide (30%/0.8% w/v) (Bio-Rad); 
 ammonium persulfate (APS) (Sigma-Aldrich); tetramethylethyl-
enediamine (TEMED) (Sigma-Aldrich), sodium dodecyl sulfate 
(SDS) (Sigma- Aldrich); methanol 99.8% (Pancreac Química SL, 
Barcelona, Spain); Precision Plus Protein Standards (Bio-Rad); 
Tween 20 (Sigma-Aldrich); nonfat dry milk or bovine serum 
 albumin (BSA) or commercial blocking buffer (e.g., Odyssey 
blocking buffer from LI-COR Biosciences, cat. nr. 927–40,000); 
SuperSignal West Pico Chemiluminescent Substrate (Thermo 
Fisher Scientific Inc.); BCA Protein Assay Kit (Pierce 
Biotechnology). Antibodies specific for subcellular fractions: e.g., 
anti-synaptophysin (Chemicon) or anti- VAMP (Stressgen) for 
 synaptic vesicles, anti-Na+/K+-ATPase (Transduction Laboratories) 
for plasma membranes, and anti- Lactate Dehydrogenase (anti-
LDH, Abcam) for cytosol. Primary antibodies: rabbit monoclonal 
anti-5HT1A (vtg544, 1 μg/mL, VTG Biosciences), goat 
 monoclonal anti-5HT1A (ab101914, 1:500, Abcam, Sweden), 
rabbit monoclonal anti-5HT2A (HPA014011, 1 μg/mL; Human 
Atlas Project, Stockholm, Sweden), and goat monoclonal anti-
5HT2A (ab140824, 1:500, Abcam, Sweden). Secondary  antibodies: 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
(Thermo Fisher Scientific) and HRP-conjugated anti-mouse IgG 
TrueBlot™ (eBioscience).

 1. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 
1.4 mM KH2PO4, 17 mM Na2HPO4, pH 7.2.

 2. Percoll gradients: To create a discontinuous gradient, carefully 
layer 2 mL of each Percoll solution in an 11 mL (16 × 100 mm) 
polycarbonate high-speed centrifuge tube, starting with 23% at 
the bottom. Prepare gradients on the day of or the day before 
the experiment, and keep at 4 °C until use. 23% Percoll: 12 mL 
100% Percoll and 14 mL H2O in 26 mL 2× sucrose buffer. 
Adjust solutions to pH 7.4 and store up to 5 days at 4 °C. 15% 
Percoll. 30 mL 23% Percoll in 16 mL 1× sucrose buffer. Adjust 
solutions to pH 7.4 and store up to 5 days at 4 °C. 10% Percoll: 
20 mL 15% Percoll in 10 mL 1× sucrose buffer. Adjust solu-
tions to pH 7.4 and store up to 5 days at 4 °C. 3% Percoll: 
6 mL 10% Percoll in 14 mL 1× sucrose  buffer. Adjust solutions 
to pH 7.4 and store up to 5 days at 4 °C.

 3. Sucrose gradients in thin-walled ultracentrifuge tubes (ultra-
clear tubes, 38.5 mL capacity, 25 × 89 mm). 7 mL 1.2 M 
sucrose. 6 mL 1.0 M sucrose. 6 mL 0.8 M sucrose. 6 mL 
0.6 M sucrose. 6 mL 0.4 M sucrose. Prepare sucrose solutions 

2.2 Reagents

2.3 Buffers
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individually in Medium L, and store up to 5 days at 4 °C. On 
the day of experiment, layer solutions on top of each other in a 
thin-walled 38.5 mL, 25 × 89 mm ultracentrifuge tube, start-
ing with 1.2 M at the bottom. Keep at 4 °C until use.

 4. Wash buffer: 6.142 mL 2 M NaCl (122 mM final). 500 μL 
1 M KCl (5 mM final). 460 μL 0.25 M NaH2PO4 (1.15 mM 
final). 4 mL 0.5 M PIPES (20 mM final). 0.1 g D-(+)-glucose 
(1 mg/mL final). 100 mL H2O. Adjust to pH 6.8. Prepare 
fresh on the day of use and keep at 4 °C.

 5. Hypoosmotic Medium L. 0.174 g K2HPO4 (1 mM final). 2 mL 
0.5 M EDTA (0.1 mM final). 1 L H2O. Adjust to pH 8.0. 
Store up to several months at 4 °C.

 6. Radioimmunoprecipitation assay (RIPA) lysis buffer: 50 mM 
Tris–HCl, pH 7.4, 100 mM NaCl, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.2% SDS, and 1 mM EDTA.

 7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) sample buffer: 125 mM Tris–HCl, pH 6.8, 4% SDS, 
20% glycerol, 0.004% bromophenol blue, and freshly prepared 
50 mM dithiothreitol (DTT).

 8. Urea sample buffer: 375 mM Tris–HCl, pH 6.8, 8 M Urea, 
50 mM DTT, 2% SDS, 0.004% bromophenol blue.

 9. Glycine buffer: 0.1–0.2 M glycine, pH 2.0–3.0.
 10. Electrophoresis buffer: 25 mM Tris base, pH 8.0, 380 mM 

Glycine, 0.1% SDS.
 11. Anode buffer: 300 mM Tris base, 20% methanol.
 12. Cathode buffer: 40 mM 6-Aminocaproic acid, 20% methanol.
 13. IB blocking solution: PBS containing 0.05% Tween 20 and 5% 

(w/v). You can also use the commercial blocking buffer (e.g., 
Odyssey blocking buffer from LI-COR Biosciences, cat. nr. 
927-40000).

 14. Immunoblot (IB) washing solution: PBS containing 0.05% 
Tween 20.

 1. Rat guillotine.
 2. Surgical tools for isolation of the cortex.
 3. 25 and 55 mL Potter-Elvehjem homogenizers (Teflon glass).
 4. High-speed centrifuge (e.g., Sorvall RC-5C with SS-34 rotor 

and adaptors for eight 16 × 100 mm tubes).
 5. 50 mL (29 × 102 mm) polycarbonate high-speed centrifuge tubes.
 6. Ultracentrifuge capable of 100,000 × g with swinging-bucket 

rotor (e.g., Beckman SW 28) and 31 mL, 25 × 89 mm, thick-
walled polycarbonate ultracentrifuge tubes.

2.3.1 Instrumentation, 
Equipment, and Software
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 7. Fixed angle rotor (e.g., Beckman 70.1 Ti or 50 Ti) with 
10 mL, 16 × 76 mm thick-walled polycarbonate  ultracentrifuge 
tubes.

 8. 10,000 MWCO dialysis membranes.
 9. Centriprep 10 centrifugal concentrations (Millipore).
 10. Mini-PROTEAN casting frame (Bio-Rad).
 11. Immobilon-P transfer membrane (pore 0.45 μm, Millipore).
 12. Extra thick blot paper, filter paper (Bio-Rad).
 13. Western blot equipment (Bio-Rad).
 14. Proper detection equipment, for instance, for Kodak Image 

Station 440 CF from Kodak for HRP-coupled antibodies and 
Odyssey from LI-COR Biosciences for infrared dye-coupled 
antibodies.

3 Methods

 1. Sacrifice 4–8 rats weighting 200–250 g under ether anesthesia 
by decapitation with a guillotine. Remove carefully the brains 
and place in ice-cold 1× sucrose buffer.

 2. Dissect quickly the brain area of interest (e.g., hippocampus, 
raphe nucleus, striatum (dorsal and ventral components)). 
Pools 4–8 are of interest together, and place in 9 mL ice-cold 
1× sucrose buffer containing the Protease Inhibitor Cocktail.

 3. Homogenize with the polytron for four periods of 20 s each.
 4. Centrifuge the homogenate for 10 min at 1000 × g (3000 rpm 

in an SS-34 rotor) at 4 °C to remove the nucleus and tissue 
debris.

 5. Recover the supernatant containing the membrane extracts, 
and carefully load 2 mL supernatant onto each of four Percoll 
gradients. Centrifuge gradients for exactly 5 min at 32,500 × g 
(17,250 rpm in an SS-34 rotor), 4 °C. Alternatively, the 
 supernatant may be loaded onto a discontinuous sucrose 
 gradient consisting of 1.2/1.0/0.8 M sucrose layers and 
 centrifuged for 20 min at 48,200 × g.

 6. Collect synaptosomes from the interface at 15%/23% using a 
Pasteur pipet. In this case, the synaptosome fraction will be 
collected from a discontinuous sucrose gradient consisting of 
1.2/1.0/0.8 M sucrose; the synaptosomes will be collected 
from the interface between the 1.2 and 1.0 M sucrose layers. 
Synaptosomes are visible as a cloud of material concentrated at 
the bottom interface (15%/23% for Percoll or 1.2/1.0 M for 
sucrose). Use a separate Pasteur pipet to remove upper layers 
before collecting the synaptosome layer.

3.1 Synaptosomes 
Preparation (Fig. 1)
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 7. Transfer the synaptosomes to a 50 mL polycarbonate centri-
fuge tube, and add 30 mL chilled wash buffer. Centrifuge 
15 min at 15,000 × g (11,000 rpm in an SS-34 rotor), 4 °C.

 8. Carefully discard the supernatant, and use immediately the 
synaptosomes pellet for fractionation (see below) or 
 alternatively frozen down in liquid nitrogen and stored at 
−80 °C until use.

 9. Determine the total protein content of each pellet (synapto-
somes) by means of the BCA Protein Assay Kit (Pierce, USA). 
Adjust all membrane extracts to the same final concentration, 
normally between 1 and 2 mg/mL in wash buffer containing 
the Protease Inhibitor Cocktail.

 1. Resuspend the synaptosomes pellet (Step 8) in 12–15 mL ice- 
cold hypoosmotic Medium L. Save a 0.5 mL aliquot of this 
synaptosomal suspension for validation of the fractionation 
procedure.

3.2 Fractionate 
Synaptosomes (Fig. 1)

Fig. 1 Illustration of the flow chart for synaptosomes preparation and co-immunoprecipiation (Co-IP) experi-
ment which is done using these fractions. The method is represented step by step. It includes the brain region 
dissection, the synaptosomes isolation, and the subcellular fraction of the synaptosomes samples by differen-
tial centrifugation and the co-immunoprecipitation, electrophoresis, and Western blot. Each of these steps is 
described in more details in the corresponding method section
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 2. Homogenize with the polytron for three periods of 10 s each, 
and then incubate suspension on ice for 15 min.

 3. Repeat homogenization once more, then adjust pH to 8.0 
with 1 M KOH, and incubate homogenized synaptosomal sus-
pension on ice for another 45 min.

 4. Layer, as much as you need, 5 mL synaptosomal suspension 
onto 5 mL of 1.0 M sucrose in Medium L in a 31 mL thick- 
walled polycarbonate ultracentrifuge tube.

 5. Centrifuge 30 min at 96,300 × g (27,000 rpm in an SW 28 
rotor), 0° to 4 °C. Collect the supernatant in fresh 31 mL 
ultracentrifuge tubes. Discard the pellet, which contain the 
crude synaptosomal mitochondrial fraction.

 6. Cover the supernatant tubes with Parafilm and gently mix by 
inverting. Centrifuge 14 h at 25,000 × g (14,000 rpm in an 
SW 28 rotor), 4 °C. Collect the pellet on ice and discard the 
supernatant (cytosolic fraction).

 7. Resuspend the pellet from Step 6 in Medium L (1.0–4.0 mL). 
Layer 5 mL of suspension onto separate sucrose gradients pre-
pared in 38.5 mL thin-walled ultracentrifuge tubes. Mark 
phase interfaces on the tubes to facilitate recognition of the 
desired fractions after centrifugation.

 8. Centrifuge sucrose gradients 90 min at 68,000 × g (23,000 rpm 
in an SW 28 rotor), 0° to 4 °C. Collect each fraction carefully 
with a Pasteur pipet. The synaptic vesicle fraction is located 
above the 0.4 M sucrose layer. The fraction enriched with the 
presynaptic plasma membrane proteins is located at the phase 
interfaces between 0.6/0.8, 0.8/1.0, and 1.0/1.2 M sucrose. 
The 0.8/1.0 M interface usually contains the purest plasma 
membrane fraction.

 9. Transfer each fraction to a thick-walled 10 mL ultracentrifuge 
tube. Add Medium L to fill 3/4 of each tube. Centrifuge 
45 min at 106,500 × g (40,000 rpm in 50 Ti rotor), 0° to 
4 °C.

 10. Collect each pellet, and resuspend in 0.5–1 mL of 20 mM 
Tris·Cl, pH 7.4, containing protease inhibitors. Store in 
50–100 μL aliquots for up to several years at −20 °C.

 11. Determine the total protein content of each synaptosomes 
fraction by means of the BCA Protein Assay Kit (Pierce, USA). 
Analyze aliquots containing equal amounts of protein from 
each fraction by SDS-PAGE. Aliquots containing 10 μg total 
protein should be sufficient to detect most synaptic vesicle 
proteins. Detect proteins of interest by immunoblotting with 
the appropriate specific antibodies.

Brain Synaptosomal Co-immunoprecipitation
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 1. Take 0.5–1 mL membrane fraction (e.g., synaptosomes or the 
fraction enriched with the presynaptic plasma membrane 
 proteins) for each antibody to be tested in the experiment.

 2. Centrifuge during 30 min at 12,000 × g at 4 °C.
 3. Resuspend pellet in 1 mL of RIPA buffer containing the 

Protease Inhibitor Cocktail, and homogenize using the 
 polytron (Note 2).

 4. Incubate during 60–120 min in constant rotation at 4 °C.
 5. Centrifuge for 15 min at 10,000 × g at 4 °C. The membrane 

receptors will mainly be in the supernatant fraction.
 6. Collect each supernatant in a new microcentrifuge tubes, and 

add 1–4 μg of the indicated primary antibody (Note 3).
 7. Incubate the sample with the antibody overnight at 4 °C, upon 

constant rotation. The length of the incubation period depends 
on the amount of protein and affinity properties of the 
antibody.

 8. Meanwhile prepare the Sepharose beads (Note 4) or use ready-
to-use protein A beads (delivered as a 50% slurry). These beads 
are first washed three times (centrifugation after each washing 
step: 110 × g, 4 °C, 1 min) with RIPA buffer  supplemented 
with protease and phosphatase inhibitors.

 9. The washed beads are added to the incubate samples (Step 7) 
and incubated 2 h with rotation at 4 °C.

 10. The beads are again washed. Wash the resin three times in 
1 mL of ice-cold RIPA buffer (supplemented with protease 
and phosphatase inhibitors) by centrifuging at 10,000 × g for 
1 min at 4 °C. In the last wash, aspirate the supernatant to dry-
ness with a 28-gauge needle. The protein of interest should 
now be specifically bound to the antibody coating the beads.

 11. Resuspend the resin and elute the beads. There are several pos-
sibilities: glycine buffer elution (go to Step 5), SDS buffer elution 
(go to Step 6), or urea buffer elution (go to Step 7). In the glycine 
buffer, the complex is eluted from the beads by acidification 
using a buffer containing 0.1–0.2 M glycine, pH 2.0–3.0. The 
low pH of glycine weakens the interaction between the anti-
body and the beads. This method is  advantageous as beads can 
be reused after removal of the  glycine buffer. However, the 
eluted sample should be  immediately neutralized with Tris, 
pH 8.0–8.5. On the other hand, the SDS buffer is the harsh-
est, which will also elute non-covalently bound antibodies and 
antibody fragments along with the protein of interest. The 
Ag-Ab complex is eluted from the beads by heating or boiling 
samples in loading buffer with denaturant SDS. This method is 
advantageous because the extraction method is highly efficient 
and the resulting sample is more concentrated. The urea elu-

3.3 Detection and  
Visualization of  
Synaptic Vesicle GPCR  
Heteroreceptor  
Complexes by  
Co-immuno-
precipitation  
(A General Scheme for 
the Co-immuno-
precipitation  
Procedure Is Provided  
in Fig. 1 (Note 1))
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tion is advantageous for mass spectrometry because the sample 
can be digested by proteolytic enzymes.

 12. Elute the beads (50 μL) with 3 × 50 μL 0.2 M glycine pH 2.6 
(1:1) by incubating the sample for 10 min with frequent 
 agitation before gentle centrifugation. Pool the eluate and 
neutralize by adding equal volume of Tris pH 8.0. Neutralize 
the beads by washing 2× with 150 μL lysis buffer (without 
detergent), and pool with eluate. Run the samples on SDS-
PAGE (see below Step 8).

 13. Elute 50 μL of beads by heating in 50 μL of 2× SDS loading 
buffer without DTT for 10 min at 50 °C. Pellet beads, transfer 
supernatant to a new tube, and add DTT at 100 mM (elution 
1). Add 50 μL 2× SDS buffer with DTT to pelleted beads 
(elution 2). Boil the eluted samples for 5 min, and analyze 
content of the sample by SDS-PAGE and Western blot (see 
below Step 8).

 14. Wash beads with pre-urea wash buffer (50 mM Tris pH 8.5, 
1 mM EGTA, 75 mM KCl). Remove all residual supernatant. 
Add 2–5 volumes urea elution buffer (6–8 M Urea, 20 mM 
Tris pH 7.5, and 100 mM NaCl), and rotate for 30 min at 
room temperature with frequent agitation before gentle 
 centrifugation. Repeat this process at least twice more to 
ensure that the entire captured complex has been released from 
the beads. Pellet beads and remove urea to a new tube. Run 
the samples on SDS-PAGE (see below Step 8).

 15. Finally, when the receptors are eluted from the beads,  standard 
SDS-PAGE can be performed to separate the receptors 
 according to their molecular weight. Prepare samples for SDS-
PAGE. Load the mini-PROTEAN tetra cell with  electrophoresis 
buffer. Load protein marker and samples into the gel wells.

 16. Run the gels at 75 V until samples reach the separating gel, and 
then increase voltage until 150 V. Stop SDS-PAGE  running 
when the downmost band of the protein marker reaches the 
foot line of the glass plate.

 17. Following electrophoresis, separate glass plates, recover the 
gel, and equilibrate it in anode buffer for 5 min.

 18. Cut two immunoblot thick filter papers in 6.25 × 9.25 cm 
sheet. Soak one of them in anode buffer and the other in 
 cathode buffer.

 19. Cut Immobilon-P transfer membranes in 9 cm × 6 cm sheets. 
Completely soak membranes in methanol for 3 s to activate 
them and finally equilibrate in anode buffer.

 20. Prepare the Western blot sandwich by placing (a) the anode 
buffer pre-soaked sheet of filter paper onto the anode cassette; 
(b) the anode buffer pre-wetted transfer membrane on top of 
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the filter paper; (c) the anode buffer equilibrated gel on top of 
the transfer membrane, aligning the gel on the center of the 
membrane; and finally (d) the other cathode buffer pre-soaked 
extra thick filter paper on top of the gel.

 21. Roll a plastic pipet over the surface of the filter paper in both 
directions to eliminate air bubbles and to ensure complete 
contact between polyacrylamide gel and the transfer 
membrane.

 22. Carefully place the cathode top onto the cassette.
 23. Turn on the power and transfer mini gels for 30 min at 25 V.
 24. Following transfer, discard filter papers and polyacrylamide 

gel.
 25. Block transfer membrane in IB blocking solution for 30 min at 

room temperature with continuous shacking.
 26. Incubate the membrane overnight at 4 °C with the indicated 

primary antibody diluted in IB blocking solution with 
 continuous shaking. You can also use the commercial blocking 
buffer (e.g., Odyssey blocking buffer from LI-COR Biosciences, 
cat. nr. 927–40,000).

 27. Make three washes of 10 min with IB washing solution to 
eliminate unbound primary antibody.

 28. Incubate with the indicated secondary antibody for 90 min at 
room temperature in continuous shaking. For instance, the 
horseradish peroxidase (HRP)-conjugated goat anti-rabbit 
IgG (Thermo Fisher Scientific), HRP-conjugated anti-mouse 
IgG TrueBlot™ (eBioscience), or Odyssey for infrared dye- 
coupled antibodies from LI-COR.

 29. Make three washes of 10 min with IB washing solution to 
eliminate unbound secondary antibody.

 30. If using the horseradish peroxidase (HRP)-conjugated 
 antibodies, incubate membrane with SuperSignal West Pico 
Chemiluminescent Substrate (prepare the mix following the 
proportion 1:1 of solution A and B provided by the 
 manufacturer in dark conditions).

 31. Develop membrane in, for instance, Kodak Image Station 440 
CF from Kodak for HRP-coupled antibodies and Odyssey 
from LI-COR Biosciences for infrared dye-coupled 
antibodies.

4 Notes

 1. There are a few different methods to co-immunoprecipitate 
GPCRs. One approach consists in the pre-mixture of the pri-
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mary antibody with your membrane fraction sample, followed 
by addition of protein A/G support. This method yields high 
purity of receptor; however, the antibodies are also co-eluted 
with receptor of interest which sometimes creates difficulties in 
Western blot detection. The other approach is to bind the pri-
mary antibody that recognizes one of the protomers of interest 
to the protein A/G beads and then mix with the antigen. This 
method gives lesser yield than the first one but avoids the 
problem of co-elution of antibodies. Herein we will describe 
the first approach.

 2. There are a lot of possibilities concerning detergent choice for 
the solubilization of membrane receptors. For instance, CHAPS 
buffer (30 mM Tris–HCl pH 7.5; 150 mM NaCl; 1% CHAPS), 
TNT buffer (20 mM Tris/HCl pH 7.5; 200 mM NaCl; 0.1% 
Tween 20), NP-40 buffer (0.5% NP-40; 140 mM NaCl; 1.5 mM 
MgCl2; 10 mM Tris HCl pH 7.5), and Triton X-100 buffer 
(10% glycerol; 1% Triton X-100; 160 mM NaCl; 50 mM Tris 
HCl pH 7.5; 1 mM EDTA; 1 mM EGTA). So far, for GPCR 
the RIPA buffer (150 mM NaCl; 50 mM Tris HCl pH 7.5; 1% 
NP-40; 0.1% SDS; 0.5% deoxycholic acid) seemed to be the 
optimal choice, because it gave the best signal. The RIPA lyses 
buffer is based on moderate concentrations of the nonionic 
detergent NP-40 that will disrupt the integrity of the cell mem-
brane, causing the extraction of membrane proteins in their 
native form. The buffer also contains a low concentration of the 
harsh denaturing anionic detergent SDS and ionic detergent 
sodium deoxycholate. SDS and sodium deoxycholate will help 
to disrupt the membrane, resulting in a higher yield of extracted 
membrane proteins. The concentration of these two is however 
quite low and will not be able to disrupt the protein–protein 
interactions. In addition, the detergent digitonin (0.1%) can also 
be added to optimize the solubilization of the membrane 
receptors.

 3. Typically in a pilot experiment, a fixed amount of protein is 
precipitated by increasing amounts of antibody. Check the anti-
body datasheet for recommended antibody concentration. As a 
guideline use 1–5 μL polyclonal antiserum, 1 μg affinity puri-
fied polyclonal antibody, 0.2–1 μL ascites fluid (monoclonal 
antibody), or 20–100 μL culture supernatant (monoclonal 
antibody).

 4. If using a monoclonal antibody choose protein G-coupled 
Sepharose beads. If using a polyclonal antibody, protein 
A-coupled Sepharose beads are usually a better option. If the 
beads come as a powder, incubate 100 mg of beads in 1 mL 
0.1 M PBS, wash for 1 h so they swell up, and then centrifuge, 
remove the supernatant, and discard. Add 1 mL PBS 0.1% 
BSA, mix for 1 h using an Eppendorf rotator and rinse twice in 
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PBS. Remove the supernatant and add 400 μL of buffer made 
with protease inhibitors. The slurry is now ready for use. It can 
be stored at 4 °C for a few days. You can also buy pre-swollen 
beads as slurry ready for use. If use IgM antibodies, do not use 
protein A- or protein G- conjugated beads. Use, instead, anti-
IgM coupled protein A or protein G beads. The IgM will bind 
to the beads by binding to the anti-IgM antibody.
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The NADPH oxidases (NOX) catalyze the production of superoxide by transferring

electrons from NADPH to O2, in a regulated manner. In Neurospora crassa NOX-1

is required for normal growth of hyphae, development of aerial mycelium and asexual

spores, and it is essential for sexual differentiation and cell-cell fusion. Determining the

subcellular localization of NOX-1 is a critical step in understanding the mechanisms

by which this enzyme can regulate all these different processes. Using fully functional

versions of NOX-1 tagged with mCherry, we show that in growing hyphae NOX-1 shows

only a minor association with the endoplasmic reticulum (ER) markers Ca2+-ATPase

NCA-1 and an ER lumen-targeted GFP. Likewise, NOX-1 shows minor co-localization

with early endosomes labeled with YPT-52, a GTPase of the Rab5 family. In contrast,

NOX-1 shows extensive co-localization with two independent markers of the entire

vacuolar system; the vacuolar ATPase subunit VMA-1 and the fluorescent molecule

carboxy-DFFDA. In addition, part of NOX-1 was detected at the plasma membrane.

The NOX-1 regulatory subunit NOR-1 displays a very different pattern of localization,

showing a fine granular distribution along the entire hypha and some accumulation at

the hyphal tip. In older hyphal regions, germinating conidia, and conidiophores it forms

larger and discrete puncta some of which appear localized at the plasma membrane and

septa. Notably, co-localization of NOX-1 and NOR-1 was mainly observed under conidial

cell-cell fusion conditions in discrete vesicular structures. NOX functions in fungi have

been evaluated mainly in mutants that completely lacked this protein, also eliminating

interactions between hyphal growth regulatory proteins NOR-1, the GTPase RAC-1 and

the scaffold protein BEM-1. To dissect NOX-1 roles as scaffold and as ROS-producing

enzyme, we analyzed the function of NOX-1::mCherry proteins carrying proline 382 by

histidine (P382H) or cysteine 524 by arginine (C524R) substitutions, predicted to only

affect NADPH-binding. Without notably affecting NOX-1 localization or protein levels,

each of these substitutions resulted in lack of function phenotypes, indicating that

NOX-1 multiple functions are all dependent on its oxidase activity. Our results open new

interpretations to possible NOX functions, as components of the fungal vacuolar system

and the plasma membrane, as well as to new vacuolar functions.
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INTRODUCTION

Many years ago we proposed reactive oxygen species (ROS)
as signaling molecules and regulators of cell differentiation
(Hansberg and Aguirre, 1990; Aguirre et al., 2005). The existence
of NADPH oxidase (NOX) enzymes, capable of producing ROS
in a highly regulated fashion, became particularly interesting to
us in this context. NOX2 (gp91phox), the catalytic component
of the first and most studied NOX was reported as a novel
cytochrome b558 in phagocytic vacuoles of human granulocytes
(Segal and Jones, 1978), where phagocytosis is associated with
the production of superoxide and other derived ROS, necessary
for the efficient killing of invading pathogens. Defects in
NOX components cause the immunodeficiency syndrome called
granulomatous disease or CGD (Babior, 1995). Later, it was
found that NOX2 was part of a larger family of enzymes that
were ubiquitous in eukaryotic cells, where they were related
not only to innate immunity but also to other processes such
as modifications of the extracellular matrix, cell-cell signaling,
development, and morphogenesis (Lambeth et al., 2000; Lara-
Ortiz, 2004; Aguirre and Lambeth, 2010).

We reported the presence of three different NOX subfamilies
in fungi and the Amoebozoa, and demonstrated that NOX
enzymes were essential for ROS production and sexual
development in the Ascomycetes Aspergillus nidulans (Lara-
Ortiz et al., 2003; Aguirre et al., 2005), Neurospora crassa (Cano-
Dominguez et al., 2008), and Sordaria macrospora (Dirschnabel
et al., 2014). Independently, Malagnac et al. (2004) found that in
Podospora anserina PaNox1 and PaNox2 were needed for sexual
development and ascospore germination, respectively (Malagnac
et al., 2004). Since then, fungal NOX enzymes have been linked
to other critical functions such as growth, asexual development,
cell-cell fusion (Cano-Dominguez et al., 2008; Fu et al., 2011;
Read et al., 2012; Roca et al., 2012; Dirschnabel et al., 2014),
pathogenicity (Egan et al., 2007; Segmuller et al., 2008; Kim et al.,
2011; Schurmann et al., 2013; Yang and Chung, 2013; Zhang
et al., 2016; Rossi et al., 2017; Zhou et al., 2017), endosymbiosis
(Tanaka et al., 2006), and the asexual reproduction induced
by injury in Trichoderma atroviride (Hernandez-Onate et al.,
2012). More recently the functions of other NOX enzymes,
originally considered as ferric reductases, have been reported
in Saccharomyces cerevisiae (Rinnerthaler et al., 2012) and
Candida albicans (Rossi et al., 2017), while bioinformatic
analysis and in vitro experiments suggest the presence of
NOX enzymes in prokaryotes (Hajjar et al., 2017). Such
ubiquity of NOX enzymes supports the idea that the controlled
production of ROS as signaling molecules appeared early in life
evolution as an important mechanism to regulate cell physiology
and differentiation.

In mammalian phagocytic cells part of NOX2 is localized
in the plasma membrane, where it interacts with subunits
p22phox, p40phox, p47phox, p67phox, and the GTPase Rac1
for its activation [reviewed in Aguirre and Lambeth (2010)].
Fungal A and B NOX subfamilies belong to the NOX2 family
(Lara-Ortiz et al., 2003; Aguirre et al., 2005), and interact
with equivalent subunits. Indeed, p67phox homolog NoxR
interacts with RacA (Takemoto et al., 2006), and together

with p22phox homolog NoxD (Lacaze et al., 2015; Siegmund
et al., 2015) are required for NOX functions (Takemoto et al.,
2006; Cano-Dominguez et al., 2008). Membrane proteins of
the tetraspanin family have also been linked to NOX function
(Lambou et al., 2008; Schurmann et al., 2013; Siegmund
et al., 2013; Lacaze et al., 2015; Zhao et al., 2016) and
suggested to play roles analogous to p22phox for NoxB family
members. Finally, it has been proposed that fungal Bem1
proteins play roles analogous to animal p40phox and p47phox
(Takemoto et al., 2011).

Although little is known about how NOX and ROS can
regulate so many seemingly different functions in fungi, some
NOX functions have been related to actin organization and
calcium signaling. In yeast, mutants lacking the NOX Yno1p
are hypersensitive to drugs that inhibit F-actin nucleation
and elongation, and this phenotype is rescued by non-toxic
concentrations of H2O2, suggesting that Yno1p is necessary
for proper F-actin function (Rinnerthaler et al., 2012). In the
phytopathogen Magnaporthe grisea ∆nox1 and ∆nox2 mutants
are able to differentiate the leaf penetration structure called
appressorium, but fail to penetrate the plant cuticle (Egan et al.,
2007). Nox2 and NoxR are required to organize a septin ring at
the base of the appressorium pore, which in turn is necessary
for the assembly of a toroidal F-actin network at the point of
penetration peg emergence, while Nox1 is needed tomaintain the
cortical F-actin network (Ryder et al., 2013). A similar situation
occurs in the fungus Verticillium dahlia, which only infects
plant roots using a structure called hyphopodium, from which
a penetration peg develops. Mutants lacking NOX VdNoxB are
impaired in the formation of a septin ring that partitions the
hyphopodium and the invasive hyphae, which is critical for
the secretion of effector proteins (Zhou et al., 2017). Moreover,
tetraspanin VdPls1 and NOX VdNoxB are specifically expressed
in hyphopodia, where they colocalize and are necessary for
ROS production and the development of the penetration peg.
The nuclear targeting of the calcium-regulated transcription
factor VdCrz1, which normally occurs in hyphopodia, was
prevented in mutants lacking VdPls1 or VdNoxB, linking NOX
function and calcium signaling in this process (Zhao et al.,
2016).

Neurospora crassa is a particularly interesting model to study
NOX function, as it contains two NOX enzymes (NOX-1
and NOX-2), both requiring the regulatory subunit encoded
by nor-1 (NCU07850). While nox-2 (NCU10775) elimination
only affects ascospore germination, nox-1 (NCU02110) deletion
has more pleitropic effects in this fungus than in any other
fungus studied. Indeed, NOX-1 is required for normal growth
of vegetative hyphae, growth of the aerial mycelium and conidia
production, and it is essential for sexual differentiation and
hyphal fusion (Cano-Dominguez et al., 2008; Read et al., 2012).
To understand how NOX-1 might regulate so many different
cellular processes, it is critical to know the subcellular localization
of this enzyme. Here we compare the subcellular localization
of NOX-1 and its regulatory subunit NOR-1 during different
conditions of growth and development and provide genetic
evidence supporting that all critical NOX-1 functions require its
oxidase activity.
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MATERIALS AND METHODS

Strains, Media, Growth Conditions, and
Phenotypic Characterization
Neurospora crassa strains used in this work are listed in Table S1.
All strains were grown on Vogel’s minimal medium (VMM)
solidified with 1.8% agar at 30◦C (Davies and deSerres, 1970).
For histidine auxotrophic strains, VMM was supplemented with
0.002% of L-histidine. To determine the production of conidia, 1
× 104 conidia were inoculated on borosilicate tubes containing
3mL of solid VMM and incubated at 30◦C during 3 days in the
dark plus 2 days at 25◦C in the light. Conidia from these tube
cultures were collected with 1mL of sterile water, diluted and
counted using a Neubauer chamber. For radial growth analysis,
1 × 103 conidia were inoculated on the center of a Petri dish
containing Vogel’s solid minimal medium. Radial growth was
measure after 24 h at 30◦C and plates were photographed. For
observation of conidial anastomosis tube (CAT) formation and
fusion, 8 × 106 conidia were inoculated on solid MMV medium
using a glass handle, and incubated at 37◦C for 4–5 h. An
agar block sectioned from these cultures was directly observed
under the microscope. To induce sexual crosses, conidia were
inoculated on synthetic crossing medium and incubated for 6
days at 25◦C in the light (Westergaard and Mitchell, 1974). After
that time, a conidial suspension from the opposite mating type
was laid over this culture. To follow fruiting body primordia
(protoperithecia) development, 1 × 103 conidia were used to
initiate cultures according to the method of Bistis (Bistis, 1983;
Cano-Dominguez et al., 2008).

Plasmids Construction
The list of plasmids obtained in this work is given in
Table S2. To construct plasmid pNCNOX-1::mCherry4, nox-
1 (NCU02110) ORF (1659 pb) was amplified using N. crassa
genomic DNA as template and primers NOX-1 XbaIF2
and NOX-1 PacIR2 (Table S3). The generated PCR product
fragment was cloned as a XbaI/PacI fragment into plasmid
pJV15-2 (Verdin et al., 2009). Plasmids pNCNOX-1P382H
and pNCNOX-1C524R were generated using In-Fusion R© HD
Cloning Kit-Clonetech and primers Nox-1 P382HF and Nox-
1 P382HR for pNCNOX-1P382H, and Nox-1 C524RF and
Nox-1 C524RR for pNCNOX-1C524R. These primers contain
point mutations and 15 pb overlap with adjoining fragments.
Plasmid pNCNOX-1::mCherry4 was used as template for the In-
Fusion R© reaction. To replace ccg-1 promoter by nox-1 native
promoter in pNCNOX-1::mCherry4, we used genomic DNA
to amplify a 1226 pb upstream of nox-1 ORF with primes
NOX-1PROM NATF and PromNatR. Then, we amplified the
host plasmid pNCNOX-1::mCherry4 using primers PNC-NOX-
1mCherry PromNatF and PNC-NOX-1mCherry PromNatR. The
amplified host plasmid lacks the ccg-1 promoter and contains
15 pb overlap with the 1226 pb nox-1 promoter region. In the
last step, we used In-Fusion R© HD Cloning Kit-Clonetech to
perform the ligation. To fuse NOR-1 to GFP, we amplified
nor-1 (NCU07850) ORF as a 1893 pb fragment, using primers
NOR-1BAMHIUP and NOR-1PacILOW and genomic DNA
as template. This PCR product was purified and cloned into

pGEM R©-T Easy Vector (Promega, Madison, WI) to yield
plasmid pGemNOR-1-2. A nor-1 PacI-BamHI fragment obtained
from pGemNOR-1-2 was cloned into plasmid pMF272 (Freitag
et al., 2004), digested with XbaI/PacI, to generate pNCNOR-
1::GFP18.

Neurospora crassa Transformation
Conidia were collected from VMM slant cultures using cold
sterile water. After determining their concentration, 1.25 ×

108 conidia were collected by centrifugation and washed two
times with 500 µL of 1M cold sorbitol and finally resuspended
in 40 µL of the same solution. This spore suspension was
incubated with DNA (plasmids or PCR products, during 30min
at 4◦C) and electroporated using the Gene Pulser II and Pulser
Controller II (Bio-Rad, Hercules, CA) set to 1.5 kV, 600Ω , and
2.5 µF, as reported (Colot et al., 2006). After electroporation,
960 µL of 1M cold sorbitol were added, mixed with 25mL
of recovery solution (liquid Vogel’s medium) and incubated
at 30◦C and 100 RPM, for 2 h. This solution was mixed with
25mL of regeneration agar (Vogel’s medium with 1M sorbitol,
2% L-sorbose, 0.05% glucose, 0.05% fructose, and 1% agar) and
plated immediately on solid CA medium (2% L-sorbose, 0.05%
glucose, 0.05% fructose in Vogel media, and 1% agar) containing
hygromycin (200µg/mL) or phleomycin (80µg/mL) (Colot
et al., 2006). Transformants were purified to obtain homokaryotic
strains through three monosporic passes on CA medium plus
hygromycin (200µg/mL) or phleomycin (80 µg/mL).

Heterokaryon Formation
To observe hypha with two proteins labeled with different
fluorophores, we constructed heterokaryons using strains with
the same mating types. We inoculated 4 × 106 conidia of
each strain on a solid VMM. Cultures were incubated at
37◦C for 4–5 h to induce CAT fusion. Cell fusion was verified
under epifluorescence microscopy and then agar blocks were
transferred to solid VMM and incubated for 12 h at 30◦C. The
margins of the colony were used to detect hyphae expressing both
markers and observed under confocal microscopy.

Microscopy
Primordia (protoperithecia) and mature sexual fruiting bodies
(perithecia) were photographed using a Nikon stereoscopic
microscope. Live-cell imaging was carried out using the “inverted
agar block” method (Hickey et al., 2002) and a Zeiss LSM-
800-Inverted Laser Scanning Confocal Microscope with a Plan-
Apochromatic 63x/1.4 oil immersion objective and 488 and
561 nm laser lines, or a Zeiss LSM-800-Inverted Laser Scanning
Confocal Microscope with a 30◦C temperature chamber
and the same parameters. Time-lapse images were recorded
simultaneously by bright field microscopy and fluorescence
confocal microscopy. The images were processed using ZEN
2012 (Carl Zeiss, Jena, Germany) software. Latrunculin A (Lat
A) (Tocris Bioscience, Bristol, UK: 100 µg) was use to inhibit
actin polymerization and endocytosis. A 2 µg/µL stock solution
in DMSO was diluted with VMM to a final 20µg/mL working
concentration. Fifty microliter of this solution were placed onto
a coverslip and mycelium on an agar block was placed in contact
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with the latrunculin. After 10min, the sample was observed using
confocal microscopy. OregonGreen 488 carboxylic acid diacetate
(carboxy-DFFDA; Molecular Probes) was used to visualize the
vacuolar system. A 1mM stock solution in DMSO was diluted
with VMM to a final 10µM concentration. Fifty microliter
of this solution were placed onto a coverslip and conidia or
mycelium on agar blocks were placed in contact with the dye. The
sample was observed immediately in the Zeiss LSM-800 Confocal
Microscope equipped with a 30◦C temperature chamber.

RESULTS

NOX-1::mCherry Expressed From ccg-1
Promoter Fully Complements ∆nox-1

Mutant Multiple Defects
To determine NOX-1 subcellular localization we decided to
use fluorescent protein mCherry, an improved version of
mRFP1, showing higher photostability and pH resistance (Shaner
et al., 2004). First, we generated plasmid pNCNOX-1::mCherry4,
which contains a nox-1::mCherry gene fusion under the control
the ccg-1 constitutive promoter and allows integration at the
his-3 locus. We used this plasmid to transform strain ∆nox-
1 his-3, and four His-3+ transformants were analyzed by PCR
to confirm the presence of this plasmid at the his-3 locus.
Strains ∆nox-1 nox-1::mCherry d and e were selected for
further experiments (Figure S1). As reported before (Cano-
Dominguez et al., 2008), ∆nox-1 mutants showed a severe
decrease in aerial mycelium growth and conidiation, reduced
radial growth and were unable to develop perithecia, with these
phenotypes being somewhat enhanced by the presence of his-3
mutation (Figures S2A–E). The nox-1::mCherry allele was able
to fully complement the defects in aerial mycelium growth
and conidiation (Figures S2A,B) and restored radial growth
(Figures S2C,D, S7D). Moreover, ∆nox-1 complemented strains
were able to produce protoperithecia (not shown) that were
competent for fertilization and able to develop mature perithecia
(Figure S2E), containing viable ascospores (not shown).

When inoculated at high density, conidia from N. crassa
and other fungi develop specialized structures, called conidial
anastomosis tubes or CATs, for cell-cell fusion (Fischer and Glass,
2019). Although ∆nox-1 mutants differentiate CAT structures,
these cannot undergo cell-cell fusion (Cano-Dominguez et al.,
2008; Read et al., 2012). We used confocal microscopy to
determine NOX-1::mCherry localization during germination,
and to assess if this allele complemented ∆nox-1 cell fusion
defects. Results in Figure 1A show that in germinating conidia
the NOX-1::mCherry signal, largely absent from the hyphal
tip, was localized in discrete round and tubular structures
behind the hyphal tip, which moved very fast and showed
very dynamic shape changes. CATs from strain ∆nox-1 nox-
1::mCherry were competent for cell-cell fusion (Figure 1B)
and NOX-1::mCherry labeled structures were exchanged freely
between the fusion partners (Video S1). This shows that NOX-
1::mCherry expressed from ccg-1 promoter complements all
∆nox-1 mutant phenotypes, and its localization in mobile
globular and filamentous structures during conidial germination.

In Growing Hyphae NOX-1 Is Localized in
Pleomorphic Structures Consistent With
the Morphology of the Entire Vacuolar
System
Having shown NOX-1::mCherry fusion functionality, we next
determined NOX-1 localization during hyphal growth using in
vivo confocal microscopy. Figure 2 shows the reconstruction
of a single hyphae in which three major characteristic regions
can be distinguished; the actively growing tip, a central region
and an older region that contains large spherical vacuoles.
In contrast to the simpler pattern observed in germinated
conidia (Figures 1A,B), NOX-1::mCherry signal displayed a
highly differentiated pattern within these three regions. First,
mCherry signal was very low closer to the hyphal tip and
then gradually increased behind the tip, defining small round
structures, some presenting u- or o-ring shapes (white arrow
in Figure 2B). Second, the intensity and density of fluorescent
signal increased toward the second hyphal segment up to the
first septum, displaying a well-defined tubular network. Third,
a more discrete pattern, including large round structures, was
observed in the older region of the hyphae, where proteins
that belong to the vacuolar system such as CAX, NCA-2, and
some times VMA-1 have been localized (Bowman et al., 2009).
Considering that the pattern of these three regions is notably
similar to the one recently reported for the entire vacuolar
system in N. crassa (Bowman et al., 2015), we also delimited
them as the prevacuolar compartment, tubular vacuolar network
and large spherical vacuolar regions, respectively (Figure 2A).
In turn, the prevacuolar region was divided in regions I, II, III,
and IV (Figure 2B), according to the population of vacuoles,
distance from the hyphal tip and Bowman’s nomenclature
(Bowman et al., 2015). Figure 2B shows an enlarged image of
the prevacuolar region shown in Figure 2A. As indicated before,
NOX-1::mCherry signal was low in regions I and II. In zone III it
became more visible, being located in small structures and some
rings or u-shaped structures (Figure 2B and Video S2). Zone IV
shows a transition between the morphology of zone III and the
beginning of the dense network of interconnected filaments that
extends backwards until the position of the first septum. These
results are consistent with NOX-1 being localized in the entire
vacuolar system.

NOX-1 Shows Minor Co-localization With
Endoplasmic Reticulum and Endosome
Markers
In filamentous fungi P. anserina (Lacaze et al., 2015) and
Botrytis cinerea (Siegmund et al., 2013, 2015), NOX-1 has
been detected mainly in the ER and in vesicles proposed
to derive from the ER (Schurmann et al., 2013; Siegmund
et al., 2013, 2015; Lacaze et al., 2015). To explore this in
N. crassa, we performed co-localization experiments following
NOX-1::mCherry and NCA-1, a homolog of the SERCA-type
Ca2+-ATPase, as an ER marker (Bowman et al., 2009), tagged
with GFP. Heterokaryotic mycelia from NCA-1::GFP and NOX-
1::mCherry strains were analyzed by confocal microscopy.
Results in Figure 3A show that, as reported before, NCA-1 is
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FIGURE 1 | NOX-1::mCherry expressed from ccg-1 promoter is localized in discrete compartments and complements ∆nox-1 cell fusion defects. (A) Conidia from

strain ∆nox-1 nox-1-mCherry e were induced to germinate and observed using confocal microscopy. NOX-1::mCherry is localized in round (white arrows) and tubular

(yellow arrows) organelles. Images belong to a series of frames from a movie (not shown). (B) Conidia from strain ∆nox-1 nox-1-mCherry e were induced to develop

CATs and observed using confocal microscopy. Figures represent still images from Video S1. Left panel shows NOX-1-mCherry fluorescence signal of two conidia

with CATs fused at the indicated point (white arrow). The right panel shows the same image merged to the corresponding bright field image.

FIGURE 2 | NOX-1 localization during hyphal growth. (A) A single hyphae from strain ∆nox-1 nox-1-mCherry e composed using nine overlapping pictures obtained

with fluorescent microscopy (upper panel) and the overlap with the bright field image (lower panel). (B) Enlargement of the prevacuolar compartment shown in (A)

divided in subcompartments I to IV, using the hyphal tip as reference, according to Bowman et al. (2015). Yellow arrows indicate the position of the septum and the

white arrow points to one of several u-shaped structures observed. White bars represent 10µm.
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FIGURE 3 | ER-marker NCA-1-GFP shows limited co-localization with NOX-1::mCherry. (A) Heterokaryotic hyphae from strains expressing NCA-1::GFP and

NOX-1::mCherry were observed by confocal microscopy. Images correspond to time frames from a movie (not shown), as indicated in the left. (B) Conidia from

NCA-1::GFP and NOX-1::mCherry strains were inoculated under CAT inducing conditions and heterokaryotic germlings observed by confocal microscopy.

observed as ring structures, previously shown to represent the
nuclear envelope, distributed along the entire hyphae, including
the growing tip. Although NOX-1 is also seen in some ring
structures, these are fewer and smaller than NCA-1-labeled
nuclear envelopes. Furthermore, double label experiments
showed virtually no co-occurrence between NCA-1-GFP and
NOX-1-mCherry labeled structures. If any, co-localization was
limited to areas with high GFP and mCherry labeling density,
while NOX-1 was mostly localized in filamentous structures
and largely excluded from the hyphal tip. Likewise, NCA-1 and
NOX-1::mCherry showed limited co-localization during CAT
induction, where NCA-1 can be observed around putative nuclei
and NOX-1 in round structures (Figure 3B). This suggested
that N. crassa NOX-1 is not largely associated to the ER.
To confirm this result, we generated strains in which the ER
was labeled using a different marker. For this, we transformed
wild-type strain 4200 with plasmid pAM01, encoding an ER-
lumen targeted GFP (ER-GFP), containing ER-signal and ER-
retention sequences from P. anserina BiP chaperone protein,
a classical ER-marker (Pidoux and Armstrong, 1992; Plemper
et al., 1997), fused to gfp and expressed from A. nidulans
gpdA promotor (Meizoso-Huesca A. and Peraza-Reyes L.,
unpublished). Results in Figure S3, show that this protein
labeled a reticular network along the entire hyphae, as well
as putative nuclear envelope structures, consistent with ER
labeling. The difference with NCA-1 ER signal, mostly enriched
in putative nuclear envelope structures suggest that NCA-1 and
ER-GFP might be enriched in different ER domains. As in the
case of NCA-1 (Figure 3), NOX-1 presented very limited co-
localization with ER-GFP labeled structures in both growing

hyphae (Figure S3A) and under CAT inducing conditions
(Figure S3B).

To explore NOX-1 localization in early endosomes, defined
as Rab5-labeled organelles, we produced heterokaryons between
the NOX-1::mCherry strain and a strain containing the Rab5
GTPase early endosome protein YPT-52 labeled with GFP
(Seidel et al., 2013). Figure 4A shows that as reported before,
in growing hyphae YPT-52 shows a punctate pattern distributed
along the entire hyphae, including the tip. Again, it was
difficult to appreciate a co-localization of NOX-1 and YPT-
52. Furthermore, YPT-52-stained puncta tended to accumulate
toward hyphal apical segments in inverse correlation to NOX-
1-labeled structures. However, some limited but clear co-
localization was observed under CAT inducing conditions.
Figure 4B and Video S3 show heterokaryotic conidia formed
by cell-cell fusion, one of which shows three initial points of
contact between endosomes and NOX-1-labeled organelles (blue
arrows). Two of these contact points quickly disappear, while the
upper one is maintained for a longer time and finally released.
Notably, under these conditions NOX-1 labeled structures were
highly pleomorphic, shifting between long filaments (yellow
arrows) and dotted structures that were isolated or arranged
in circles that assembled and disassembled (white arrows).
Moreover, NOX-1 labeled structures seen first as a continuous
circular filament a few seconds later become individual round
structures, maintaining the circular arrangement (Video S3). In
summary, these results show that NOX-1 is localized in structures
that are consistent with the vacuolar system, and these are very
dynamic and pleomorphic, changing their shape during hyphal
aging, development, and cell fusion. Moreover, results indicate
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FIGURE 4 | Early endosome marker GFP-YPT-52 shows minor co-localization

with NOX-1::mCherry. (A) Heterokaryotic hyphae from strains expressing

GFP-YPT-52 and NOX-1::mCherry were observed by confocal microscopy. (B)

Conidia from strains expressing NOX-1::mCherry and GFP-YPT-52 were

inoculated under CAT inducing conditions and heterokaryotic germlings were

observed by confocal microscopy. Blue arrows indicate co-localization points

between GFP-YPT-52 and NOX-1::mCherry, yellow arrows point to

NOX-1::mCherry filamentous structures and white arrows point to

NOX-1::mCherry structures arranged in a circular shape that change between

continuous and dotted patterns (see corresponding Video S3).

that NOX-1 shows limited co-localization with early endosomes
and the ER.

NOX-1 Co-localizes With Vacuolar ATPase
VMA-1
VMA-1 corresponds to subunit “A” of the vacuolar ATPase (V-
ATPase). V-ATPases are membrane proteins that hydrolyze ATP
to pump protons across the membrane and acidify the lumen
of vacuoles and other cell compartments. In N. crassa, VMA-
1 has been localized in the entire vacuolar system (Bowman
et al., 2015), displaying a pattern very similar to the one we
report here for NOX-1. To determine if these two proteins co-
localize, a ∆nox-1 NOX-1-mCherry/VMA-1-GFP heterokaryon
was analyzed by confocal microscopy. As reported, we detected
VMA-1 in ring and tubular structures that correspond to the
vacuolar system. Notably, VMA-1 and NOX-1 co-localized in the
same structures (Figure 5), except in the region of large spherical
vacuoles in which NOX-1 was localized in the luminal part of the
vacuoles and VMA-1 in the periphery.

To further confirmNOX-1 localization in the vacuolar system,
we stained the ∆nox-1 NOX-1::mCherry strain with carboxy-
DFFDA, a molecule that accumulates in fungal acidic vacuolar
compartments, producing a fluorescencent signal (Richards
et al., 2012; Bowman et al., 2015; Rico-Ramirez et al., 2018).
As shown in Figure 6A, NOX-1::mCherry localized in the
same compartments stained by carboxy-DFFDA, including
the luminal region of the large spherical vacuoles. The
same co-localization was observed during conidia germination
and CAT fusion, and as before, the shape of the vacuolar
system was composed of larger and less filamentous structures
(Figure 6B).

NOX-1 Is Also Partially Localized at the
Plasma Membrane
In plants, NOX AtrbohC has been detected at the plasma
membrane of root hair cells, where it plays a critical role in
polar growth (Takeda et al., 2008). We addressed the possibility
that in our experiments NOX-1 membrane localization was
being overshadowed by the strong NOX-1::mCherry organellar
signal, derived from its constitutive expression. First, we used
latrunculin A to inhibit the endocytic process, as a strategy to
increase possible NOX-1 plasma membrane signal. As expected,
latrunculin A delayed hyphal tip growth and under these
conditions some NOX-1::mCherry signal was detected at the
plasma membrane (not shown).

To further confirm our NOX-1 localization results, we
generated strains in which nox-1::mCherry was expressed from
its native promoter. As shown in Figures S4A–E, expression
of NOX-1::mCherry from nox-1 promoter also resulted in full
complementation of all ∆nox-1 defects. When strain Pnox-1-
nox-1::mCherry was analyzed by confocal microscopy, it was
evident that the fluorescence signal produced from the nox-
1 promoter was lower than the one produced from ccg-1
promoter. Nevertheless, it could be appreciated that NOX-
1::mCherry was largely absent from hyphal tips and formed
a tubular network behind the tip, showing a vacuolar system
pattern very similar to the one observed before (not shown).
After increasing laser intensity, it was possible to confirm that
NOX-1::mCherry signal also localized to the entire vacuolar
system (Figure 7A), showing a pattern virtually identical to the
one observed using the ccg-1 promoter (Figure 2). Notably,
under these conditions NOX-1 also was detected at the cell
surface, consistent with plasma membrane localization. This
was reproducibly observed in hyphal regions corresponding
to the tubular vacuolar network and large spherical vacuole
regions (Figures 7A,B). However, NOX-1 plasma membrane
localization at the prevacuolar compartment region and hyphal
tip was not as consistent, and only in some cases NOX-1
localized to the cell surface at the hyphal tip (Figure S3A, white
arrows). After confirming that NOX-1::mCherry localization
is alike whether expressed from ccg-1 or nox-1 promoters,
we continued our NOX-1 localization studies using strains
that expressed NOX-1::mCherry from ccg-1 promoter, as
their stronger signal allowed longer imaging acquisition and
lower photo-bleaching.
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FIGURE 5 | NOX-1::mCherry co-localizes with the vacuolar system marker VMA-1 ATPase. (A) Heterokaryotic hyphae from strains expressing NOX-1::mCherry and

VMA-1::GFP were observed by confocal microscopy. Bar corresponds to 20µm.

FIGURE 6 | NOX-1::mCherry co-localizes with the vacuolar system marker

carboxy-DFFDA. (A) Hyphae from strains expressing NOX-1::mCherry were

stained with carboxy-DFFDA and observed by confocal microscopy. (B)

Conidia from strain NOX-1::mCherry were induced to form CATs (left panels) or

to germinate (middle and right panels), stained with carboxy-DFFDA, and

observed by confocal microscopy.

NOX-1 and Regulatory Subunit NOR-1
Co-localize Only at Very Discrete
Compartments
While NOX-1 contains 6 putative transmembrane domains, its
regulatory subunit NOR-1 lacks any clear signal peptide or

transmembrane domain. However, since NOR-1 is required for
NOX-1 function, we decide to compare the localization of both
proteins. For this purpose, we generated a PCR construct coding
for NOR-1 fused to GFP at the C-terminus and used it to
transform strain FGSC-9718. Three homokaryotic strains were
obtained in which the nor-1::GFP construct replaced the nor-
1 gene, as confirmed by Southern blot analysis (not shown).
These strains showed a wild type phenotype, indicating that GFP
tagging of NOR-1 did not affect its activity. However, when
these strains were observed by confocal microscopy GFP signal
was very low and difficult to detect (not shown). Therefore, we
expressed nor-1::GFP from the ccg-1 promoter as we did for
NOX-1::mCherry. For this, we generated plasmid pNCNOR-
1::GFP18 and used it to transform ∆nor-1 mutant strain
Nc28nor-1. Ten transformants were obtained, from which GFP
fluorescence positive strains were screened using epifluorescence
microscopy. Two of these were confirmed by PCR (Figure S5)
and used for NOR-1 localization experiments. This nor-1::gfp
allele was able to restore all asexual, sexual and growth defects
of ∆nor-1mutants, indicating its full functionality (Figure S6).

NOR-1::GFP fluorescence pattern was very different form the
one observed for NOX-1. In growing hyphae, it was detected
as a fine granular pattern along the entire hyphae and also in
a few larger puncta. NOR-1 was clearly present in the hyphal
tip, very likely at the plasma membrane and mainly confined to
the apical dome (Figure 8A and Figure S7A). Notably, NOR-1
did not show any clear co-localization with NOX-1 in growing
hyphae (Figure 8A) or germinating conidia (Figure S8B), where
NOR-1::GFP was observed in punctate structures close to
the plasma membrane (Figure S7C). In older hyphal regions
(Figure S7B) and in intact conidia (Figure S8A), NOR-1::GFP
displayed a punctuate pattern. In conidiophores (Figure S8A)
both NOR-1 and NOX-1 showed the circular dotted structures
described before for NOX-1 under CAT inducing conditions
(Figure 4B). In some cases, NOR-1 and NOX-1 dotted structures
seemed to be intercalated and in few cases the two signals co-
localized, suggesting that NOR-1 and NOX-1 localize to specific
domains of these structures, where they can eventually converge.
Because both NOX-1 and NOR-1 are essential for CAT fusion,
we incubated conidia from NOX-1::mCherry and NOR-1::GFP
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FIGURE 7 | Localization of NOX-1::mCherry expressed from native nox-1 promoter during hyphal growth. (A) Composition of a hypha using overlapping pictures

obtained with fluorescent microscopy (lower panel) merged with the corresponding bright field image (upper panel), and divided in compartments as in Figure 2.

The bars indicate 10µm. (B) Enlargement of a region around the intersection between large spherical vacuoles and tubular vacuolar network compartments shown in

(A) (lower panel). White arrows point to NOX-1::mCherry plasma membrane localization. Green arrows point to places that suggest endocytic activity. The bar

indicates 10µm.

strains at high density and made observations after 4 h, where
profuse CAT fusions take place. Under these conditions, we
observed both clear segregation and co-localization of NOR-
1 and NOX-1 signals. Figure 8B shows three heterokaryotic
conidia (i.e., after cell fusion) at different germination stages. The
two top conidia show a NOX-1 pattern, consisting of strands and
puncta located within cells and at the cell surface. In addition,
NOX-1 also decorated the periphery of what appears to be large
vacuolar structures. In these conidia NOR-1::GFP displays a
different pattern, with isolated puncta located at the cell surface
and a septum. In the conidium at the bottom of the figure,
which is in a more advanced stage of germination and has
fused with a contiguous conidium, NOX-1 localization pattern
is similar to the one described above. However, NOR1-GFPmore

conspicuously stained the hyphal tip at this stage (white arrow),

and clear co-localization of NOR-1 and NOX-1 was observed in
puncta located at the cell surface, the cytoplasm and the cell-
cell fusion interface, as well as some associated with putative

large vacuoles (yellow arrows). Together, these results suggest a

dynamic localization of NOR-1 andNOX-1 at specific domains of

the plasma membrane and the cytoplasm–notably including the

vacuolar system–, where they interact at specific compartments,

which are enriched during the cell-fusion interactions that occur

under CAT inducing conditions.

NOX-1 Single Amino Acid Substitutions in
NADPH-Binding Sites Result in a Complete
Lack of Function
We took advantage of the functionality of NOX::mCherry to
evaluate the effects of specific amino acid substitutions in NOX-
1 function. The analysis of mutations in human CYBB gene,
encoding gp91phox catalytic subunit, or NOX2, showed that
the substitution of proline 415 by histidine resulted in a lack of
oxidase enzyme activity but preservation of the inactive protein.
The same was observed with mutations replacing arginine 537 by
cysteine (Rae et al., 1998). These amino acids, which are part of
the NADPH-binding sites, are highly conserved in the NOX from
filamentous fungi (Figure S9), and correspond to NOX-1 proline
382 and cysteine 524. We used plasmid pNCNOX-1::mCherry4
to introduce point mutations by PCR in the corresponding
codons, to generate NOX-1-mCherry proteins with P382H and
C524R substitutions. The resulting plasmids were confirmed by
DNA sequencing and used to transform∆nox-1 his-3 strain. Two
transformants confirmed by PCR were named NOX-1P382H-
mCherry ∆nox-1 and NOX-1C524R-mCherry ∆nox-1 and used
for further experiments. The analysis of the corresponding strains
by confocal microscopy showed that the signal intensity and
localization of the mutant proteins was very similar to wild
type NOX-1 (Figure S10). Nevertheless, nox-1P382H-mCherry
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FIGURE 8 | NOX-1::mCherry co-localizes with NOR-1::GFP during CAT inducing conditions. (A) Heterokaryotic hyphae from strains expressing NOX-1::mCherry and

NOR-1::GFP were observed by confocal microscopy. A white arrow points to NOR-1::GFP enrichment at the hyphal tip. (B) Conidia from NOX-1::mCherry and

NOR-1::GFP strains were incubated under CAT inducing conditions and observed by confocal microscopy. The white arrow indicates NOR-1::GFP localized at the

hyphal tip in a dotted pattern and yellow arrows indicate single dot or dotted regions where NOX-1 and NOR-1 co-localize.

and nox-1C524R-mCherry alleles were unable to complement any
of the defects observed in ∆nox-1 mutants (Figures S11A–F).
These results indicate that all NOX functions depend on its
oxidase activity.

DISCUSSION

NOX-1 Is Localized in the Vacuolar System
The localization of a protein is a determinant of its functions.
Previous reports on NOX subcellular localization in different
filamentous fungi concluded that these enzymes are mainly
associated to the ER. In P. anserina, PaNox1-GFP tagging
resulted in a reticulate pattern, in some cases perinuclear,
showing high co-localization with an ER marker in young
hyphae, while in older hyphae a cortical punctuated pattern was
more frequent. The authors concluded that PaNox1 is mainly
localized in the ER, as well as in cortical vesicles originated
from the ER and presumably involved in the vacuolar network
(Lacaze et al., 2015). However, the ER marker consisted of
mCherry tagged with the predicted secretion signal from NOX
subunit PaNoxD and the KDEL ER-retention signal, and no other
independent ER marker was used.

In B. cinerea, BcNoxA and BcNoxB GFP fusions expressed
constitutively were localized in similar structures in germinated
conidia. Both GFP-NoxA and NoxB-GFP showed partial co-
localization with an ER-tracker signal, in some cases in
structures surrounding nuclei (Siegmund et al., 2013). In
Claviceps purpurea, mCherry fusions of CpNox1 and CpNox2,

not tested for functionality, were expressed constitutively and
localized using epifluorescence microscopy. Using ER-Tracker
Blue-White DPX, these authors concluded that CpNox1 and
CpNox2 appeared to be located mainly in the ER while CpNox2
also showed a tendency to accumulate in unspecified vacuoles
(Schurmann et al., 2013). In support of ER localization, Siegmund
et al. (2015) showed that a B. cinerea GFP::BcNoxA fusion
designed to be artificially retained in the ER, by addition of the
HDEL motif, restored the pathogenicity defects of a ∆bcnoxA
mutant. However, the fact that this fusion failed to complement
∆bcnoxA CAT fusion and sclerotia formation defects, led the
authors to propose that BcNoxA has functions both inside and
outside the ER (Siegmund et al., 2015). However, the possibility
that GFP::BcNoxA::HDEL could leak from the ER cannot be
excluded, as it is known that some KDEL bearing proteins are
localized outside the ER (Soares Moretti and Martins Laurindo,
2017). In search of possible NOX functions at the ER, Marschall
and Tudzynski (2017) detected physical interaction between
BcNoxA and putative ER disulfide isomerase protein BcPdi1,
and showed that ∆bcnoxA and ∆bcpdi1 mutants display similar
phenotypes (Marschall and Tudzynski, 2017). However, there is
increasing evidence indicating that disulfide isomerases can be
located and have functions outside the ER (Soares Moretti and
Martins Laurindo, 2017).

Our results using confocal microscopy show that functional
versions of N. crassa NOX-1, expressed either from a
constitutive promoter or from its own promoter, display
limited co-localization with the ER and early endosomes and
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are mainly associated to the entire vacuolar system, as defined
by the organellar system labeled by the vacuolar ATPase VMA-1
and the fluorescent molecule carboxy-DFFDA. The fact that in
older hyphal regions the NOX-1::mCherry signal is located in
the lumen of large vesicles suggests that NOX-1 degradation
might occur in these cell compartments, as it has been observed
for other vacuolar membrane proteins such as NCA-2, NCA-
3, and CAX but not for VMA-1, which does not contain
transmembrane domains (Bowman et al., 2009). In addition,
NOX-1 proteolysis could result in cleavage of the mCherry
tag. Although the reasons for these differences in fungal NOX
localization (mainly ER vs. mainly vacuolar) are not known, they
might be related to (i) the biological dissimilarity between N.
crassa and the other fungi studied; (ii) the fact that different cell
types or regions were studied in different fungi or (iii) technical
and methodological reasons.

As shown before (Bowman et al., 2015; Rico-Ramirez et al.,
2018) and in this work, N. crassa vacuolar system is a highly
dynamic and pleomorphic structure, showing dramatic changes
in shape during growth, aging, and development. In growing
hyphae, the tubular vacuolar region has also been named
as network of elongated cisternae or NEC. Studying the co-
expression of CSE-7, a chaperone required for ER exit of some
proteins, and different ER markers, Rico-Ramirez et al. (2018)
concluded that what has been defined as ER and NEC show
some overlap. How extensive this overlap is, structurally as well
as functionally, is yet to be defined. However, it should be noted
that while the subcellular localization of proteins depends mainly
on their targeting signals, the accumulation of DFFDA and its
fluorescence depends on specific transporters and an acidic pH,
both associated with vacuolar compartments and not with the
ER. Indeed, DFFDA never stains the nuclear envelope or the
hyphal tip regions, while ERmarkers are readily detected in these
regions. As NOX-1, VMA-1, and DFFDA largely stain the same
compartments, we conclude that such compartments correspond
to the vacuolar network. Interestingly, NOX2 and V-ATPase not
only are both located in mammalian phagosomes, but V-ATPase
activity is required for NOX2 oxidase activity (Rybicka et al.,
2012).

Fungal vacuoles have functions similar to animal lysosomes
and plant vacuoles (Richards et al., 2012). They play essential
roles in protein and organelle degradation, xenobiotic
detoxification, cellular pH, and osmotic homeostasis, and
the storage of metabolites and critical ions like iron and calcium.
We propose that some of these processes are ROS-regulated
by NOX enzymes capable to produce low levels of ROS in
the vacuolar lumen (see below), as exemplified by the redox
regulation of cysteine cathepsin proteases in phagosomes
(Rybicka et al., 2012).

NOX-1 Is Also Localized at the Plasma
Membrane
Although in growing hyphae most of the NOX-1-mCherry
fluorescence signal was associated to the vacuolar system, we also
detected part of NOX-1 at the plasma membrane, particularly
in areas that correspond to the tubular vacuolar network and

large spherical vacuoles regions. Polarized growth in plants has
been associated with plasma membrane enrichment of specific
NOX enzymes at the tip of root hair cells (Takeda et al., 2008).
As ∆nox-1 mutants are affected in radial growth and growth of
aerial mycelium, this suggests that NOX-1 plasma membrane
localization might be linked to polar growth in this fungus.
However, NOX-1 localization at the plasma membrane of the
hyphal tip was observed only in some instances, including when
latrunculin was used to partially inhibit endocytosis, and even
in these cases the enzyme was not particularly enriched at the
tip. This might be related to the fact that this region moves
out of focus during growth, or it could indicate that NOX-1
membrane localization at the hyphal tip is transient and highly
dynamic. In contrast, the NOX-1 regulatory subunit NOR-1 was
indeed enriched at the hyphal tip (see below). In M. oryzae,
using a NOX1-GFP fusion expressed from its own promoter
and epifluorescence microscopy, Egan et al. (2007) detected faint
GFP fluorescence at the periphery of appressoria, suggesting
that NOX1 was localized at the plasma membrane. Notably, this
fusion was also partially localized in the appressorium central
vacuole, but its localization was not studied in other conditions.
Although in B. cinerea, NoxA and NoxB were associated to the
ER, faint fluorescence was also detected at the plasma membrane
(Siegmund et al., 2013). It is not uncommon that only a portion
of the total amount of cellular NOX is localized at the plasma
membrane. In resting dendritic cells, only about 10% of total
NOX2 is present on the plasma membrane and this increases to
about 22% after zymosan stimulation, while a significant amount
of this enzyme is detected in late endosomes and lysosomes
(Dingjan et al., 2017).

NOX-1 and NOR-1 Co-localize Only in
Some Specific Compartments
As ∆nor-1 mutant phenotypes recapitulate the phenotypes of
both ∆nox-1 and ∆nox-2 mutants, it has been considered that
NOR-1 is necessary for the activity of both enzymes. Therefore,
it was unexpected to find that NOX-1 and NOR-1 co-localize in
only some cell compartments. Our NOR-1 localization results
are largely consistent with the localization of NOR-1 orthologs
in other fungi. In the plant symbiont Epichloë festucae grown in
axenic culture, a NoxR-GFP fusion, not tested for functionality
and expressed from a constitutive promoter, was detected in
septa and hyphal tips showing both punctuated and more
homogeneous patterns behind the tip. The hyphal tip localization
depended on the presence of NoxR PB1 domain (Takemoto et al.,
2011). In B. cinerea, a constitutively expressed functional GFP-
BcNoxR fusion was detected in granules irregularly distributed
throughout the vegetative hyphae. In some cases these granules
were moving toward the hyphal tip, and no co-localization with
BcNoxA or BcNoxB was observed (Siegmund et al., 2013). In C.
purpurea a CpNoxR::mCherry fusion, not tested for functionality
and expressed constitutively was detected equally distributed in
the cytoplasm as well as within mobile particles (Schurmann
et al., 2013). In P. anserina, PaNoxR was detected in a diffuse
cytoplasmic pattern in young hyphal regions and in a punctuated
pattern in older regions. In some cases PaNoxR was detected at
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the tip of growing hyphae, as well as the tip of hyphae undergoing
anastomosis, and PaNox1 and PaNoxR co-localization was only
observed in vesicles and never at ER-type structures or the hyphal
tip (Lacaze et al., 2015).

We found that NOX-1 and NOR-1 co-localization is mainly
observed in vesicular structures formed during CAT formation
and cell-cell fusion conditions. It is possible that all the defects
observed in ∆nor-1 and ∆nox-1 mutants could be explained by
their inability to undergo cell fusion, both during hyphal growth
and CAT fusion. Indeed, many mutants screened as defective for
cell fusion were also affected in radial growth, aerial mycelium
growth and were female sterile during sexual differentiation
(Fu et al., 2011). CAT development is a complex process and
more than 70 genes involved in cell recognition, chemotropic
interactions and cell fusion have been identified in filamentous
fungi. Among these NOX-1 and NOR-1 are essential for cell
fusion in different fungi [see (Fischer and Glass, 2019) for a
comprehensive review]. Interestingly, we have found that ∆nox-
1 conidia cannot fuse with wild type conidia, indicating that a
functional NOX-1 is needed in the fusing cells and highlighting
the importance of NOX-1 during this process.

NOX-1 Oxidase Activity Is Essential to
Regulate Growth and Development in
N. crassa
We have demonstrated that the substitution of a single amino
acid in two different NADPH-binding sites is enough to render
NOX-1 inactive. This indicates that the oxidase activity of NOX-
1 is essential for its functions, as opposed to NOX-1 possible roles
as a scaffolding protein, capable to interact with several proteins.
NOX transport of the electrons taken form NADPH across a
membrane not only produces superoxide and derived ROS, but
can also affect the pH on either side of the membrane. This,
in turn, affects electrochemical-driven ion fluxes and cell turgor
(Segal, 2016). Because these two functions cannot be separated,
the critical question on which NOX functions are attributed to
the production of ROS and which to the associated changes in
pH remains unanswered and therefore, it cannot be ignored that
NOX enzyme function has these two effects.

The fact that electron transport activity can be induced in vitro
by adding NADPH to purified and relipidated NOX2 (Koshkin
and Pick, 1993) indicates that there is a low basal activity
that seems independent of its regulatory subunits. Therefore,
it is possible that the NOX-1 we observe in the vacuolar
network could have some NOR-1 independent activity in this cell
compartment, which might be important to regulate the acidic
pH and contents of the vacuolar system, as well as cell turgor.

In addition, some NOX-1 targeted to the plasma membrane
might be endocyted and fused with NOR-1 containing vesicles
to generate a fully active enzyme and produce high ROS levels
inside these vesicles. Some of these vesicles could travel back to
the plasma membrane and release ROS to the extracellular space,
where they could participate in cell-wall remodeling, defense

and cell-cell communication (Aguirre and Lambeth, 2010). Some
of these vesicles containing fully active NOX-1 could also be
directed to specific cell compartments, where they could fuse and
release ROS, as a way of generating different oxidation conditions
in time and space.

In dendritic cells, where a sustained production of ROS is
needed in the phagosome, it has been recently shown that
lysosomes contain a large portion of inactive NOX2, which is
recruited to the phagosome to replenish inactive oxidized NOX2
(Dingjan et al., 2017). Therefore, it is possible that part of the
NOX-1 present in the fungal vacuolar system could also be a
NOX-1 reservoir to be directed to NOR-1-containing or other
cell compartments.
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Chromaffin Cells of the Adrenal Medulla:
Physiology, Pharmacology, and Disease
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ABSTRACT
Chromaffin cells (CCs) of the adrenal gland and the sympathetic nervous system produce the
catecholamines (epinephrine and norepinephrine; EPI and NE) needed to coordinate the bod-
ily “fight-or-flight” response to fear, stress, exercise, or conflict. EPI and NE release from CCs is
regulated both neurogenically by splanchnic nerve fibers and nonneurogenically by hormones
(histamine, corticosteroids, angiotensin, and others) and paracrine messengers [EPI, NE, adeno-
sine triphosphate, opioids, γ-aminobutyric acid (GABA), etc.]. The “stimulus-secretion” coupling of
CCs is a Ca2+-dependent process regulated by Ca2+ entry through voltage-gated Ca2+ channels,
Ca2+ pumps, and exchangers and intracellular organelles (RE and mitochondria) and diffusible
buffers that provide both Ca2+-homeostasis and Ca2+-signaling that ultimately trigger exocytosis.
CCs also express Na+ and K+ channels and ionotropic (nAChR and GABAA) and metabotropic
receptors (mACh, PACAP, β-AR, 5-HT, histamine, angiotensin, and others) that make CCs excitable
and responsive to autocrine and paracrine stimuli. To maintain high rates of E/NE secretion during
stressful conditions, CCs possess a large number of secretory chromaffin granules (CGs) and mem-
bers of the soluble NSF-attachment receptor complex protein family that allow docking, fusion, and
exocytosis of CGs at the cell membrane, and their recycling. This article attempts to provide an
updated account of well-established features of the molecular processes regulating CC function,
and a survey of the as-yet-unsolved but important questions relating to CC function and dysfunc-
tion that have been the subject of intense research over the past 15 years. Examples of CCs
as a model system to understand the molecular mechanisms associated with neurodegenerative
diseases are also provided. Published 2019. Compr Physiol 9:1443-1502, 2019.

Didactic Synopsis
Major teaching points
1. During stress, chromaffin cells (CCs) from the adrenal

medulla release a surge of catecholamines (CAs)
[epinephrine (EPI) and norepinephrine (NE)] into the
bloodstream, which serves to prepare the different organs
of the body for the fight-or-flight response, to escape from
danger and survive.

2. Classically, the secretory response of CCs is triggered by
a rapid elevation of the Ca2+ concentration in the cytosol,
mainly contributed by Ca2+ entry via voltage-activated
Ca2+ channels that open upon membrane depolarization as
a consequence of the activation of postsynaptic choliner-
gic receptors by the neurotransmitter acetylcholine (ACh)
that is released from splanchnic nerve terminals. Pitu-
itary adenylate cyclase-activating polypeptide (PACAP)
co-released with ACh at the adrenomedullary synapse
contributes to CA secretion from the adrenal medulla
during stress.

3. CCs express many types of Na+, Ca2+, and K+ channels
that are also able to generate spontaneous “neuronal-like”
tonic and burst-firing patterns that can drive a sustained

“nonneurogenic” release of CAs upon stimulation by var-
ious secretagogues.

4. The Ca2+ signal due to Ca2+ entry is subsequently mod-
ulated by Ca2+ uptake and release in mitochondria and
endoplasmic reticulum (ER). Intracellular Ca2+ controls
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granule movement to the plasma membrane, exocytosis
and endocytosis, and couples cell activity to adenosine
triphosphate (ATP) generation.

5. CAs, chromogranins, ATP, GABA, opioids, and other
peptides are tightly packaged in secretory granules
(SGs) that release their contents by fusion with the plas-
malemma. In this process (exocytosis) several soluble
NSF-attachment receptor complex (SNARE) proteins
participate in regulating the formation of a membrane
fusion pore and its subsequent expansion to release the
granule content.

6. CAs are preferentially released from newly synthetized
granules. Older granules may act as CA donors for newly
formed granule reloading.

7. Secretagogues of the adrenal medulla stimulate both
CA/peptide synthesis and release via “stimulus-secretion-
synthesis coupling.” CC excitability, Ca2+ channel
currents and the ensuing secretory responses are regulated
further by several receptors for opioids, PACAP, ATP,
GABA, and various other neurotransmitters.

8. Altered cell excitability, Ca2+-handling, and exocytosis
defects have been reported in CCs from rodent models
of diseases such as hypertension, Alzheimer’s disease,
Huntington’s disease (HD), autism, and amyotrophic
lateral sclerosis, suggesting that the defective proteins of
the disease also have an impact on CC function.

Introduction
The adrenal glands are endocrine organs that reside above
the kidneys in mammals and, as such, have also been called
“suprarenal” glands. The inner part of the adrenal is the
medulla, a tissue originating from the neural crest, and sur-
rounded by the cortex. Both cortex and medulla contribute
critically to the body’s responses to stress. At the beginning
of the 19th century, Alfred Kohn coined the term “chro-
maffin” for adrenal medulla catecholamine-containing cells,
which can be stained by a chemical reaction to chromium
(113). Since then, CCs have provided one of the most suc-
cessful models for the study of nerve cells, especially for
the stimulus-secretion coupling process and its regulation
(394).

During intense fear, metabolic stress, exercise, or struggle,
adrenal CCs release into the blood stream EPI and NE neces-
sary for regulating the “fight-or-flight” response (96). These
potent chemical messengers bind to their molecular targets,
the adrenergic receptors, distributed throughout the entire
organism, and prepare it for maximal muscle performance and
motor responsiveness by increasing heart pumping strength
and blood pressure, producing vasodilation in the blood
supply of skeletal muscles and heart, and vasoconstriction in

the skin and gastrointestinal vasculature. At the same time,
mobilization of glucose from the liver is enhanced, while
bronchioles dilate to optimize blood oxygenation and pupils
dilate to improve visual acuity. Released CAs also promote
relaxation of smooth muscle in tissues not required for a
stress response such as the intestinal tract or the uterus (570).

The adrenal medulla performs these tasks, by virture of its
unique functional organization: Preganglionic sympathetic
nerve fibers originating from cell bodies in the thoracolumbar
segments of the spinal cord bypass the celiac ganglion with-
out making synapses and form the splanchnic nerve, which
innervates CCs directly. These synaptic terminals release
ACh, that upon binding to postsynaptic nicotinic receptors in
CCs, induces a rapid membrane depolarization. This triggers
action potentials (APs) that allow Ca2+ influx, followed
by rapid elevation of the intracellular Ca2+ concentration
([Ca2+]i). Ca2+ elevation then triggers the fusion of SGs with
the plasma membrane and the exocytotic release of CAs. The
neurogenic control of CCs permits a continuum of CA output,
from a firing rate of splanchnic nerve impulses of about 1 Hz,
sufficient to maintain resting cardiovascular, respiratory, and
metabolic functions (247, 249, 506), to nerve fiber discharges
at maximum rates equal or higher than 10 Hz producing a
massive release of CAs during stress (569).

The first synapse described electron microscopically was
the splanchnicoadrenomedullary synapse (139). Earlier, the
storage of CAs within SGs of adrenal medulla was charac-
terized (299). The concept of exocytosis was developed from
the observation of the secretion of a highly charged, >70 kDa
protein, chromogranin A (CgA), unlikely to be released by
diffusion across cell membranes, from the adrenal medulla
following splanchnic nerve stimulation (280, 673). Ca2+-
dependence of exocytosis was also demonstrated in the
adrenal medulla (176), culminating in Douglas’s concept of
stimulus-secretion coupling (172), analogous to the muscle
stimulus-contraction coupling.

CCs resemble neurons in many ways. Besides their synap-
tic input, they receive chemical signals both from their
neighbors (paracrine signal) and from themselves (autocrine
signal). Some of them are electrically coupled (261). Their
excitable properties originate from a surprisingly wide vari-
ety of ion channels, comparable to those of many central
neurons (389, 394). Thus, far from being passive followers of
their neurogenic input, these cells can decode and integrate
different types of extra- and intracellular signals to gener-
ate complex patterns of electrical and cytoplasmic second
messenger signaling that culminate in the regulated release
by exocytosis of potent chemical messengers, which include
CAs, opioids and other peptides, ATP, and GABA.

The unique properties of CCs derive from their embryo-
logical origin: they belong to both the nervous and the
endocrine systems (16, 628). Their neuron-like phenotype has
been particularly valuable over more than 30 years of research
to understand excitability, nerve impulse generation, synaptic
transmission, regulated neurotransmitter secretion, and the
actions of drugs that regulate central nervous system (CNS)
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function (70). CCs have also been crucial for understanding
the basic mechanisms of intracellular Ca2+ dynamics and neu-
rochemical transmission through secretory vesicles or CGs.
The CGs were first isolated from the bovine adrenal medulla
and their releasable cargo analyzed (215). Most of the vesic-
ular proteins involved in the secretory machinery were first
definitively characterized in CCs (86, 163, 301, 583, 601).
CCs, together with the pheochromocytoma cell line (PC12)
isolated from a rat tumor of adrenomedullary origin in
1976 (257), have been the major cell types employed in
the development and refinement of patch-clamp and amper-
ometric recording techniques. These two independent but
complementary electrophysiological approaches have been
indispensable in clarifying most of the now-known molecular
mechanisms that regulate cell excitability, Ca2+-dependent
secretion, and the molecular apparatus that regulates vesicle
fusion (394, 667).

Starting with the seminal work of Levi-Montalcini and
Unsicker (16, 628), showing that CCs can transdifferentiate
into sympathetic neurons when exposed to nerve growth fac-
tor (320, 325), adrenal CCs have extended our understanding
of neural development. Much of our present knowledge of
the physiology and pathophysiology of neuropeptide and
monoamine neurotransmitters stems from studies in CCs.
More recently, CCs have been valuable in studies of neurode-
generative processes, tumorigenesis, and drug development
(157, 435). This article aims at providing the reader with a
broad view of both classical and recent advances concerning
the molecular mechanisms regulating the secretory function
of these remarkable cells, as well as their concerted role
within the adrenal medulla as an endocrine organ respon-
sible for integrating physiological responses to a range of
homeostatic challenges.

The sympathoadrenal medulla connection
It is recognized that in higher organisms the brain regulates
the “milieu interieur” (60) and body homeostasis (95). This
regulation ensures that under normal conditions, blood glu-
cose, oxygen, electrolyte concentrations, body temperature,
blood pressure, heart rate, respiration, and blood flow to vital
organs do not vary much or for very long. To maintain the
integrity of the organism, the brain controls the inner world
via feedback-regulated systems. Cannon introduced three
concepts focused on the adrenal medulla that are well known
and widely accepted: homeostasis, the “fight-or-flight”
response, and the functionally unitary nature of the sympa-
thoadrenal system. The autonomic nervous system has two
divisions, parasympathetic and sympathetic. The sympathetic
nervous system (SNS) comprises a large variety of cells.
Thus, sympathetic neurons form the pre- and paravertebral
ganglia and their axonal noradrenergic nerve terminals inner-
vate and regulate most organs and blood vessels through the
release of NE. A second SNS component is the collection of
CCs within the adrenal medulla that, upon ACh and PACAP

release from the splanchnic nerve, trigger the secretion of NE
and EPI. CCs are also located in paraganglia close to large
blood vessels and along sympathetic nerves that innervate
pelvic organs (296, 366, 437). Finally, paraganglionic cells
also include chemoreceptive type I cells of the carotid body,
which are peripheral oxygen sensors.

Unique to the SNS is that a quite low firing frequency
(less than 1 AP per second), is sufficient to maintain constant
cardiovascular, respiratory, and metabolic functions of the
body. Full activation during stress occurs when nerve fibers
discharge at maximum rates equal or higher than 10 Hz
(2, 50, 155, 515). The splanchnic nerve innervates the adrenal
medullary CCs and is cholinergic. Through the release of ACh
at the cholinergic-CC synapse, the human adrenal medulla
secretes about 0.05 μg kg−1 min−1 NE and 0.2 μg kg−1 min−1

EPI (i.e. about 75% EPI and 25% NE), similar to the ratios
reported in adrenal glands of cats, dogs, and calves (576).
Thus, NE release from sympathetic nerve terminals through-
out the body, and NE plus EPI release from the adrenal
medulla maintains the basal circulating CA levels at about
250 and 100 pg mL−1, (1.25 and 0.55 nM), respectively, for
NE and EPI. This dual mechanism of stimulation represents
a safety mechanism to maintain body homeostasis. The
sympathetic neurons releasing NE locally at tissues they
innervate and the adrenal medulla CCs releasing NE and EPI
into the circulation augment the metabolic rate of practically
every cell in the organism (250, 268).

Classical and modern histochemical, morphological, and
functional studies have shown the existence of separate popu-
lations of NE- and EPI-secreting CCs in the adrenal medulla
of mammals (140, 300, 456). The activity of these two cell
subtypes seems to be regulated by separate neuronal pathways
to the adrenal medulla. Nerve terminals on NE CC cells are
morphologically distinct from terminals on EPI cells (259).
Double-virus transneuronal labeling shows that the secretory
activity of CCs is regulated by a set of neurons at the brainstem
and the hypothalamus (323). Cumulative evidence supports
the view that NE and EPI release from their respective adrenal
medullary CCs is tightly regulated at three different levels,
namely the brain, the spinal cord, and the CCs themselves.
Thus, burst-pattern stimulation of the trigeminal nucleus cau-
dalis in the cat brain stem preferentially releases EPI (59). The
selective release of EPI is also regulated by autonomic areas
in the cerebral cortex (648), hypothalamus (228, 540), and
medulla oblongata (388, 438). Furthermore, the stimulation
of other regions of the hypothalamus (228, 540) and medulla
oblongata (438) selectively regulates the release of NE. This
occurs probably because distinct preganglionic neurons inner-
vate NE and EPI CCs (457). In addition, separate populations
of preganglionic neurons, originating in different segments of
the intermediolateral column of the spinal cord, differentially
innervate CC subtypes, with the more cephalic preganglionic
outputs innervating EPI cells and the more caudal ones inner-
vating NE cells (187).

Thus, the different secretion of NE and EPI seems to be
regulated by the distinct innervation of NE and EPI cells and
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by the different input patterns that each cell type receives from
the brain during stress. This may lead to selective recruitment
of different subtypes of voltage-gated Ca2+ channels (CaV)
expressed by CCs (240, 417). Thus, in two studies, different
stimulation patterns caused differential secretion of EPI or
NE; in bovine CCs stimulated with KCl, CaV2.1 (P/Q-type)
channels were associated more tightly with EPI release,
while CaV1 (L-type) channels were linked to selective NE
release (400). The type of cholinergic receptor targeted
by ACh may also condition the selective amine release;
while nAChRs mediate the release of both CAs, muscarinic
receptors preferentially mediate the release of EPI (173).

The differential secretion of NE and EPI may find a phys-
iological and pathophysiological explanation in the different
stressors or pathological situations that disrupt the organism’s
homeostasis. During the “flight-or-fight” response described
by Cannon, an alarming acute stressful conflict causes a mas-
sive discharge of the sympathoadrenal axis, with the ensuing
a large surge of NE and EPI release. Pupils and bronchioles
dilate; heart rate, myocardial contraction, and blood pressure
increase to switch blood to skeletal muscles that must increase
the vigor of their activity; glucose is mobilized from muscle
and liver to increase glycemia and metabolic activity is aug-
mented in practically all cells of the organism. In this way,
the organism is prepared as a whole to fight or run away from
danger, two highly coordinated physiological responses.

From a pathophysiological perspective, the differential
secretion of NE and EPI may also occur as a response to
specific stressors (252). For instance, hemorrhage in cat
causes a preferential release of NE, a situation in which
vasoconstriction is required; however, insulin-induced hypo-
glycemia causes a selective EPI release because of its stronger
capability to mobilize glucose from the liver (225). Other
studies in the rat also demonstrate a preferential EPI release
during hypoglycemia (597, 645). This contrasts with the
preferential release of NE observed in rats exposed to cold
stress (646). Histamine releases preferentially EPI through
the activation of H1 receptors (68). Muscarinic stimulation
also preferentially releases EPI (164).

Synthesis, Storage, and Metabolism
of CAs
Synthesis and storage of CAs
Winkler and colleagues first introduced the concept of the
“secretory cocktail” of CCs: the complement of proteins, pep-
tides, cations, ATP, and CAs that are released from the CG as
the major effector function of the CC of the adrenal medulla.
Here, we describe briefly CA and protein/peptide biosynthe-
sis and granule storage, as a necessary prelude to the more
elaborate description of how this secretory cargo is released
from the CC of the adrenal medulla to exert the unique
physiological function of this essential endocrine organ.

The CA content of the CG depends on two processes:
CA biosynthesis and CA vesicular transport and storage.

The story of the discovery of the biosynthetic pathways of
CAs is one of the most fascinating in neuroscience that, in
spite of the enormous technical limitations was started in
the latest 1930s of the past century. The detailed description
of all the steps involved in the transformation of the amino
acid tyrosine in the three natural CAs, DA, NE, and EPI, is
beyond the aim of this article. A comprehensive description
of the enzymes, cofactors, and kinetics associated with CA
biosynthesis can be found elsewhere (647).

The adrenal medulla is the paradigm for the full CA syn-
thetic pathway from the amino acid tyrosine to the final major
CA product of the adrenal medulla, EPI. The conversion of
tyrosine to DA occurs via the sequential actions of tyrosine
hydroxylase (importantly, the rate-limiting enzyme in CA
biosynthesis) to produce l-dopa and aromatic amino acid
decarboxylase (AADC, a.k.a. dopa decarboxylase) to produce
DA. DA is transported into the storage vesicle by vesicular
monoamine transporters (VMATs) (see below) and converted
to NE by DBH within the SG. Sequestration of DA into the
SG accomplishes two important cellular goals: presenting
DA to dopamine-β-hydroxylase (DBH) for its conversion
to NE and removal of DA from the cytoplasm, where its
metabolism by monoamine oxidase (MAO) creates poten-
tially toxic oxidation products which, in the brain, have been
implicated in the neurodegeneration of Parkinson’s disease
(293). The only synthetic step that must occur inside the CG
is the conversion of DA into NE as DBH is an intragranular
protein, in fact, one of the intragranular proteins that, along
with CgA, helped to first establish the concept of exocytosis
itself (62, 283). Once DA is converted to NE, NE diffuses
from the SG and is converted in the cytoplasm to EPI [in cells
that express the cytoplasmic enzyme phenylethanolamine-
N-methyltransferase (PNMT)], which is then transported
back into the CG and stored mainly in an osmotically inert
compartment prior to exocytotic release. The proportion of
NE/EPI varies depending on the species where it is measured;
for instance, the proportion of EPI found in rats is around
90%, whereas this ratio drops to ≈73% in dogs, mice, and
cows and 60% in cats and goats. The CA content of the human
adrenal medulla is about 80% EPI. As described earlier in this
article, EPI and NE are found mainly in separate CCs, that is
most NE in PNMT-containing CCs is converted to EPI.

Almost all CAs are stored in CGs. This process occurs
via transport by the VMAT. VMAT is at the heart of CC
function because it is responsible for accumulation of EPI
and NE into CGs at the concentrations required for hormonal
action at distant targets, following exocytotic secretion into
the general circulation. The free catechol concentration in the
cytosol is 50 to 500 μM, comprising 10% CAs (458), while
the measured concentration of catechols in CGs is 0.8 to 1.0
M, depending on the mammalian species (9, 454, 455). Thus,
the CG concentrates CAs more than 10,000-fold against
their concentration gradient, a thermodynamic feat whose
accomplishment defines the function of the CC.

Understanding how VMAT transports CAs began with
the work of Scarpa, Johnson, and colleagues (329, 330).
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CA uptake and storage in CGs is a two-step process in
which CA transport into the CG is followed by its osmotic
inactivation via complexation with other granule components
including ATP, chromogranins, and Ca2+ (282, 517, 629).
To study the first process in isolation, workers employed
CG ghost granules lysed to release their contents, and then
resealed as empty vesicles (330). Accumulation of CAs
into these “ghosts” was the model system in which Scarpa
and Johnson worked out the now-famous formula for CA
transport via proton exchange, where the proton-motive force
Δp =ΔΨ− [2.30 RT/F×ΔpH], with proton-motive force
generated by the vacuolar ATPase of the CG membrane
(331). The laboratories of Schuldiner and Henry made semi-
nal contributions to the pharmacological characterization of
amine uptake in the granule “ghost” system, identifying the
approximate molecular weight of the transporter via reconsti-
tution and explaining the amine-depleting effects of reserpine
and tetrabenazine based on their inhibition of CA transport.
It was deduced that there were two forms of VMAT—now
known as VMAT1 and VMAT2—based on the universal
uptake-inhibition properties of reserpine, but the species and
tissue-specific inhibition by tetrabenazine (for reviews, see
Refs. 286 and 559). The uptake of quaternary amines such
as the Parkinsonogenic MPP+ confirmed the likelihood of
amine transport through the carrier as a positively charged
species (559). All of these pharmacological properties were
used to allow the eventual cloning of VMAT1 and VMAT2
cDNAs in in cellula expression systems (208, 393). VMAT1
and VMAT2 are expressed in all mammalian species, while
Caenorhabditis elegans contains only one VMAT, with the
properties of VMAT2 (uptake of histamine and inhibition by
tetrabenazine). This suggests that the evolutionary selection
of the properties of VMAT1 allows it to function as a selective
transporter for serotonin, to the exclusion of histamine, in the
enterochromaffin cells of the gut that supply serotonin for
utilization as a neurotransmitter in the enteric nervous system
(179). Although VMAT1 was originally characterized as the
“endocrine” VMAT and VMAT2 as the “neuronal” VMAT
(664), the CG contains VMAT1, VMAT2, or both VMATs,
depending on species and (in the rat), on the state of stress of
the organism. Immobilization stress causes an upregulation of
VMAT2 expression in the rat adrenal medulla, mainly within
EPI cells (616). VMAT2, however, is the exclusive trans-
porter for CAs in the CNS (209, 210). VMAT is a structurally
highly conserved protein across species—both isoforms pos-
sess twelve vesicular membrane-spanning domains, with the
residues contributing to specificity for histamine located to
several discrete regions within the transporter that contributes
to an amine-binding domain (226). The essential proton-
exchange function of the VMATs is found even in bacterial
proton antiporters, leading to the inclusion of the VMATs
in an evolutionarily distinguishable superfamily called the
toxin-extruding antiporters (TEXANS). This suggests that
amine uptake into vesicles is a coopted function of toxin
extrusion from single-celled organisms (560), and presaging
the function of VMAT2 as a “vesicle-sequestering” protein

protecting CA-containing CCs, as well as dopaminergic
neurons, from oxidative damage caused by CA metabolites
resulting from CA degradation by MAO and other oxidative
enzymes (253).

The parallel process of biosynthesis and storage in SGs for
the protein and peptide exportable products of the CC is dis-
cussed later. Synthesized as the so-called preprohormones in
the rough ER, proteins of the SG are imported into the gran-
ule through the trans-Golgi network (TGN) and condensed
into nascent CGs at that location through a process that is
still ill-defined (312). The CC has been a model system for
understanding the role(s) of proteolytic converting enzymes
(PCs) as well as “trimming” and amidating enzymes in the
production of bioactive peptides in neuroendocrine cells. For
an overall historical perspective, see Ref. 672; for prohormone
convertases, see Ref. 459; for carboxypeptidase processing
enzyme (CPE), see Refs. 307 and 231; and for peptidylglycine
α-amidating monooxygenase (PAM), see Ref. 192.

An important factor that largely contributes to the accu-
mulation of amines is the vesicular ATP. ATP is present, and
highly concentrated, in almost all secretory vesicles from
all animal species (67). Although its physiological role in
the concentration of CA was suggested since the 1960s and
demonstrated in vitro (361, 603), it was not easy to test its
role in vivo, as the removal of cellular ATP would mean
the death of the cell. However, the cloning of the vesicular
nucleotide transporter (VNUT, Figure 9) by the group of
Moriyama (554) allowed the study of the contribution of
vesicular ATP in the accumulation of CA. Thus, using siRNA
against VNUT, Estevez-Herrera and collaborators demon-
strated that the reduction of vesicular ATP largely reduced
the accumulation of CA (214).

The result of amine uptake and storage, protein process-
ing, and the collaboration of granins, ATP and Ca2+ in the
production of the SG core is the “secretory cocktail” of
the adrenal medulla: proteins, bioactive peptides, and small
molecules, including CAs, GABA, and ATP that are released
upon depolarization of the CC. The remainder of this article
describes the molecular, cellular, and system biology of how
the release of this secretory cocktail, via hormonal, neu-
ronal, and inflammatory first messengers, affects mammalian
organisms in both normal and pathophysiological states.

Metabolism of CAs
Two different mechanisms terminate CA activity: active
cell membrane transporters and metabolizing enzymes. The
final disposal of CAs and their metabolites is achieved by
renal excretion. In neurons, 90% of released NE is taken
back up into the cell by the NE transporter at the presynap-
tic membrane (193), while EPI released from the adrenal
medulla is removed from the circulation by nonneuronal
monoamine transporters (198). CAs taken up into neurons
or CCs can either be metabolized by intracellular enzymes
or sequestered into storage vesicles (194). Sympathetic neu-
rons and CCs, contain monoamine oxidase (MAO), whose
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principal substrates are, as the name implies, the CAs DA,
NE, and EPI. The major deaminated metabolite of NE is
3,4-dihydroxyphenylglycol (DHPG) (194). The adrenal
medulla contains catechol-O-methyltransferase (COMT).
This enzyme is responsible for the intramedullary conversion
of EPI into metanephrine and NE into normetanephrine
(198). Over 90% of metanephrine and about 23% of
normetanephrine in circulation are formed within the adrenal
medulla from CA leaking from granules into the cytosol
(198). The remainder of the circulating metanephrine derives
from extra-adrenal metabolism by COMT after adrenal
release of EPI.

Chromaffin Cell Excitability
What makes CCs excitable? The ion channels
controlling the resting potential and action potential
generation in CCs
As explained above, adrenal CCs release CA into blood
circulation in response to sympathetic stressful stimuli.
Typically, CA secretion is regulated neurogenically by the
activity of the splanchnic nerve whose nerve terminals in
the adrenal medulla release ACh sufficiently close to CCs to
induce postsynaptic responses well above the threshold to
activate all-or-none APs (303). This excitatory response is
associated with the activation of nicotinic excitatory postsy-
naptic currents (48, 304, 334) that cause cell depolarization
and AP trains of the same frequency as splanchnic nerve
stimulation, with no evidence of fatigue or desensitization
when stimulated at low rates (0.3–3 Hz) (303). In this way,
CCs act as “relay elements.” They couple splanchnic nerve
activity to CA secretion by generating AP trains that trig-
ger Ca2+ entry through voltage-gated Ca2+ channels and
regulate the Ca2+-dependent cascade of events leading to
neurotransmitter release.

To accomplish this task, CCs contain a “palette” of ion
channels that is as rich as that found in neurons (389), appear-
ing even excessive for a “relay element” that should passively
follow the neural input. Despite the central importance of
neurogenically evoked release of CAs (155), it is possible
that the ion channel “palette” can also sustain an intrinsic
electrical activity of CCs that, under humoral conditions, may
contribute to characteristic forms of CA secretion. Consistent
with this, recent work on mouse models reveals that mouse
CCs exhibit several voltage patterns of intrinsic excitability,
including a slow-wave burst activity that may be significant
for CA secretion (12, 260, 263, 426, 434, 633).

In this section, we will describe all the ion channels
expressed by CCs that contribute to the resting membrane
potential and generate the patterns of APs and slow-wave
burst activity under physiological and pathological condi-
tions. Table 1 summarizes all the ion channels that will be
described and that are proposed to play specific roles in the
function of CCs.

Na+ channels (Nav1.3 and Nav1.7)
CCs of most mammalian species exhibit robust voltage-
dependent Na+ (Nav) currents (222, 407, 633) that are
entirely tetrodotoxin (TTX)-sensitive. Na+ currents in CCs
start activating at around −35 mV and reaches maximal
amplitude at −10 mV in 2 mM extracellular Ca2+. They
activate in less than 1 ms and inactivate quickly within 5 ms at
0 mV. At this potential, the AP reaches its maximal rate of rise
(dV/dtmax) and decay (−dV/dtmax) before and after reaching
its peak amplitude between +20 and +40 mV in mouse CCs
(51, 633). Recovery from full inactivation of Nav channels is
relatively fast and complete at −90 mV (90% in 100 ms) and
at resting potentials of −50 mV (70% in 100 ms) (633). In
this way, the Nav channels of CCs are designed to sustain the
fast response to sympathetic nerve stimulation repeated at its
maximal rate of 20 Hz with no decay of AP amplitude (303).

Na+ currents in CCs have been reported to be carried by
Nav1.7 channels (358, 654, 655), but evidence on this point is
incomplete. Recent work, using quantitative PCR and western
blots, suggests a contribution of both Nav1.3 and Nav1.7 in
MCCs, with a preponderance of the Nav1.3 isoform (633).
However, the voltage dependence of both activation and
steady-state inactivation of mouse Nav currents is consistent
with one type of sodium channel (633). Based on the studies of
heterologously expressed Nav1.3 and Nav1.7, both channels
share similar functional properties, but the voltage at which
Nav1.3 is half inactivated is shifted to the right compared
to that for Nav1.7 (146, 297, 638). Thus, if both isoforms
are expressed in mouse CCs in similar proportions, the Nav
currents should exhibit double rather than single Boltzmann
inactivation functions. However, this is not the case in either
rat or mouse CCs (633). Thus, Nav currents seem most
consistent with a dominant Nav1.3 channel in MCCs. Indeed,
preliminary results using Nav1.3 KO mice confirm that Nav
current is completely lost in MCCs (Chris Lingle, personal
communication) (389). Interestingly, Nav1.3 channels have
strong structural homologies to Nav1.1 and Nav1.2, which
are the Nav channels of brain neurons implicated in AP
initiation, AP conduction, and repetitive firing (117).

Ca2+ channels (Cav1, Cav2, and Cav3)
Following the early patch-clamp recordings of voltage-
dependent Ca2+ currents (32, 222, 309), the gating properties,
pharmacological diversity, and modulation of these currents
in CCs have been the subjects of extensive investigation using
different CC species (7, 30, 31, 35, 36, 74, 98, 103, 121,
136, 236, 404, 406, 411, 417, 419, 427, 484, 495, 509, 510,
542, 575, 634). Nearly all known subtypes of high-voltage-
activated Ca2+ current, including Cav1 (L-type) and Cav2
(P/Q-, N-, and R-type) channels have been described in rat
(523), mouse (11, 417), cat (7), cow (30, 411) and human
(510) CCs. Cav3.2 T-type Ca2+ channels are also expressed,
particularly during immature stages and stressful conditions
preserving their particular low-voltage range of activation
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and fast-inactivating kinetics in rat and mouse CCs (74, 103,
107, 108, 298, 379, 479).

The expression density of Cav channels varies remarkably
among animal species studied (human, bovine, pig, cat,
mouse, and rat; 224), cell conditions, and development. In
adult animals, L-, N-, P/Q-, and R-type channels are the
dominant species (240, 262, 426, 427). They shape AP
waveforms and regulate CA secretion and vesicle retrieval.
Despite the many reports, there is still no convincing proof of
a specific colocalization of any of the expressed Cav channel
subtypes with the secretory apparatus. Each channel type
controls CA release with the same linear Ca2+-dependence
(30, 100, 103, 206, 248, 352, 417, 543, 609, 627). Why do
simple relay elements like CCs need so many different Ca2+

channel types for their task? A possibility is that depending
on their different sensitivity to voltage, external signaling,
and intracellular second messengers, the many expressed Cav
channel types (see Table 1) permit compensatory paracrine
and autocrine responses to regulate the proper CA release
during different CC functioning conditions. The large number

of Cav channels also derives from the dual role (chemical and
electrical) that Ca2+ channels exert in the control of both CA
release and AP firing (426, 631, 632).

Cav channel contributions to AP firing are conditioned
by the voltage dependence of activation of the different Cav
channel isoforms. Cav2.1 (P/Q-), Cav2.2 (N-), and Cav2.3
(R-type) channels activate at significantly more positive
voltages than Cav1.2 and Cav1.3 (L-type) channels and
therefore contribute mostly to the fast AP upstroke. Cav1.2
and Cav1.3 channels activate at more negative potentials and
thus contribute to the slow phase of depolarization between
consecutive APs (interspike potential). It is also important to
notice that L-type channels are expressed at high densities in
CCs. They inactivate slowly and carry about half of the total
current in mouse, rat, and cat CCs (46, 121, 240, 428) and,
most likely, also in human CCs (see Ref. 631). For this reason,
they pass sufficient currents at very negative potentials and
are thus favored to set the “pacemaking” current regulating
the repetitive AP firing of CCs near resting potential. Looking
more closely at the biophysical properties of these two L-type

Table 1 Na+, Ca2+, and K+ Channel Types Expressed in CCs

Current Channel type Function Animal References

INa Nav1.3 AP upstroke Mouse (389, 633)

Nav1.7 Rat (358, 654, 655, 681)

ICa Cav1.2 (L) AP upstroke,
pacemaking,
neurosecretion

Mouse, rat,
bovine, human

(46, 429)

Cav1.3 (L) (429, 632, 635)

Cav2.1 (P/Q) AP upstroke,
neurosecretion

Mouse, rat,
bovine, human

(12, 30, 35, 240, 418)

Cav2.2 (N) (12, 30, 35, 240, 418)

Cav2.3 (R) (11, 121, 418)

Cav3.2 (T) AP threshold,
neurosecretion

Mouse, rat (104, 107, 427)

IKCa BK (Slo1) Vrest, burst
generation, AP
repolarization

Mouse, rat (429, 434, 436, 468, 632)

SK1-3 Vrest, burst duration,
burst repolarization

Mouse, rat (436, 468, 504, 635)

IKv Kv1-3 Vrest, AP
repolarization

Bovine, rat,
mouse

(564)

Kv4 (IA) Vrest, AP
repolarization, AP
trains

Bovine, rat,
mouse

(564)

Kv7 (KCNQ) Vrest, AP
repolarization, burst
generation

Bovine, mouse,
rat

(660)

Kv11 (ERG) Vrest, AP
repolarization

Mouse, rat (263)

IKATP Kir6.1 Kir6.2 Vrest repolarization
during hypoxia

Rat (73, 550)

IK K2P (TASK) Vrest, pH sensitive Mouse, rat (260, 316)
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channels, it appears evident that Cav1.3 possesses the proper
parameters to act as a pacemaker channel. Data derived from
heterologously expressed channels indicate that (i) Cav1.3
activates with steeper voltage dependence and at more neg-
ative voltages than Cav1.2 (362, 679) and (ii) Cav1.3 has
slower and less-complete voltage-dependent inactivation as
compared to Cav1.2 (362).

Given the lack of specific blockers for either Cav1.2 or
Cav1.3 (both are nifedipine-sensitive) in CCs, the dominant
role of Cav1.3 as a pacemaker channel could only be revealed
using the Cav1.3 KO mouse (Cav1.3−/−) (516). Previous
studies on the role of L-type channels in CC pacemaking
showed that these channels could pass 10 to 20 pA of current
in WT MCCs at rest, and nifedipine could either decrease the
firing frequency or block the spontaneous firing (426, 428). A
subthreshold inward Ca2+ current of this size passing through
the high input resistance of CCs (3–5 GΩ) (222, 428, 429)
is sufficient to generate pacemaker potentials of 10 to 20 mV
in amplitude to drive the cell from resting (−50 mV) to the
threshold of the AP upstroke (∼−30 mV). Deletion of Cav1.3
drastically reduces the amplitude of this pacemaker current
and the fraction of MCCs firing spontaneously (429). Loss
of Cav1.3 (i) decreases markedly the level of the nifedipine-
sensitive currents driving spike generation, (ii) raises the
rheobase (the minimal amount of current required to elicit
a train of APs) from 4 to 6.6 pA, and (iii) decreases the
extent of spike frequency adaptation during sustained current
injections (635). In conclusion, Cav1.3 in CCs plays a key
role in the control of AP firing either spontaneous or evoked
during step depolarization. Compared with other neuronal
pacemaker channels that carry mostly Na+ currents, like the
hyperpolarization-activated cation channels (HCN) (502), the
persistent (143) and resurgent (527) Na+ channels, and back-
ground channels (409), Cav1.3 appears unique and worthy of
being further studied in cardiac cells and brain neurons.

Ca2+-dependent SK and BK potassium channels
CCs were among the first cells from both rat and cow in which
Ca2+-dependent small- and big-conductance (SK and BK)
potassium currents were recorded (29, 408, 434, 436, 467,
468). SK currents are voltage independent and blocked by the
bee-venom toxin apamin (319). They activate robust outward
currents following the release of cytosolic Ca2+ stores (467).
Single SK channels have small K+ conductance and are
half activated at ∼0.7 μM cytosolic Ca2+ (503). Mouse CCs
express all the identified SK channel subtypes: SK1, SK2,
and SK3 (635). SK are open at any potential if sufficient
cytosolic Ca2+ is available, and therefore they contribute
to setting the CC resting potential. Their current builds up
between successive APs and sets the basal frequency of
spontaneous repetitive firing. In fact, block of SK channels
by apamin usually increases the spontaneous firing rate of
CCs, suggesting that there is sufficient SK activation between
spontaneous APs to prolong the interspike interval (ISI)
(635). SK channels respond to small and persistent increases

in cytosolic Ca2+ (218). In this way, they play a negative
feedback role in response to Ca2+ influx and set the firing
frequency in resting CCs. SK currents build up markedly
during high-frequency firing or prolonged bursts and help
terminate the firing or the burst (635). More specifically, SK
channels are the main K+ channel types that activate near
rest, which is with mild depolarization, or during the ISI,
with a degree of activation proportional to the amount of
Ca2+ entering the cell during the repeated APs or a burst. In
this way, SK channels act as an effective “brake” on firing
cells, to promote more regular firing and adapting the AP for
constant maximal amplitude during sustained cell activity.

BK channels are voltage dependent. They activate follow-
ing cytosolic Ca2+ elevation, but their probability of opening
depends on the degree of cell depolarization. BK channels
are also less sensitive to Ca2+ with respect to SK, requiring
≥10 μM cytosolic Ca2+ to be activated (218). Given the diver-
sity and multiplicity of intracellular Ca2+ buffering systems,
and their tight regulation, such high concentrations occur
only within Ca2+ “nanodomains” near Ca2+ sources, that is
in the vicinity of Cav channels (218). This implies that BK
channels are localized near a Cav channel, and usually they
are colocalized with more than one Cav channel (522, 632).
In CCs, upon sufficient Ca2+ elevation and depolarization,
the BK current is typically the most prominent outward cur-
rent in CCs of all mammalian species (408, 429, 434, 468).
This greatly conditions the shape of single APs that exhibit
a marked afterhyperpolarization (AHP) during the falling
phase of the action potential, depending on the number of BK
channels open upon cell repolarization. In CCs, BK currents
can be either inactivating (BKi) or noninactivating (BKs)
(429, 434, 468, 522) in varying degrees, from completely
inactivating to completely noninactivating.

BK channel inactivation rate in CCs depends on the pres-
ence of a regulatory β2 subunit (661, 676) whose cytosolic
N-terminus mediates a pore occlusion type of inactivation
(677). Genetic ablation of β2 subunit expression results in
complete loss of inactivation of BK current in mouse CCs
(434). The functional role of BK channel inactivation per se
remains unclear (598). BK channel inactivation is very slow
(>35 ms, when 2 β2 subunits are bound to the channel); thus,
during trains of APs at 10 Hz, there is little cumulative BK
channel inactivation (167, 434). However, besides producing
inactivation, the regulatory β2 subunit also shifts the range
of channel activation to more negative voltages (676). With
a full set of four β2 subunits bound, the activation of BK
channels shifts by about 60 mV to more negative voltages
with 10 μM cytosolic Ca2+. This shift is critical for the
effective range of channel gating and results in different
AP firing patterns between CCs with BKi or BKs currents
(434, 581, 598). In the absence of any β2 subunit bound, BK
channels will activate less at a given Ca2+ (434), causing
an increased AP amplitude, slowed AP repolarization, and
reduced AHP. This, in turn, slows the rate of recovery of Nav
channels from inactivation and reduces the contribution of
Nav channels to the next AP. This, eventually, results in AP
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block after sufficient cumulative Nav inactivation (390). How
these properties of BK channels affect burst firing will be
considered in the following sections.

Voltage-dependent Kv (Kv1–3, Kv4, Kv7, and Kv11),
K2P TASK, and KATP potassium channels
CCs express a variety of voltage-gated Kv channels that
mainly control the resting potential, the AP repolarization
phase, and the mode of AP firing (tonic vs. burst) of the cells.
Bovine rat, and mouse CCs express Kv currents that are either
slowly (Kv1–3) or rapidly inactivating (Kv4; IA current) (429,
436, 468, 564). Kv4 currents are prominent in bovine CCs and
possess activation/inactivation characteristics that suggest
that they may play a key role in the regulation of repetitive
AP firing frequency during sustained stimulation (564).

CCs also express Kv7 (KCNQ; M-currents) and the Kv11
(ERG) channels. Kv7 is highly expressed in cardiac cells,
postganglionic sympathetic neurons, and brain and blocked
by mAChR activation through a membrane-delimited PIP2
depletion mechanism mediated by Gq/PLC-β [for review, see
(161)]. Kv7 are “low-threshold” K+ channels that are already
open at rest, activate very slowly with membrane depolariza-
tion, and do not inactivate during prolonged depolarization.
In bovine CCs, there is evidence of an M-current inhibited
by histamine (660). The existence of Kv7 in CCs, along with
mAChRs, suggests a role for Kv7 channels in cell depolar-
izations induced by mAChR activation. However, data on this
issue do not lead to a firm conclusion on this point (489). This
derives most likely from the existence of different isoforms
of mAChRs and different coupling to Kv7. In MCCs, mus-
carine causes either hyperpolarization plus a depolarization
(31%), a depolarization alone (30%), hyperpolarization alone
(21%), or no effects (18%). In contrast, blockade of Kv7
channels by XE991 causes a sizeable depolarization in 100%
of the cells, followed by an increased firing frequency or
a switch of spontaneous firing from tonic to bursts (402)
(I. Méndez-López, A.G. García, and E. Carbone, unpublished
observations). ERG or Kv11 channels have been identified
in rat CCs (263). Block of Kv11 by the selective blocker
WAY-123,398 causes marked cell depolarization, increased
spontaneous firing frequency, and even burst firing in some
cases, indicating that Kv11 channels may have an important
role in regulating CC excitability (263).

Rat and mouse CCs also express the pH-sensitive K+

channels TASK-1 and TASK-3 that are two-pore “leak”
channels (K2P) contributing to the membrane potential and
firing activity of cells at rest (260, 316). In rat CCs, TASK-1
channels are blocked by the activation of mAChRs, and thus
are postulated to be targets of the mAChR stimulatory action
that leads to increased CA secretion (316). In mouse CCs,
blockade of TASK-1 channels by the selective blocker A1899
and BK channels by paxilline mimics the effect of lowering
the extracellular pHo causing cell depolarization, burst firing,
and increased CA release (260). Given the expression of
TASK channels, MCCs act as “pH sensors” which trigger

an effective physiological response that compensates for the
acute acidosis and hyperkalemia generated after vigorous
exercise and muscle fatigue (441).

CCs also express KATP (Kir6.1 and Kir6.2) channels (73,
375, 550, 615). As in other cells, these channels are expressed
to protect the cell during low O2 pressure (PO2) conditions
that lower cytoplasmic ATP. In rat CCs, KATP channels are
effectively activated during acute hypoxia, most likely due to
the transient reduction of ATP at low PO2. The involvement
and upregulation of these channels is evident in rat CCs when
acute hypoxia is tested in the presence of the KATP channel
blocker glibenclamide. The addition of glibenclamide has no
direct effect on K+ current but enhances the inhibitory action
of acute hypoxia on K+ currents (550), suggesting that KATP
channels are recruited only in response to low O2.

The neuron-like spontaneous action potentials: tonic
versus burst firing
In CCs, like in neurons, spontaneous firing takes place when
sufficient inward current is driven by small voltage perturba-
tions near resting potential. Critical for triggering spontaneous
AP oscillations is the net balance between inward (leak, Na+,
and Ca2+) and outward K+ currents near resting potential.
When the inward depolarizing current exceeds the outward
current, a more positive unstable potential is reached at the
start of the “negative conductance” region of the IV charac-
teristics (680). At this unstable potential, any small depolar-
ization causes a small inward current that depolarizes the cell
further and triggers a train of APs. Subthreshold spontaneous
membrane potential oscillations occur easily if the cell pos-
sesses high input resistance (3–5 GΩ) and is equipped with
sufficiently large densities of Nav and Cav channels that acti-
vate readily at low voltages as in CCs (222, 418, 428). An
additional critical requirement for driving spontaneous APs in
slowly firing cells (∼1 Hz) is the presence of a weakly inacti-
vating inward current that sustains the slow pacemaker poten-
tial. Spontaneous firing is rather variable in CCs regardless
of whether the cells are isolated and plated in culture or in
adrenal gland slices (for a review, see Refs. 389 and 631). In
many CCs, the repetitive firing is “irregular,” that is spikes
occur at a variable frequency (Figure 1A). In mouse CCs,
the degree of regularity is somehow correlated with spike fre-
quencies. Fast spiking cells are typically more tonic and dis-
play “regular” repetitive firings (Figure 1B).

As in neurons, a small fraction of CCs can also undergo
spontaneous bursts at normal physiological conditions (434,
633). Burst firing occurs as trains of APs on top of a sustained
plateau potential of variable duration (Figure 1C). The burst
terminates with a robust AHP whose amplitude sets the
duration of the ISI. Deeper AHPs generate longer ISI. The
origin of this “neuron-like” bursting mode in CCs is largely
unknown, but one can speculate that it derives from a com-
bination of accumulated BK- and Kv-channel inactivation
and sizeable slowly inactivating Na+ and Ca2+ currents that
sustain the plateau potential and part of the spike amplitude.
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Figure 1 Different firing modes of spontaneously active chromaffin
cells. (A, B) Spontaneous AP trains recorded from two different rat CCs
displaying “irregular” and “regular” tonic firings, respectively. (C) Spon-
taneous AP trains exhibiting slow-wave bursting recorded from a mouse
CC. Below is shown a single burst at an expanded time scale (dashed
rectangle) and the overlap of consecutive APs within a burst. Numbers
indicate the sequential position in the burst. Adapted, with permission,
from Vandael DH, et al., 2015 (633).

Any reduction of the K+ currents activated during the first AP
attenuates the AHP to less negative values (plateau potential)
where Cav and Nav channels can sustain the series of AP
during bursts. Several ion channels contribute to set the
plateau potentials and spike amplitudes. The key issue is to
uncover how the degree of expression, gating properties, and
sensitivity to endogenous and exogenous modulators of these
channels may alter the equilibrium between repetitive and
burst-firing modes in CCs.

Tonic firing in CCs

The first intracellular and extracellular recordings of spon-
taneous firing activity in rat CCs were reported almost 50
years ago (61, 76). In these studies, the emphasis was on the
identification of the current components that participate in
nerve-evoked depolarization and could influence the Ca2+

influx required for CA secretion. Subsequent reports con-
firmed that CCs can generate APs when stimulated and that
they fire spontaneously both in situ or when isolated from
the glands (47, 263, 467). In some cases, they exhibited

considerable rhythmic complexity suggestive of bursting
(263). The existence of a spontaneous (nonneurogenic) firing
activity was compelling and received strong experimental
attention. The leading idea was to identify the resting cur-
rents that control the timing of repetitive AP firing, after
having observed that the block of L-type channels by 3 μM
nifedipine reduced or fully blocked the spontaneous activity
of mouse CCs (426, 428). Given this, the primary issue was
to determine whether the slowly inactivating Cav1.3 channel
was the main L-type channel responsible for the spontaneous
firing activity. This could be done using the Cav1.3 KO mouse
generated by the Striessnig laboratory (516). By comparing
the ionic conductances and firing properties of WT and
Cav1.3 KO mice, it was possible to show that both a Cav1.3-
mediated inward current and a BK-mediated outward current
are active during the interspike interval and the initial rising
phase of an individual AP (429). The two currents balance
each other with a slight predominance of Cav1.3 that drives
the spontaneous firing. The time course of the subthreshold
inward Cav1.3 current became evident in WT cells after
blocking BK channels with 1 μM paxilline or 5 mM TEA,
while this current was clearly absent in Cav1.3 KO cells.

A dominance of subthreshold Cav1.3 currents in regulat-
ing AP firing is also evident when studying their functional
coupling with SK currents and how the coupling effectively
adapts sustained AP trains during prolonged cell depolariza-
tions. The Cav1.3-dependent SK currents that build up during
the interspike intervals in WT cells lead to spike frequency
adaptation that is strongly attenuated in Cav1.3 KO cells
(635). Low adaptation ratios due to reduced SK channels
activation associated with Cav1.3 channel deficiency prevent
the effective recovery of Nav1.3 channels from inactivation.
This promotes a rapid decline in AP amplitudes and facili-
tates early onset of depolarization block following prolonged
stimulation. Thus, in Cav1.3 KO mice, both the spontaneous
and evoked AP firing are significantly altered.

The involvement of Cav1.3 in regulating AP firing in
mouse CCs is also supported by the altered firing properties
observed in mutated CCs in which the C-terminal automod-
ulatory (CTM) domain is interrupted with a hemagglutinin
tag (556). The CTM domain regulates the Ca2+-dependent
inactivation (CDI) of the channel and the replacement of
the “distal C-terminal regulatory domain” (DCRD) with
an HA-epitope generates a mouse (Cav1.3DCRDHA/HA)
that displays faster CDI. Indeed, the mutated CCs exhib-
ited L-type currents with faster inactivation and reduced
CDI. Spontaneous cell firing was significantly altered. An
increased percentage of cells lost their spontaneous activity
due to their more negative resting potential (silent cells), and
evoked AP bursts had increased firing frequency due most
likely to the reduced number of SK channels activated by
the accelerated CDI of Cav1.3DCRDHA/HA channels (556).
In conclusion, loss or mutations of Cav1.3 channel gating
induce significant changes in the spontaneous and evoked CC
activity, suggesting a key role of these L-type channels in the
generation and maintenance of AP firing.
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Slow-wave bursting in CCs

Slow-wave bursting activity is an intrinsic firing pattern that
can be recorded in 15% of WT MCCs either grown in culture
(633) or in adrenal medulla slices (434). Burst firing may
become dominant when CCs need to release CAs to sustain
several physiological responses such as acute acidosis and
hyperkalemia during heavy exercise and muscle fatigue (441)
(see below).

AP bursts have variable shapes. In general, an initial AP
of usual amplitude exhibits a slow and reduced repolariza-
tion. The slow repolarization leads to a depolarized plateau
potential upon which a series of truncated, presumably Ca2+-
dependent secondary, APs develops before terminating with
a strong repolarization. The number of secondary APs varies
from burst to burst, but it is likely the amplitude and duration
of the plateau potential that determines the amount of Ca2+

entry during the burst. Given that a slow-wave bursting lasts
more than 300 ms and the plateau potential varies between
−30 and −20 mV, the quantity of Ca2+ entering a cell is likely
to be more than an order of magnitude larger than the Ca2+

entering during a single AP. This is far more than the Ca2+

entering by simply increasing the frequency of firing from
1 Hz to its maximal value (20–30 Hz). This implies that any
cell manipulation, ion channel blocker, or channel agonist
able to switch the spontaneous firing of a CC from tonic to
bursting can induce a significant Ca2+ overload that boosts
massive CA release during stress or perhaps some ongoing
pathological condition (i.e. hypertension). In this view, an
increased percentage of burst-firing CCs could be a marker
of an increased functionality or a pathological state for the
adrenal CCs.

It is of key importance to understand how Na+, K+,
and Ca2+ channels contribute to the generation of slow-wave
bursting. Figure 2 shows the time course of Nav, Cav, Kv, BK,

and SK currents during burst firing using as voltage-clamp
commands three different AP bursts previously recorded in
current clamp (see Ref. 633). It is evident that Nav, BK, and
Kv currents are maximal during the first and second AP, while
they decrease rapidly during the remaining APs (Figures 2A,
2B, and 2D). At the end of the burst, their contribution falls
drastically. Quite different is the time course of inward Cav
currents that decreases slowly during the burst but keep
contributing significantly to Ca2+ entry almost up to the end
of the burst (Figures 2C and 2D). Conversely, the SK currents
build up progressively during the burst to reach a critical size
that terminates it (Figures 2C and 2D).

Recent studies have highlighted cell manipulations that
enhance or unmask this slow-wave burst (260, 434, 633). In
one case, reducing Nav1.3 channel availability by either slow
depolarizations that induce partial Nav channel inactivation
or application of low concentrations of TTX to reduce the
number of active Nav1.3 channels unmasked bursting activity
(633). In the second case, when the β2 auxiliary subunit of BK
channels is genetically deleted, almost all CCs exhibit repeti-
tive slow-wave bursting which occurs at a frequency (∼1 Hz)
similar to the spontaneous AP frequency of WT cells (434).
In the third case, lowering of extracellular pH (pHo) from
7.4 to 6.6 causes a marked cell depolarization that induces
sustained slow-wave bursts (Figure 3) and a nearly sevenfold
increase in CA secretion. Cell depolarization is attributed to
the blockade of pH-sensitive TASK and BK channels (260).
As summarized in Table 2, burst firing is also induced when
Kv7 channels are blocked by histamine (660), Kv11 channels
are blocked by their specific blocker WAY-123,398 (263), and
Kv, SK, and BK channels are blocked by acute hypoxia (550).
Burst firing is also induced in mouse CCs when Kv and BK
channels are blocked by TEA (464) and when Cav1 channels
are potentiated with the selective agonist Bay K 8644 (260).
There is also evidence that the pronounced depolarization
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Figure 2 Time course of Na+, Ca2+, and K+ currents during slow-wave bursts in mouse CCs.
(A) AP-clamp experiment measuring Kv and BK currents. Top: AP bursts elicited by current steps
were recorded at current-clamp mode and used as voltage command (black trace) in voltage-
clamp experiments. Bottom: Kv currents are shown in red and BK currents in gray. (B, C) As
in (A), but the currents isolated were Ca2+ currents (blue), SK (orange), and Na+ (black). (D)
Top: BK, SK, and Kv outward current amplitudes versus the spike number of the burst. Bottom:
Same, but for the Na+ and Ca2+ inward currents. Adapted, with permission, from Vandael DH,
et al., 2015 (633).
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Figure 3 Low pHo induces burst firing in mouse CCs. Spontaneous fir-
ing (no current injection) recorded in mouse CCs at pHo 7.4, 7.0, and
6.6. Bottom: AP recordings on an expanded time scale corresponding
to the gray window above. A decrease in pHo results in resting mem-
brane depolarization and the switch of firing modes from tonic (pHo
7.4) to mildly bursting (pHo 7.0), to sustained bursting (pHo 6.6). Inter-
mittent and sustained burst firing are accompanied by a net decrease
of AP peak amplitude associated with the slow inactivation of Nav1.3
channels at depolarized potentials. The dotted line indicates the 0-mV
level. Adapted, with permission, from Guarina L, et al., 2017 (260).

induced by 10 μM muscarine drives the spontaneous firing of
a large percentage of mouse CCs into a slow-wave bursting
mode (I. Méndez-López, A.G. García, and E. Carbone,
unpublished results).

Burst firing occurs typically when CCs are either depolar-
ized by blockade of Kv, SK, TASK, or BK channels or when
Cav1 channels are potentiated. In the first case, Nav1.3 chan-
nels are steadily inactivated by the sustained cell depolariza-
tion and are thus unable to activate a sufficient number of BK
and Kv channels to produce marked AHP that warrants the
fast recovery of Nav1.3 and Cav channels from their inactiva-
tion and the generation of the next AP. In the second case, the
increase of slowly inactivating Cav1 currents is sufficient to
produce enough inward current to sustain the plateau poten-
tial of the burst. It seems likely that other cases of channel
modulation or cell manipulation that induce bursting will be
discovered, to join those listed in Table 2.

Action potentials elicited by current injection
The ability of CCs to generate different patterns of sponta-
neous firing is helpful in understanding the causes of altered
CC excitability and identifying the molecular targets that are
altered. In some cases, CCs do not fire spontaneously (for a
review, see Ref. 155), and when it does occur, spontaneous
firing never reaches the high-frequency levels obtained dur-
ing intense sympathetic stimulation (20–30 Hz). In addition,
detailed analysis of CC firing during sustained high-frequency
sympathetic stimulation is often required to obtain a more
physiological view of stimulation-secretion coupling (153).
In these cases, an alternative to recording spontaneous firing
is to elicit trains of APs by applying step depolarizations of
increasing current amplitude (2–20 pA) and variable length
(0.1–10 s) to induce AP firing of increasing frequencies. Using
current steps above 2 to 4 pA, CCs from all animal species
examined undergo AP firing and CA secretion, confirming

Table 2 Cell Conditions, Hormones, Neurotransmitters, Blockers, and Agonists That Induce Slow-Wave Bursting in CCs

Stimuli, compound Action on channels Intensity of depolarization Animal References

Cell depolarization Slowly inactivated Nav1.3 +++ Mouse (633)

TTX Block of Na1.3 + Mouse (633)

Bay K 8644 Potentiation of Cav1.2 & Cav1.3 ++ Mouse (260)

Low pHo Block of TASK and BK +++ Mouse (260)

Paxilline Block of BK + Mouse (260)

A1899 Block of TASK-1 + Mouse (260)

Deletion of BK-β2 Removal of fast inactivation; leftward shift
of BK activation

+ Mouse (slices) (434)

TEA Block of Kv and BK ++ Mouse (slices) (464)

Acute hypoxia Block of Kv, SK and BK +++ Rat (550)

Histamine Block of Kv7 (IM) +++ Bovine (660)

Muscarine Block of Kv7 (IM) +++ Mouse I. Méndez-López, A.G.
García, and E. Carbone
(unpublished results)

WAY-123,398 Block of Kv11 (ERG) ++ Rat (263)
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that CCs, like neurons, are highly excitable cells whose firing
frequency controls Ca2+-dependent CA secretion (303).

Evoked AP firing with step depolarization was first
recorded 40 years ago (61, 76) using sharp glass microelec-
trodes. With the advent of the patch-clamp technique, evoked
AP firing was detected in CCs of many animal species with
variable results (153). AP recordings were used to identify
the ion channel types involved in CC excitability (389). As
in neurons, the analysis of AP trains with increasing step
depolarizations furnishes a detailed view of the ion channels
involved and their role in sustaining the firing. Well-resolved
recordings of current-evoked AP firing have been reported
in cow (153), rat (178, 581, 689), and mouse CCs (244, 434,
556, 635).

Figure 4 shows an example of AP recordings evoked with
increasing current steps (from 5 to 15 pA) illustrating how
CCs respond to constant depolarizations. Current injections
induce trains of APs that gradually decrease in frequency
(Figure 4A). The instantaneous firing frequency toward the
end of the pulse (fss) is always smaller than one measured at
the onset (fo), giving rise to an adaptation ratio fo/fss always
>1 (Figure 4B). Increasing the injected current (from 5 to
15 pA), the CC responds with a marked increase of fo (from 8
to 16 Hz) and fss that rises with the same proportion (from 2 to
4 Hz), indicative of the adapting behavior of these cells. The
maximal fo at very large depolarizations (15–20 pA) reaches
values (16–18 Hz) that are comparable with those recorded
in adrenal medulla slices (434) and with those induced by
maximal sympathetic stimulation. The frequency of the
adapted APs is significantly lower in mouse CCs (4–6 Hz)
than in rat CCs (10–12 Hz) (178, 303, 689), most likely due
to the different expression of BK channels in the two cell
preparations (434). In all cases, the AP peak adapts steadily
to a lower value, due to the incomplete recovery of Nav
channels and BK channel activation induced by the constant
(20 mV) cell depolarization.

AP firing adaptation is the result of an ionic equilibrium
between ion channels carrying inward and outward currents.
Figure 4C shows clearly that when SK channels are blocked
with 100 nM apamin, the AP firing increases remarkably. The
cell adapts more slowly to higher fss, and the AP amplitude
falls even below overshoot (Figure 4B). Thus, the current-
evoked AP firing is a potent tool to identify the key molecular
components of CC excitability. Current-evoked AP firing has
been successfully used to highlight the key roles of some ion
channel and modulatory pathways in regulating CC excitabil-
ity. Specifically, they have revealed: (i) the role of SK chan-
nels in setting firing frequency of mouse CCs (635), (ii) the
dual action of leptin-mediated upregulation of BK channels
through the activation of an IP3K pathway regulating sponta-
neous and evoked AP firing in mouse CCs (244), (iii) the BK
channel inactivation regulating AP firing in rat CCs (581), (iv)
the Cav1.3 channel regulation of AP firing in KO (635) and
KI Cav1.3 in mouse CCs (556) and, (v) the existence of burst
firing during sustained cell depolarization (434) and its block
by nifedipine in mouse CCs (260).
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Figure 4 Spike frequency adaptation during current injections in mouse
CCs. (A) Representative current-clamp recordings from WT mouse CCs
in response to 5, 10, or 15 pA current injection from Vh=−70 mV (from
top to bottom). (B) Evolution of the instantaneous firing frequency in WT
mouse CCs at 15 pA in control (black squares) and in the presence of
the SK channel blocker apamin (200 nM; red circles). (C) AP recordings
in the presence of 200 nM apamin during 15 pA current injection, to be
compared with the control trace to the left. Adapted, with permission,
from Vandael DHF, et al., 2012 (635).

Action potentials elicited by splanchnic nerve
stimulation and pulses of ACh
APs in CCs are generated by sympathetic splanchnic nerve
stimulation that releases ACh and activates the nAChRs of the
cells. Opening of nAChRs triggers excitatory postsynaptic
potentials that initiate synchronous APs following splanchnic
nerve stimulation. Alternatively, APs can be activated directly
by brief pulses of ACh on cultured cells or adrenal gland slices
(240). These two forms of stimulation are used sometimes for
studying the modulatory effects of hormones, neurotransmit-
ters, and drugs, which affect the stimulus-secretion coupling
machinery in a cell system near physiological conditions
(for a review, see Ref. 153). In the first case, recordings of
APs are performed on the CCs of isolated bisected adrenal
glands, which preserve their splanchnic innervation intact.
CCs respond to low-frequency sympathetic stimulation (0.3,
1, and 3 Hz) with single APs that follow each stimulus syn-
chronously, with no evidence of fatigue or desensitization
(303). At higher frequencies (10 Hz), some stimuli fail to
evoke a response. Failures of synaptic transmission are also
observed in the superior cervical ganglion neurons during
continuous stimulation at 10 and 20 Hz (58), suggesting
strong similarities between the responses to splanchnic nerve
stimulation of CCs in situ and sympathetic ganglion cells, and
a weak linear correspondence between splanchnic stimulation
and CC responses at a higher frequency. This approach has
been used in the past to establish a correlation between the
frequency of neuronal stimulation and the amount of released
CA, with contrasting results on whether the two parameters
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are linearly related or not in the range of physiological fre-
quencies (0.3–30 Hz) (303, 658). Presently, this approach is
not often used due to the complexity of the preparation and the
technical difficulties to record stable APs, but it remains nev-
ertheless a valuable tool to study stimulus-secretion coupling
in intact innervated glands. A recent work, using a modified
version of this technique, has shown remarkable spatial and
activity-dependent differences in stimulus-secretion coupling
between CCs releasing EPI and cells releasing NE (674).

APs induced by short puffs of ACh have been used recently
for the purpose of mimicking the quantal release of ACh dur-
ing single splanchnic nerve stimulation. de Diego et al. were
first to design a protocol made of a train of brief pulses of
30 μM ACh lasting 25 ms of variable frequency (154) that
mimicked the CC responses to trains of splanchnic nerve
stimulations (153). In bovine CCs, the protocol could elicit
trains of APs with similar waveforms to those recorded
using either brief step depolarizations or single splanchnic
nerve stimulations. All-or-none APs had a proper amplitude
(65 mV from Vrest), half-width (2.7 ms), and well-resolved
AHP (−17 mV from Vrest) indicative of the excellent state of
excitability of the cells. Tonic firings with no sign of adapta-
tion and failures could be achieved with frequencies ≤1 Hz.
At higher frequencies (≥3 Hz), APs occurred irregularly and
resting potential became unstable, most likely due to the
incomplete fast washout of ACh after each brief applica-
tion (153). Accumulation of ACh during repeated stimulation
could induce nAChRs desensitization, activation of mAChRs,
cell depolarization, and Nav channel inactivation. Thus, ACh-
evoked APs appear to be a physiologically interesting way
to induce cell firing in CCs, although the method requires
technical improvements to study stimulus-secretion coupling
mechanisms using AP frequencies above 3 Hz.

Nicotinic acetylcholine receptors of chromaffin cells
Stimulation of the sympathetic splanchnic nerve elicits the
release of ACh from their nerve endings. ACh binds to
nAChRs and mAChRs present in the CCs membrane. Mem-
brane depolarization and AP firing were initially recorded in
rat CCs upon activation of nAChRs (349). nAChRs play a
central role in triggering fast CA secretion from adrenal CCs
in response to ACh (175, 220). Pharmacological and immuno-
logical studies support the view that nAChRs expressed by
CCs are of the neuronal type (142). nAChRs are formed
by five subunits that span the membrane four times with
the agonist-binding site located at the extracellular region,
which is also structurally and functionally linked to the ion
channel (152). Crystal structures of complete receptors reveal
a cylinder-like structure made of five subunits symmetrically
located around the ion channel. Single-channel nAChR con-
ductance is ∼44 pS (221). The channel is permeable to Na+,
K+, and Ca2+, the latter contributing only 2% to 4% of the
current (691).

The most conspicuous nAChR subtype involved in CA
secretion is the heteromeric receptor formed by α3 and β4

subunits. In bovine CCs, two nAChR subtypes have been
described. The main subtype is a heteromeric assembly of α3,
β4, and possibly α5 subunits insensitive to α-bungarotoxin.
The other subtype is α-bungarotoxin-sensitive homomeric
α7 nAChRs (142). The transcription factor Sp1 (specificity
protein 1) coordinates the synthesis of α3, β4, and α5 subunits
that form the α-bungarotoxin-resistant nAChRs (57), while
the transcription factor Egr-1 (early growth response protein
1) controls the differential expression of both α7 nAChR
(114) and PNMT (185) in adrenergic CCs.

In addition to the typical nicotinic ligands, several unrelated
substances of clinical relevance bound to nAChRs in CCs act
as agonists, antagonists, or allosteric modulators. Agonists
include ACh, carbachol, dimethylphenylpiperazinium, cyto-
sine, and (+)-anatoxin-a that act on α3β4 receptors (142).
Choline elicits [Ca2+]c signals and secretion by acting on α7
receptors in bovine CCs (159, 232). A study on human CCs
showed that the α7 nAChR-selective agonist PNU-282987
elicited whole-cell inward currents that were potentiated by
allosteric α7 modulators 5-hydroxyindole and PNU-120596.
Since α7 nAChR agonists choline and ONU-282987 augment
secretion, it was concluded that human CCs express func-
tional α7 nAChRs (508). In a similar study in bovine CCs, the
authors conclude that CA release might be regulated by α7
and α3β47 nAChRs, depending on agonist concentrations and
the presence of allosteric modulators of α7 nAChRs (159).
The antagonist pharmacology of CCs nAChRs shows a clas-
sical “ganglionic” profile, with some additional blockers, like
the spasmolytic otilonium (237), nanomolar concentrations
of atropine (256), or the diuretic cyclothiazide (478). The
involvement of α7 nAChRs in human CCs is supported by its
partial blockade of CA secretion with α-bungarotoxin (405,
508). Some neuropeptides, that is catestatin, a fragment of
CgA (294), substance P (132), and calcitonin gene-related
peptide (CGRP) (164) also modulate the nAChRs of CCs.

In conclusion, although various subunits of nAChRs have
been cloned and are expressed by CCs, the α3β4 is the
predominant nAChR subtype in mediating the whole-cell
nicotinic currents, [Ca2+]c signaling, and the release of CA
triggered by ACh in CCs. The α7 nAChR is also expressed
by CCs, although its function is not yet fully characterized. A
rich pharmacology is at hand either for activation or blockade
of CC nAChRs, or to modulate them allosterically.

Ca2+ and Stimulus-Secretion Coupling
Ca2+ channel-secretion coupling
Ca2+ channel regulation by neurotransmitters:
a historical background

Douglas and Rubin (172, 176) working in CCs and Katz and
Miledi (337, 338) in presynaptic nerve terminals were the first
to identify the role of Ca2+ influx as the key regulator of hor-
mone and neurotransmitter release. Later studies uncovered
the steep dependence of neurotransmitter release on Ca2+

1456 Volume 9, October 2019



�

� �

�

Comprehensive Physiology Chromaffin Cells Physiology, Pharmacology, and Disease

influx (169) and demonstrated the link between presynaptic
Ca2+ currents and postsynaptic responses using the squid
giant synapse (398). These results focused interest on Cav
channels and their physiological role, with special emphasis
on neurotransmitter and hormone release. It soon became
evident that Cav channels are plastic and can be modulated
by neurotransmitters, hormones, second messengers, and
other intracellular chemicals, as well as by pharmacological
agents. The first hormone-mediated pathway was described
in cardiac cells where EPI or elevation of intracellular cyclic
adenosine monophosphate (cAMP) facilitated Ca2+ channel
activity (531, 621). The second neurotransmitter-mediated
pathway was reported in chick sensory neurons where the
addition of NE inhibited Ca2+ channel activity, the amplitude
of Ca2+ currents, and the duration of APs (182, 183). In this
section, we will describe a variety of mechanisms for the
regulation of Cav channels of CCs by autocrine/paracrine
neurotransmitters, hormones, and other modulators.

The role of Cav2.1 and Cav2.2
on excitation-secretion coupling in CCs

Cav2 channels (N, P/Q, and R) are highly expressed in
the nervous system, where they carry the presynaptic Ca2+

currents that trigger neurotransmitter release and synaptic
transmission (216, 530). Neurotransmitter release controlled
by these voltage-gated channels is steeply Ca2+ dependent
(third to fourth power) (169), making them an important
locus of synaptic regulation. Among Cav2 channels, Cav2.1
and Cav2.2 are the main sources of the Ca2+ that initiates the
rapid release of glutamate, ACh, and GABA from neurons.
In addition, Cav2.1 and Cav2.2 contain a synprint region
that binds to syntaxin 1A and SNAP-25 (115), suggesting
that they colocalize to regions of the membrane where the
SNARE complex is formed and synaptic vesicle fusion occurs
to initiate neurotransmitter release. Cav2 channel activation is
also critically regulated by several G-protein subunits (686),
which form the basis of Ca2+- and voltage-dependent signal
transduction at the synaptic terminal (116).

In CCs, Cav2.1 and Cav2.2 are highly expressed, but at dif-
ferent densities, in all animal species (240). The two channels
are effectively coupled to secretion, with Ca2+ dependence of
secretion not as steep as in presynaptic terminals. The depen-
dence on Ca2+ is nearly linear and comparable to that seen
with the other Ca2+ channels expressed in CCs (L, R, and
T types) (100, 103, 248, 308, 352, 543, 609). This means that
Cav2 channel opening is loosely coupled to readily releasable
secretory vesicles, which is consistent with the idea that Ca2+

channels and release sites in CCs are not closely colocalized
as in presynaptic neuronal terminals (130). Ca2+ channels
and release sites are distributed within nanometric distances
(200–300 nm) to form specialized membrane regions with
dimensions of several micrometers (357, 469). In this way,
the dominant Ca2+ signal regulating vesicle fusion and neu-
rotransmitter release derives from the activation of several
Cav channel subtypes distributed over areas covering tens

of square micrometers, rather than from dense Ca2+ channel
clusters localized near some readily releasable vesicles at the
presynaptic secretion sites similar to the active zones (469,
470).

Regarding the regulatory role of Cav2.1 and Cav2.2 chan-
nels in secretion, most electrophysiological studies support
the idea that both channels are equally accessible to the
secretory apparatus, without any preferential coupling (30,
100, 206, 230, 352). Nonetheless, using Cav2.1 KO mice, a
predominant role of P/Q-type channels in regulating the fast
release of vesicles from the immediately releasable pool (IRP;
see below for an accurate definition) has been proposed (20).
Using short square pulses (10 ms) to 0 mV from −80 mV to
specifically recruit vesicles from the IRP, it was shown that
Cav2.1 channels control most of the IRP. Finally, it is worth
noticing that depending on the activation gating of Cav2 chan-
nels, it is likely than Cav2.1 channels exert a key role in secre-
tion when using trains of triangular APs rather than square
pulses (122). This is likely associated with the fast activation
of Cav2.1 with respect to the other Cav channels, which is
more evident with short stimuli since less affected by the fast
Ca2+-dependent inactivation (CDI) of the channel. This sug-
gests that channel activation and the type of stimuli applied,
rather than the specific colocalization of the secretory appara-
tus with Ca2+ channels, critically regulate exocytosis in CCs.

The voltage-dependent modulation of Cav2.1
and Cav2.2 by neurotransmitters: physiological
significance

As shown in the previous section, due to their higher thresh-
old of activation, Cav2 channels contribute mainly to the
upstroke and falling phase of APs, while Cav1 channels
(Cav1.2 and Cav1.3) control the subthreshold current regulat-
ing AP firing in rat and mouse CCs (426, 429). Cav2 channels
are also uniquely modulated in a voltage-dependent manner
by G-protein-coupled receptor (GPCR) pathways (314). In
CCs, Cav2.1 and Cav2.2 are autocrinally inhibited by ATP
and opioids that are released together with CAs during cell
activity (8, 10, 149, 235). The inhibition occurs in mem-
brane microdomains, without the involvement of diffusible
second messengers, and is manifested by a delay of channel
openings (slow activation) at low potentials (Figures 5A
and 5B) (98, 102). This effect, however, can be reversed
by depolarizing voltage steps. The normal fast activation is
recovered during strong depolarizations to +100 mV (52,
430) or when a strong depolarizing prepulse anticipates a
test depolarization to 0 mV (Figures 5A-5C) (201). This
phenomenon is called “voltage-dependent facilitation” and
is attributed to a protein-protein interaction between the
activated GPCR βγ subunit and several sites on both the Cav2
α1 subunits: the N-terminus, the I–II linker domain, and
probably the C-terminus (see Ref. 686 for a recent review).
Remarkably, this inhibition of Cav2.1 and Cav2.2 can be
partially recovered during brief depolarizations repeated at
high frequency (150) as it occurs during high-frequency AP
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Figure 5 Voltage-dependent modulation of CaV2.1 and CaV2.2 in CCs. (A) Acute application
of ATP (50 μM) slows down the activation of N- and P/Q-type Ba2+ currents recorded at 0 mV
in a bovine CC (for details, see Ref. 98). (B) The delayed activation of N- and P/Q-type Ba2+

currents induced by the acute application of met-enkephalin (10 μM; black trace; control) is recov-
ered by a 50-ms prepulse step depolarization to +70 mV (red dot; red trace) (for details, see
Ref. 573). (C) Acute application of the soluble vesicle lysate (SVL) containing (EPI, NE, opioids,
and ATP) causes N- and P/Q-type current delayed activation in bovine CCs (for details, see
Ref. 10). (D, E) Autocrine inhibition of N- and P/Q-type channels revealed by changing cell
superfusion from “stop-flow” to “flow” condition, in bovine CCs. In the “flow” condition, there is
no autocrine inhibition. Ba2+ currents at 0 mV are fast activating. In the “stop-flow” condition, the
autocrine-released material inhibits through GPCRs the opening of CaV2 (N- and P/Q-type) chan-
nels, inducing marked activation delay. Adapted, with permission, from Carabelli V, et al., 1998
(98). (F) Ba2+ currents recorded from a cell that is part of a cluster undergo robust autocrine mod-
ulation (black trace, control). A prepulse to +100 mV is able to rescue the fast channel activation
by removing the autocrine inhibition induced by the neurotransmitters released by the surrounding
cells (for details, see Ref. 290).

trains occurring during stress-mimicking conditions. The
result is that the reduced Ca2+ entry through CaV2.1 and
CaV2.2 at rest, due to the downregulation induced by the
released opioids and ATP, can be partially recovered during
sustained cell activity. This “autocrine inhibition” of CaV2
channels was first discovered by applying the purified low
molecular weight components of secretory vesicles (soluble
vesicle lysate, SVL), containing EPI, NE, opioids, and ATP,
directly onto bovine CCs (Figure 5C) (10). Application of
SVL caused the typical slowdown of CaV currents induced
by applied neurotransmitters that could be removed by strong
pre-step depolarizations. This report also showed that the

same autocrine inhibition occurs by stopping the flow of
external solution perfusing the cell (stop-flow), allowing the
unwashed released neurotransmitters (ATP and opioids) to
activate the inhibitory GPCR pathway that slows down CaV2
currents (Figure 5E). This resting autocrine inhibition of
CaV2 channels is particularly evident in clusters of bovine
CCs (290) (Figure 5F) and in mouse adrenal gland slices
(292). In these tissue preparations, the packed organization of
the cells is well preserved and the released neurotransmitters
can accumulate in the extracellular space to exert a basal tonic
inhibition on cell firing and CA secretion that is facilitated by
prepulse depolarizations. The application of opioids or ATP
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directly on bovine CCs mimics the effects of SLV application
(Figures 5C and 5F).

The effective action of this autocrine modulation derives
from the high concentration of neurotransmitters stored in the
CC granules (0.8–1 M CA, ∼200 mM ATP, and 1–2 mM met-
enk; see below) and the high density of adrenergic (α2-AR,
β1-AR, and β2-AR) (78, 121, 355), opioidergic (μ and δ) (8,
355, 624), and purinergic (P2y) receptors (98, 149, 519, 627)
expressed in bovine, rat, and mouse CCs. It is noteworthy that
rat CCs also possess ligand-gated purinergic receptors (P2X3
and P2X7), which are upregulated during pain-induced stress
in chronic pain rat models (28). This suggests a key role of
P2Y and P2X receptors in regulating cell depolarization, AP fir-
ing, and CA release. The role of secreted ATP modulating the
quantum characteristics of CA exocytosis through purinergic
receptor activation has also been recently demonstrated (421).

In conclusion, it seems that the autocrine inhibition of
the CaV2 channel acts primarily as negative feedback to
regulate the amount of secretion. With increased firing rates,
the autocrine inhibition may still act to prevent excessive CA
release, but when under intense APs stimulation, a large surge
of CAs is required. CCs are able to overcome the inhibition by
facilitating CaV2 currents in an activity-dependent manner.

The voltage-independent modulation of CaV2.1
and CaV2.2 by neurotransmitters

Voltage-independent inhibition of CaV2 channels also exists
and likely includes several distinct modulatory mechanisms.
In CCs, the neuronal Ca2+ sensor-1 (NCS-1) exerts a tonic
voltage-independent inhibition of CaV2.1 channels (665).
NCS-1 acts through an autocrine, purinergic, and opioi-
dergic receptor-mediated pathway and the activation of
PTX-insensitive G-proteins. To complete the CaV2.1 chan-
nel inhibition in CCs, it is also necessary that the CaV2.1
α1-subunit be phosphorylated at the tyrosine residues by a
Src-like kinase, strictly controlling Ca2+-dependent exocyto-
sis through a series of biochemical steps (665). Specifically,
NCS-1 is shown to regulate CC secretion by favoring PIP2
production, leading to InsP3 increases and Ca2+ release from
intracellular stores (500). A similar voltage-independent inhi-
bition of CaV2.1 and CaV2.2 channels mediated by PIP2 and
PKC has been reported in the sympathetic superior cervical
ganglion and transfected TsA201 cells (596). Voltage-
independent inhibition of CaV2 channels is also produced by
Gq-coupled H1-histamine receptors in bovine CCs (151).

Modulation of CaV2.1 and CaV1.3 channels
in CCs: a role in stimulus-secretion coupling

The important participation of L-type channels in the Ca2+-
dependent release of CAs from the adrenal medulla was first
reported in a pioneering set of experiments (243). Subsequent
reports confirmed this observation and showed that due to
their slow inactivation, CaV1 are the Ca2+ channels mostly
contributing to CA secretion when long-lasting stimuli are

applied. Sustained depolarization with high KCl solutions
(404), prolonged applications of ACh (325, 461), or repeated
splanchnic nerve stimulation (6) in isolated cells or intact
adrenal glands of various animal species revealed a predom-
inant L-type channel regulation of CA release (see Refs.
70, 240, 417, 463, 634 for recent reviews). This slow action
occurs independently of the expression densities of CaV1
channels and it is associated with the unique gating prop-
erties of these channels. Two features, in particular, are the
slow Ca2+-dependent inactivation that allows sustained Ca2+

fluxes during prolonged (or repeated) depolarizations and
the weak steady-state inactivation of both channels at −50
and −60 mV, the latter favoring channel availability near the
resting membrane potentials. When exocytosis is evaluated
using capacitance changes on single isolated cells, the L-type
Ca2+ current possesses the same Ca2+ sensitivity of CaV2
and CaV3 channels and contributes proportionally to their
density of expression (100, 103, 206).

The voltage-independent direct and remote
autocrine modulation of L-type channels

The CaV1 (L-type) channels, like the CaV2 type, experience
basal and stimulus-induced autocrine modulation, which
affects the amount of Ca2+ entry that regulates CA secretion.
This autocrine effect is mediated by a variety of GPCRs,
including adrenergic, opioidergic, and purinergic, expressed
in CCs. It occurs in isolated CCs (Figures 5A-5C) (10, 121,
288, 419) but is more prominent in cell clusters (236) and
in adrenal gland slices (292), in which, as in vivo, released
neurotransmitters accumulate between closely packed CCs
(Figure 5F).

The autocrine modulation of L-type channels in CCs is
mainly voltage independent and occurs through two opposing
distinct pathways (see Refs. 109 and 417 for a review): (i)
rapid inhibition of CaV1 channel gating via PTX-sensitive G-
proteins (direct inhibition) or (ii) slow upregulation of CaV1
channel activity through a cAMP/PKA-mediated phospho-
rylation (remote upregulation), similar to the upregulation of
cardiac CaV1.2 channels under β1-AR-mediated sympathetic
stimulation. The direct inhibition is fully apparent in mem-
brane microdomains where CaV1 channels and GPCRs inter-
act to reduce the open channel probability and Ca2+ entry (98,
101, 288, 292). The remote upregulation requires the presence
of β-adrenoceptors (β-ARs), functional adenylate cyclases,
PKA, and CaV1 channels and occurs in nearly all the CCs
of all animal species including humans (101, 121, 138, 229,
428); for a review, see Refs. 46, 109, 417, 426, 427, and 634.

L-type channels are also regulated by a remote mechanism,
in addition to neurotransmitter-mediated modulation, involv-
ing the NO/cGMP/PKG pathway which tonically inhibits
CaV1 channels and CA release in bovine (99, 561) and mouse
CCs (419). The NO/cGMP/PKG-mediated downregulation
of L-type channels and cAMP/PKA-mediated upregulation
act oppositely, just as they act on cardiac CaV1.2 channels.
An interesting question is whether CaV1.2 and CaV1.3,
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which are equally expressed in both mouse and rat CCs, are
both modulated by NO/cGMP/PKG- and cAMP/PKA-driven
mechanisms. Using CaV1.3−/− KO mice, it was demonstrated
that both channels are equally up- or downregulated by
the two opposing pathways (419). The two pathways act
independently on the two channels and may induce almost
an order of magnitude variation of L-type current amplitudes
when concomitantly regulated. Figure 6 illustrates the cas-
cade of events of the two opposing modulatory pathways.
The upper part shows cAMP/PKA-mediated upregulation
driven by the autocrine activation of β-ARs. The lower part
shows the NO/cGMP/PKG-mediated downregulation driven
by different stimuli. Figure 7 summarizes the two main
experiments that showed how CaV1 currents in WT mouse
CCs can be upregulated by inhibiting the NO/cGMP/PKG
cascade and activating the cAMP/PKA pathway (bottom
part) or drastically downmodulated by inhibiting cAMP/PKA
pathway and stimulating the NO/cGMP/PKG cascade (top
part) (see Figure 7 legend for further details).

Concerning the functional relevance of this dual modu-
lation of CaV1.2 and CaV1.3 L-type channels, we point out
that cAMP/PKA and cGMP/PKC are likely active even at
rest due to the basal activity of the two kinases. PKA can
be stimulated by PACAP (526), Ca2+ entry, and G-protein
subunits that are activated by the basal activity of first mes-
sengers released from sympathetic neurons (24), surrounding
capillaries (431, 670), and by the autocrine activity of CCs
(10, 121). The soluble GC is activated by the resting NO
levels generated by the Ca2+-calmodulin-mediated activation
of NO synthase (NOS) expressed in most CCs (494, 561).
Under these conditions, cGMP/PKG appears to work as a
“brake” to limit the potentiating effects of cAMP/PKA and
helps set the resting levels of CaV1.2 and CaV1.3 currents,
which regulate the resting potential and basal repetitive firing.

A synergistic potentiation of CaV1 channels could occur
during sustained splanchnic nerve stimulation that releases
PACAP (vide infra) and induces a massive release of EPI from
CCs, which would further elevate the levels of cAMP/PKA
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Figure 6 Up- and downmodulation of CaV1.2 and CaV1.3 channels by the cAMP/PKA and NO/cGMP/
PKG pathways in mouse CCs. The top half illustrates the molecular components and the sequential steps of
the β-AR-mediated upregulation of CaV1.2 and CaV1.3 L-type channels through the activation of adenylate
cyclase (AC), leading to cAMP production, activation of PKA, and CaV1 channel phosphorylation, causing
an increase in open channel probability. The bottom part shows the molecular components and the sequential
steps of the NO-mediated downregulation of CaV1.2 and CaV1.3 L-type channels through the activation
of a soluble guanylate cyclase (sGC), leading to cGMP production, activation of PKG, and CaV1 channels
phosphorylation, causing a decrease in open channel probability. NO is produced by membrane NO-
synthases. cGMP is also produced by a membrane guanylate cyclase (mGC). Adapted, with permission,
from Mahapatra S, et al., 2012 (417).
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inhibition (bottom) of CaV1 channel. PKA and PKG P-sites are partially phosphorylated (P) or unphosphorylated under
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and the two PKG P-sites are phosphorylated (minimal CaV1 current; cyan trace, on the top left panel). Alternatively, the
PKA sites are phosphorylated and PKG P-sites are dephosphorylated (maximal CaV1 current; cyan trace, on the bottom
left panel). The two panels to the left show the time course of synergistic downregulation of CaV1 channels induced by the
sequential application of the PKA inhibitor H-89 and the PKG activator 8-pCPT-cGMP (top) and the synergistic upregulation
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with permission, from Mahapatra S, et al., 2012 (417); Adapted, with permission, from Vandael DHF, et al., 2013 (634)
(drawing and experimental data).

through the autocrine activation of the β1-ARs (121, 428).
The increased Ca2+ entry could, in turn, upregulate PDE1, the
cGMP-hydrolyzing and Ca2+-calmodulin-activated PDE that
controls the resting levels of cGMP (561, 637). Activation
of a cGMP-specific PDE that lowers cGMP, inhibiting PKG,
and the parallel activation of PKA during PACAP release and
β1-AR stimulation could markedly boost the L-type CaV1
currents. This regulation would overall serve to sustain the
rapid increase of cell firing activity and CA release during the
“fight-or-flight” response to stressors in CCs. On the other
hand, a synergistic inhibition could occur if, as in mammalian
ventricular myocytes, CCs possess cGMP-activated PDE2
isoforms that hydrolyze cAMP (410). Any robust upregula-
tion of the NO/cGMP/PKG pathway under these conditions
would enhance cGMP and downregulate cAMP, rapidly
depressing CaV1.2 and CaV1.3 channel gating. The existence
of various PDEs acting on cAMP in CCs is supported by the
observation, in mouse CCs, that the nonspecific PDE blocker
IBMX increases basal cAMP levels more potently than the
PDE-4-specific blocker rolipram (428).

Regulation of endocytosis by L-type Ca2+ channels

To ensure that the size of nerve terminals and neuroendocrine
cells is preserved during cell activity, excess vesicle mem-
brane incorporation into the cytosolic membrane during

exocytosis must be compensated by an equivalent membrane
retrieval during subsequent endocytosis (see the following
section). This mechanism ensures that a given number of
vesicles are available to replenish the secretory vesicle pool
and participate in subsequent rounds of exocytosis during
repetitive cell activation (33, 118, 284). Like exocytosis,
endocytosis is a Ca2+-dependent process in CCs (33, 481).
The question is whether some CaV channels (CaV1 and CaV2)
are preferentially coupled to endocytosis or not.

In bovine CCs stimulated with long depolarizing pulses,
there is a preferential coupling of L-type CaV1 channels
to endocytosis (541). In spite of the small contribution of
CaV1 channels to the whole-cell Ca2+ current, this shows
that nifedipine abolishes the endocytotic response, without
significantly affecting exocytosis that is also sustained by
CaV2.1 and CaV2.2 channels. In the presence of FPLA64176
(an L-type CaV channel agonist), the increased Ca2+ entry
doubles the endo/exocytosis ratio, indicating a selective
augmentation of endocytosis associated with the selective
Ca2+ entry increase through CaV1 channels (543). In mouse
CCs, the membrane excess retrieval following strong Ca2+

entry is suppressed by nitrendipine, suggesting the direct
involvement of CaV1 channels (511).

Immunofluorescence experiments on bovine CCs have
shown negligible colocalization of clathrin and dynamin to
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L-type Ca2+-channels (543). This, and the additional studies
in CCs (136), support the idea that a low-rate, non-inactivating
Ca2+-entry through CaV1 channels (CaV1.3) might be more
critical to trigger compensatory as well as excess exocytosis.
These data also support the idea that not all Ca2+ that enters
CCs during depolarization through slow-inactivating CaV1
channels or through fast-inactivating CaV2.1 and CaV2.2
channels has the same physiological function (463).

Ca2+ handling by CCs: impact on exocytosis

That Ca2+ is the coupling agent in the stimulation-secretion
process was established in pioneering experiments in per-
fused cat adrenal glands: ACh stimulation triggered a
Ca2+-dependent CA release (176) that was associated with
enhanced Ca2+ entry via CaV channels (174). Since then, we
have learned much more about the complexities of enhanced
Ca2+ entry and secretion. The details of the stimulus-secretion
coupling process (172) have been amply clarified using Ca2+-
sensitive probes, particularly aequorins targeted to different
organelles (537) as well as patch-clamp (271) and ampero-
metric techniques (668) to measure the exocytotic release of
CAs with high temporal resolution.

Several ion channels and transporters tightly regulate Ca2+

handling in excitable cells. This exquisite control of the
cycling of Ca2+ is vital to cell function and survival. Con-
cerning CCs, we will review the cycle of Ca2+ that comprises
four processes: Ca2+ entry, Ca2+ efflux, Ca2+ redistribution
into organelles, and Ca2+ release from those organelles.

Ca2+ entry

Ca2+ entry through the various CaV channels is the primary
determinant in shaping the [Ca2+]c elevations occurring
during CC activation. Although Ca2+ entry through the
plasmalemma is mainly associated with CaV channels, Ca2+

can reach the cytosol through the nAChRs as well as the
store-operated Ca2+ channels (SOCCs). The characteristics
and functions of CaV channel subtypes and their role in the
regulation of CA release have been described earlier (Ca2+

channel-secretion coupling). Those of nAChR and SOCC
channels in Ca2+-handling and transport have been discussed
in detail elsewhere (242).

Ca2+ efflux

There are two plasmalemma transporters for pumping Ca2+

out of the CCs. These are the plasma membrane Ca2+-ATPase
or Ca2+ pump (PMCA) and the Na+/Ca2+ exchanger (NCX).
The Ca2+ pump, inhibited by vanadate and lanthanum, has
a high affinity for Ca2+ (submicromolar KD) and transports
one Ca2+ ion for each ATP hydrolyzed (79). The H+/Ca2+

transport ratio for PMCA in reconstituted in vitro systems has
been estimated at 1:1 (165), and therefore PMCA pumping
would be electrogenic (551) and sensitive to membrane
potential. Nevertheless, in neurons, PMCA exchanges two

H+ for each Ca2+ ion extruded, that is it is electroneutral
(612). PMCA is modulated by numerous factors, but mainly
calmodulin. When intracellular Ca2+ increases, calmodulin
binds to PMCAs, increasing their Ca2+ affinity. The PMCAs
are encoded by four different genes: PMCA1 and PMCA4,
which are ubiquitously expressed, and PMCA2 and PMCA3,
expressed predominantly in the CNS (106). The Na+/Ca2+

exchanger uses the energy of the Na+ gradient, to exchange
three external Na+ ions for one internal Ca2+ ion (42); its
function is, therefore, electrogenic. The exchanger can also
work in the “reverse mode,” moving Na+ out of the cell and
Ca2+ into the cell; this occurs during membrane depolariza-
tion and/or when intracellular Na+ concentration increases,
for instance after intense AP firing (63).

Using plasma membrane purified from bovine adrenal
medullae, a first functional characterization of the two trans-
porters was achieved (335). Later, it was found that bovine
CCs express NCX1, the major isoform of the exchanger
(497). NCX1 can adopt two functional modes: the forward
mode that favors Ca2+ efflux (520) and the reverse mode that
favors Na+-dependent Ca2+ influx (391). Changes in the Na+

gradient, either directly through manipulation of ion concen-
trations (499, 501, 536) or indirectly through inhibition of the
Na+ pump with ouabain (213, 241), augment Ca2+ entry and
the release of CAs. This has suggested a role of the NCX in the
regulation of Ca2+ signaling and exocytosis in CCs. However,
an alternative explanation in the case of experiments with
ouabain involves its ability to release Ca2+ from the ER (443).

Ca2+ sequestration

The membrane of the ER and sarcoplasmic reticulum (SR)
contains a Ca2+ pump, the sarcoendoplasmic reticulum
Ca2+-dependent ATPase (SERCA), of which there are three
major isoforms (SERCA1–3). SERCA1a-b and SERCA2a
are present in skeletal and cardiac muscles, while SERCA2b
is expressed in all nonmuscle tissues including nerve cells.
SERCA keeps intracellular Ca2+ concentration low and Ca2+

concentration high inside the ER/SR, creating the conditions
for cytosolic Ca2+ transients and oscillations in response to a
variety of external stimuli that allow ER Ca2+ release. Phos-
pholamban (PLB), a small protein expressed in muscle and
integral to the ER/SR membrane, when nonphosphorylated,
binds to SERCA and decreases its affinity for Ca2+, and
when phosphorylated, it detaches from the pump, relieving
the inhibition. The activity of all SERCA isoforms is specifi-
cally inhibited by thapsigargin with half-maximal inhibitory
potency of 10 to 20 nM (106).

Redistribution of Ca2+ into, and release of Ca2+

from, the endoplasmic reticulum

Several laboratories have approached the study of Ca2+ cir-
culation in and out of the cytoplasm and ER Ca2+ store of
CCs. Upon cell activation, increased cytoplasmic Ca2+ con-
centration ([Ca2+]c) activates Ca2+ uptake into the ER lumen
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through the SERCA. For instance, upon stimulation of bovine
CCs (17, 640, 678) or rat CCs (295), Ca2+ is effectively taken
up by the ER, to reach concentrations as high as half millimo-
lar within the ER lumen (17).

Various stimuli are known to release Ca2+ from the ER
through two channels, namely, the inositol tris-phosphate
receptor (InsP3R) and the ryanodine receptor (RyR). Carba-
chol, histamine, bradykinin, and angiotensin II augment the
synthesis of InsP3 in bovine CCs (477, 518, 553) in parallel
with [Ca2+]c increase (589). These ER Ca2+-mobilizing
actions are mimicked by direct stimulation with InsP3, sug-
gesting that they are mediated by the plasmalemmal receptors
for these first messengers to generate InsP3 that will finally
elicit Ca2+ release via InsP3Rs (589, 590).

The functional correlation of the InsP3 ER Ca2+ release
pathway has been studied in more detail with agonists for
metabotropic receptors. Thus, stimulation of bovine CCs
with histamine (29) or guinea-pig CCs with muscarine (487)
augments [Ca2+]c to elicit the activation of Ca2+-dependent
SK and BK channels that gives rise to cell hyperpolarization.
In line with this is the observation that SK and BK channels
regulate the nicotinic and muscarinic secretory responses of
cat and bovine CCs (371, 625, 626). A short application of
histamine causes a transient mild secretory response (83),
while a longer application causes a greater effect (83, 397,
476). Most likely, the histamine-elicited [Ca2+]c elevation
has two components: an initial transient phase linked to ER
Ca2+ release and a late, sustained phase due to Ca2+ entry
(485, 589, 590, 687); but see (64). The second component has
been linked to the inhibition of a KV7 (M-current) potassium
channel with an associated depolarization and augmented
Ca2+ entry through open CaV channels (660). Angiotensin II
also increases cytosolic Ca2+ and stimulates exocytosis in
bovine CCs, but to a lesser extent than histamine (126, 590).

The second pathway for Ca2+ release from the ER is the
RyR Ca2+-release channel. An activator of this channel,
caffeine, causes rapid Ca2+ release in bovine CCs (126).
Caffeine effects displayed a “quantal” pattern as if Ca2+

release from the ER occurred in steps; thus, it was concluded
that the caffeine-sensitive Ca2+ pool is composed of different
functionally discrete stores (124, 126, 127). The presence of
separate or overlapping Ca2+ stores sensitive to histamine
or caffeine and their functional significance have been under
debate since the 1990s (123, 392, 538, 589).

How the InsP3-sensitive and the caffeine-sensitive Ca2+

stores interact was partly clarified in bovine CCs transfected
with ER-targeted aequorin (17, 640). These experiments
suggest that in CCs, the ER behaves as a single thapsigargin-
sensitive Ca2+ pool that releases Ca2+ through a Ca2+-induced
Ca2+ release (CICR) mechanism mediated by RyR or
InsP3Rs. Later reports suggested that in mouse CCs in the
intact adrenal gland, CICR is either small or nonexistent
(535), but in another study in cultured mouse CCs, a func-
tional CICR mechanism was found (675). The contribution
of the ER Ca2+ store to the regulation of exocytosis has
been studied by several laboratories. In voltage-clamped

bovine CCs, depletion of the ER Ca2+ store with a SERCA
blocker either did not affect exocytosis (451) or depressed
it (498). In a third study also in bovine CCs, ER Ca2+

depletion depressed the ACh secretory responses but not
that triggered by depolarizing high-K+ solution. This dif-
ference was explained assuming that ACh produces discrete
and more localized [Ca2+]c transients at sub-plasmalemmal
regions, while high K+ elicits greater [Ca2+]c transients that
spread quickly throughout the cytosol (145). Nevertheless,
sustained stimulation of bovine CCs with caffeine caused ER
Ca2+ depletion and a decrease of the K+-elicited secretory
responses. It seems, therefore, that depending on its grade
of filling, the ER may behave as a Ca2+ sink when empty,
or to augment [Ca2+]c signals and exocytosis by a CICR
mechanism when full (370).

The ER Ca2+ store could also have a regulatory function
on Ca2+-dependent pre-exocytotic steps, that is promoting
the flow of secretory vesicles from a reserve pool (RP) toward
the sub-plasmalemmal readily release vesicle pool. This is
supported by experiments in voltage-clamped bovine CCs
that use histamine to elicit mild [Ca2+]c elevations elicited by
ER Ca2+ release; although these [Ca2+]c elevations were sub-
threshold for exocytosis, they caused a clear augmentation of
the exocytotic response elicited by depolarizing pulses (652).

Redistribution of Ca2+ into, and release of Ca2+

from, mitochondria

Mitochondria use the driving force of the large electrical
potential across their membrane (nearly −180 mV) to import
vast amounts of Ca2+ through their Ca2+ uniporter (532).
Mitochondria behave as a temporary Ca2+ store and export
Ca2+ back into the cytosol by exchanging one Ca2+ for 2
Na+ ions via the mitochondrial electroneutral Na+/Ca2+

exchanger (mNCX). A less-active H+/Ca2+ exchanger has
also been described (105, 264). As the uniporter has a low
affinity for Ca2+, mitochondria take up large quantities of
this cation efficiently only when overall intracellular Ca2+

concentrations are high, or if mitochondria are close to
cytosolic high Ca2+ microdomains (HCMDs) that build-up
upon Ca2+ entry through CaV channels at sub-plasmalemmal
sites (640). This also occurs with HCMDs close to InsP3
receptors that are sensed by neighboring mitochondria (537).

During stimulation, mitochondria of rat CCs behave as
rapid and reversible Ca2+ buffers (40, 504). However, the use
of Ca2+ probes in these experiments to monitor Ca2+ con-
centrations in the mitochondrial matrix ([Ca2+]m) revealed
increases only in the low micromolar range (40). This is
likely due to an underestimation due to the saturation of
the Ca2+ probe. In bovine CCs, mitochondria also con-
tribute to the clearance of large cytosolic Ca2+ loads (640,
678). Mitochondria-targeted aequorins with different Ca2+

affinities in bovine CCs revealed surprisingly rapid [Ca2+]m
transients, nearly in the millimolar range upon stimulation
with ACh, caffeine, or high K+ (453).
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The impact on exocytosis of such avid mitochondrial
Ca2+ uptake has been explored in several laboratories. For
instance, dissipation of the proton gradient by protonophores,
which drastically decreases the Ca2+ buffering capacity of
mitochondria (453, 682), results in a pronounced augmenta-
tion of the exocytotic responses (452, 453). Such potentiated
secretion has also been observed in fast-perifused bovine
CCs stimulated with ACh, caffeine, or K+ (112, 144, 145,
453), as well as in embryonic and adult rat CCs (636) and
in mouse CCs after pharmacological interfering with the
mitochondrial Ca2+ uniporter (MICU) and the mNCX (402).
The inhibition of the Ca2+ uniporter also augments the secre-
tory response of bovine CCs (682). However, in mouse CCs,
the protonophores depressed the K+-evoked [Ca2+]c signals
and the secretory responses (112). This could be due to a
different expression of CaV channel subtypes and different
inactivation rates during the blockade of mitochondrial Ca2+

sequestration by the protonophores (291).

An integrative view of Ca2+ handling by CCs

The rates of Ca2+ entry, its redistribution into CC organelles,
its release back to the cytosol, and its extrusion to the extracel-
lular space have been calculated with both direct and indirect
approaches (640). Ca2+ entry into CCs through the various
CaV channel subtypes is the primary determinant of the initial
[Ca2+]c transient. Thus, for a 15-μm diameter bovine CC, the
rate of Ca2+ entry can be calculated from the measured Ca2+

inward current (692) or from the rate of 45Ca2+ uptake into K+

depolarized cells (32). The mean rate of Ca2+ entry from the
two sets of experiments is around 500 μmol L cell−1 s−1. After
generating the sub-plasmalemmal HCMDs, which can reach
concentrations as high as 10 to 100 μM (38, 471), Ca2+ redis-
tributes into various intracellular compartments, particularly
at the ER and mitochondria. This [Ca2+]c elevation activates
the SERCA and the ER avidly takes up Ca2+; thus, during
stimulation of bovine CCs (17, 640, 678) and rat CCs (295),
the rate of uptake by the ER is about 60 μmol L cell−1 s−1.

Mitochondria are highly effective in clearing [Ca2+]c tran-
sients. Using mitochondria-targeted aequorin in bovine CCs
maximally stimulated with K+, it was found that mitochon-
dria took up Ca2+ through their uniporter at about a rate of
1100 μmol L cells−1 s−1 (452, 453, 640). This value is close
to that found for Ca2+ entry through CaV channels, meaning
that most Ca2+ entering the bovine CC during stimulation
is initially taken up by mitochondria and then released back
into the cytosol through the mNCX. The rate of Ca2+ efflux
through this transporter at 37 ∘C in bovine CCs is about
800 μmol L cells−1 s−1; its kinetics are exponential and K50
approaches 20 μM Ca2+ (640). Finally, Ca2+ extrusion from
the cytosol to the extracellular space depends on the activity of
both SERCA and NCX. The joint action of both transporters
decreases [Ca2+]c at a maximal rate of 20 μmol L cells−1 s−1

in rat CCs at 27 ∘C (295, 504). In bovine CCs at 37 ∘C, this
rate is close to 100 μmol L cells−1 s−1.

After a brief opening of CaV channels in bovine CCs, an
HCMD is formed near sub-plasmalemmal exocytotic sites
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Figure 8 The concept of functional triads that regulate the generation
of local [Ca2+]c transients and exocytosis responses upon stimulation of
CCs. (1) After cell depolarization with the physiological neurotransmit-
ter ACh, the voltage-dependent Ca2+ channels open. (2) Ca2+ enters
the cell through a huge electrochemical gradient, giving rise to the for-
mation of a high-Ca2+ microdomain (HCMD) of about 10 μM or higher
near the sub-plasmalemmal exocytotic sites. (3) High Ca2+ is required
to trigger the fast exocytotic release of CAs. (4) The HCMD quickly dis-
sipates initially by mobile Ca2+ buffers (not drawn) and more slowly
by Ca2+ uptake by the ER Ca2+-ATPase (SERCA). (5) The second more
relevant pathway for the clearance of the [Ca2+]c transient is the mito-
chondrial Ca2+ uniporter, which has a low-affinity high-capacity for
Ca2+ sequestration into the mitochondrial matrix. (6, 7) In both ER and
mitochondria (Mito), the matrix [Ca2+]c can reach near half a millimo-
lar. ER Ca2+ can be released back into the cytosol through a CICR
mechanism via ryanodine receptors, lnsP3 receptors (6), or through the
mitochondrial Na+/Ca2+ exchanger (7). (8) Ca2+ diffusion serves to
redistribute Ca2+ at inner areas of the cell core to generate low-Ca2+

microdomains (LCMD) of around half micromolar that are required for
the cytoskeleton-mediated Ca2+-dependent vesicle traffic. (9) The Ca2+

levels of the LCMD refills with new vesicles the RRP at sub-plasmalemmal
exocytotic sites, securing that new rounds of exocytosis take place, thus
completing the exocytotic process.

(Figure 8). This HCMD has been estimated to have about
0.3-μM diameter and reach 10 μM or higher [Ca2+]c (38, 129,
357, 442, 471–473). The formation of HCMDs is favored by
colocalization of CaV channel clusters and secretory vesicles
(490, 539, 690) to trigger fast exocytosis (54).

The dissipation of HCMDs has two components. The fast
one occurs in the time range of milliseconds and is associated
to nearby cytosolic mobile Ca2+ buffers that accelerate Ca2+

diffusion and oppose the development of HCMDs (287, 480,
692). Consistent with this is the observation that added exter-
nal Ca2+ buffers such as fura-2 increase the apparent rate of
Ca2+ diffusion about fourfold (692).

The slower component of the [Ca2+]c transient clear-
ance is linked to the redistribution of Ca2+ into the ER and
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mitochondria. This occurs particularly under conditions of
intense stimulation of CCs. Using mitochondria-targeted
aequorins with different Ca2+ affinities, two pools of
mitochondria, M1 and M2, were characterized in bovine
CCs (453). Mitochondrial pool M1, located near sub-
plasmalemmal sites can sense the HCMDs occurring during
physiological stimulation (295, 453, 504, 639, 640) (a local
[Ca2+]c rise of about 20 μM) and tune the mitochondrial
generation of ATP to match the local energy needed for
ATP-dependent vesicle docking at the plasmalemma and
later exocytosis. Pool M2 exhibits a much lower rate of Ca2+

redistribution, which moves to inner regions to serve other
functions, for instance, the intracellular transport of secretory
vesicles from a RP to the readily releasable pool of vesicles
(RRP) at sub-plasmalemmal sites (453, 640).

Concerning the functional role of ER Ca2+, it is noteworthy
that using ER-targeted aequorins, a reduction of 60 to 100 μM
ER Ca2+ was observed in bovine CCs stimulated with high
K+, suggesting that CICR takes place during cell depolariza-
tion (17). RyR channels mediating CICR seem to colocalize
with CaV channels and the mitochondrial uniporter of the M1
pool. Finally, after stimulation of CCs, the residual [Ca2+]c
released from the M1 pool of mitochondria and through the
CICR mechanism from the ER is extruded out of the cytosol
through the SERCA and the NCX.

We summarize our simplified view of the global Ca2+

handling by CCs in terms of what we refer to as a “functional
triad” to shape the [Ca2+]c transients. It has been proposed
that functional triads formed by clusters of CaV channels, the
ER RyR, and the mitochondrial Ca2+ uniporter are responsi-
ble for the generation and shaping of local sub-plasmalemmal
[Ca2+]c transients at the HCMDs that control the rate of
exocytosis (17, 453, 640). CaV channels will act as the
initiating signal, the RyR as the signal amplifier through
CICR, and mitochondria as a barrier to limit diffusion further
into the cell’s core, where such HCMDs are not required.
Ca2+ uptake into mitochondria has at least three functions,
namely, to serve as a Ca2+ buffer, thus dissipating the large
local Ca2+ transient; to redistribute the matrix Ca2+ into other
mitochondria and the ER compartment into the cytosol; and
to stimulate mitochondrial respiration and couple increased
energy production to finely regulate the exocytotic machinery
of the CC. As mitochondria release their matrix Ca2+ into
the cytosol slowly, respiratory stimulation lags behind the
cessation of cell stimulation, until the mitochondria Ca2+ load
is completely cleared. Most Ca2+ taken up by mitochondria
at sub-plasmalemmal sites may diffuse to other cell locations
through the mitochondrial network, and eventually will be
released near the cell core. Thus, mitochondrial Ca2+ release
likely contributes, in a spatially specific way, to maintaining
elevation of [Ca2+]c after cell stimulation ends, to facilitate
vesicle transport from a RP to a RRP (652). Ca2+ diffusion
from sub-plasmalemmal sites to inner cytosolic sites is
achieved by the propagation of a Ca2+ wave assisted by dif-
fusible Ca2+ buffers and maintained by the CICR mechanism
of the ER (17) (Figure 8).

From a physiological point of view, the concept of a func-
tional triad suggests that plasma membrane CaV channels,
together with the uptake and release of Ca2+ by ER and
mitochondria, regulate Ca2+ handling in CCs. Ca2+ fluxes
through these channels, and reservoirs are strongly activated
during cell depolarization, but they also operate during inter-
stimulation periods contributing to the Ca2+ homeostasis.
Dysregulation of Ca2+ fluxes under pathological conditions
at, for instance, the mitochondria will alter energy produc-
tion and the exocytotic release of CAs. Recent experiments
have demonstrated that Ca2+ handling and exocytosis of the
sympathoadrenal axis and adrenal medullary CCs are altered
in hypertension and various transgenic mouse models of
neurodegenerative diseases (see below).

Exocytosis and endocytosis in CCs
Chromaffin granules

CCs are secretory cells and their most characteristic
organelles are the CGs, which are very similar to the large
dense-core vesicles (LDCVs) found in most neuroendocrine
cells and neurons. In contrast to the synaptic vesicles found in
neurons, CGs contain an intravesicular matrix that is visual-
ized by electron microscopy as a dark structure within the CG.
Granules are also of a larger size (≈200 nm) than synaptic
vesicles (≈50 nm). Not only the size and matrix define CG,
also the nature of their releasable cargo as they, beside amines
and ATP, also release GABA, peptides, and granins. CGs
contain astonishing concentrations of solutes whose resulted
osmolarity would be expected to cause the swelling of CGs
and their lysis. The ways used by nature to overcome the
theoretical osmotic gradient from granule toward the cytosol
have fascinated scientists for over five decades. A typical CG
contains 0.8 to 1 M CAs, an estimated concentration of ATP of
≈200 mM, 40 mM Ca2+, and significant amounts of peptides,
nucleotides, and chromogranins. This inner cocktail, whose
interaction enables the accumulation of neurotransmitters, is
crucial for neurotransmission and for the successful secre-
tion of hormones; processes that require the packaging of
highly concentrated releasable cargo. Two components,
chromogranins (166) and ATP (214), are essential for the
accumulation of solutes. A concise description of the role of
ATP and chromogranins contributing to the accumulation of
adrenal CAs has been recently published (215).

The general view is that proteins that will form the granule
matrix are synthesized in the ER, and protein assembly con-
tinues through the Golgi. CGs are produced in the trans-Golgi
network by a budding process encapsulating the organized
proteins that will form the matrix. The trans-Golgi network
is also the sorting place for newly formed organelles. CGs are
differentially sorted toward the regulated exocytosis pathway.
A detailed description of the biogenesis and sorting processes
occurring in neurosecretory cells is out of the scope of this
article. However, excellent reviews have been published else-
where (37, 604).
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Figure 9 Main mechanisms involved in the accumulation of amines
and ATP into the CG. A specific vesicular carrier (V-ATPase) pumps
H+ against a concentration and voltage gradient. To reduce the Ψ
gradient, Cl− channels open, allowing the pH to drop. The pH gra-
dient is also regulated by Na+ (and probably K+) channels. Protons
are used for exchange with CAs (dopamine, DA, or NE) or ATP. The
synthesis of NE must occur inside the CG by the enzyme dopamine-
β-hydroxylase (DBH, light blue) using DA as a substrate. In adrenergic
cells, NE must leave the granule to be transformed into EPI in the cytosol
(by an enzyme called phenylethanolamine-N-methyltransferase, PNMT,
not shown) Most solutes bind the granule matrix, thus permitting their
accumulation by maintaining the isotonicity of CG versus cytosol. Ca2+

is accumulated and released by a combination of H+/Ca2+ exchange,
Ca2+ pump, InsP3-receptors (683), and ryanodine receptors (552). For
clarity, Ca2+ turnover is not shown.

The inner milieu of CG is then further acidified from the
Golgi value (pH≈ 6.5) (555), and the matrix condenses to
allow the uptake of amines, ATP, and Ca2+. It is generally
accepted that acidification will occur rapidly and that the
uptake of cargo species starts immediately. This process is
driven by an ATP-dependent specific H+ pump, the vesicular
proton pump (V-ATPase), which accumulates H+ until the
Ψ gradient reaches around +80 mV. To obtain the requisite
lowering of pH, Cl− enters CG acting as a counterion, and
finally, the interior milieu reaches pH≈ 5.5. Protons are
then used as a counter-carrier to concentrate CAs, ATP, and
Ca2+. Thus, any alteration in the pH gradient will result in a
loss of accumulation of these three species (94, 552). Most
solutes will bind chromogranins, thus forming the granule
matrix (Figure 9). It has been estimated that more than 90%
of amines (669) and Ca2+ (552) are tightly bound to the
matrix, thus forming a bicompartmental store, which will
become important to determine the kinetics of exocytosis
(558) and the participation of CGs in cellular Ca2+ dynamics
(93). It should be noted that although CGs constitute approx-
imately 20% of CC volume and contain Ca2+ at 40 mM,
they do not appear to be a functionally important part of
Ca2+dynamics/regulation as are the ER, mitochondria, and
plasma membrane (683) (Figure 9).

The complex process of secretion

As CCs are cellular machines evolutionarily optimized for
secretion, they contain all the elements necessary to readily
release solutes to the bloodstream. Each CC possesses around
12,000 CGs (671). The total amount of CAs present in both
adrenal glands, if released instantly, would be a lethal dose for
the organism. To prevent CA poisoning, CCs have multiple
mechanisms to regulate secretion. An important initial limit-
ing factor is that only a small fraction of CGs are available (the
“readily releasable pool”) for immediate release, with 70%
to 80% of granules requiring further priming before they are
available for secretion.

CG release occurs by regulated exocytosis, a Ca2+-
dependent process that entails the fusion of a CG with
the plasma membrane. Roughly, exocytosis starts with the
approach of a CG to the membrane, docking it and the
formation of a fusion pore, and the expansion of the fusion
pore allowing the release of CG products (cargo), followed
by CG membrane recapture from the plasma membrane by
a process called endocytosis. Exocytosis is common to most
secretory cells, including neurons, and most of the molecular
steps leading to vesicle exocytosis are shared by neurons and
CCs. This has been one of the historical reasons for the use
of CCs to unveil the mechanisms underlying secretion (470).
Probably, the first evidence indicating that the secretion of
neurotransmitters occurs by exocytosis was the finding of
intravesicular proteins in the extracellular media after the
stimulation of adrenal medulla. No other mechanism could
easily explain how CgA (a soluble protein of ∼70 kDa discov-
ered in CGs) could cross the plasma membrane together with
CAs (62). Once the mandatory role of Ca2+ for secretion was
established (176, 360), the main question was to determine
how Ca2+ entry could trigger a very energy-unfavorable
reaction like the fusion of two membranes. The elucidation,
mainly in CCs, of the main steps of protein-protein, lipid, and
lipid-protein interactions involved in triggering and regulating
exocytosis has taken more than 40 years of extensive research.

The sites of exocytosis, either in CCs and in synapses, are
not widely distributed along the plasmalemma but restricted to
specialized areas, active zone-like release sites. These regions,
characterized by cytoskeletal elements arranged to direct SGs
toward docking and fusion sites, are specifically enriched in
lipids like cholesterol and PIP2 (306, 363, 662), contain the
acceptor proteins for fusion, and are relatively close to CaV
channels, hence the fusion machinery is in close proximity to
the Ca2+ source. Contrary to active zones in neurons, where
the probability of exocytosis is high, the role or even the
presence of the piccolo/bassoon anchoring proteins has not
been described in CCs so far. Consequently, the transport of
CGs to active zone-like release sites likely performed sequen-
tially by tubulin and actin. F-actin was initially considered
to fulfill a role as a cortical barrier that prevents the access
of granules to the plasmalemma (39, 125, 642). This concept
has evolved, and the cytoskeleton is currently considered a
dynamic element, where a close interaction of actin filaments
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with granules occurs (326, 369, 486, 592). Myosins II, V, and
VI also seem essential for the delivery of granules from the
Golgi to the periphery of the cell (545, 618, 641). Figure 10A
illustrates our current view of the SG cycle in CCs. The F-actin
cytoskeleton and myosin II could also be important for provid-
ing the “extrusion, squeezing” force needed for the fast release
of neurotransmitters through the open fusion pore (466, 666).

The secretory machinery

The discovery that exocytosis can be selectively blocked by
proteolytic neurotoxins like tetanus and botulinum toxins

(359) indicated the existence of specific exocytotic proteins,
as these toxins do not affect endocytosis (465). In addition,
the discovery of the N-ethylmaleimide-sensitive factor (NSF)
and the protein complexes involved in its action (the soluble
NSF-attachment receptor complex or SNARE) (594, 595)
started a stimulating scientific race to elucidate the molecular
steps of regulated exocytosis. Although not all of the exo-
cytotic steps have been defined, there is a general consensus
about the main actors and steps involved in the process, which
are summarized in Figure 10B (685). The so-called SNARE
complex is formed by the interaction of one specific protein
in the membrane of the granule (synaptobrevin or VAMP)
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(B)
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Complexin

Synaptobrevin
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Munc-18

Synaptotagmin

Actin

Chromogranins

?

Figure 10 Exocytosis and endocytosis of CGs. (A) For clarity, only one SNARE complex is shown, while some of
the accessory proteins are omitted: (1) granule proteins are sorted and packaged into the Golgi apparatus; (2)
granules are transported to the release sites by tubulin (not shown); (3) actin filaments drive granules to specific
tethering points; (4) “granule docking,” the SNARE complex starts to organize and the granule docks to the
plasmalemma; (5) priming, mediated by Munc-18 and complexin, thus allowing a tighter interaction of SNARE
complexes. Munc13 acts on syntaxin changing its conformation, thereby leading to SNARE proteins zippering
and the formation of fusion pore; (6) the initial fusion pore allows a limited exchange of water and solutes; (7)
fusion pore dilatation allowing the partial or complete release of the granule content; depending on the extent of
dilatation and duration of the Ω state, more or fewer solutes will be released. The SNARE complex is disassembled;
(8) cavicapture. This partial exocytosis occurs when a dilated, but reversible, fusion pore allows the partial release
of small molecules like peptides. Whether these granules can go to the SRP or get exocytosed again is unknown;
(9) membrane recovery by endocytosis. Two major mechanisms might be involved: depending on clathrin and
dynamin 2 or clathrin-independent that uses dynamin 1 to promote granule fission. The inner content of the
granule rapidly acidifies; (10) clathrin is disassembled and the granule can travel deeper inside the cell toward
either endosomes or lysosomes from where they can reenter in the secretory cycle after sorting in the Golgi (11).
Note that sizes of the resulted endocytotic granules are now smaller, and granule matrices are clearer as a result
of protein loss during exocytosis. Note also that some of the steps are reversible (blue double head arrows).
(B) Organization of the SNARE complex in the priming state. The presence of cholesterol and lysophospholipids
allows the curvature of the cell membrane. Note the lateral disposition of coiled-coil of proteins and the proposed
situation of Munc-18 and complexin.
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and two proteins at the plasma membrane (syntaxin and
SNAP-25) (see Ref. 163 for a recent review). The exocytosis
of CGs is much slower than that of synaptic vesicles, probably
because despite using similar Ca2+-triggering mechanisms
and exocytosis machinery, they differ in the degree of prepa-
ration (docking) for fusion and in the composition of their
vesicular matrix. Only six proteins, syntaxin, synaptobrevin,
SNAP-25, Munc18-1, synaptotagmin, and complexin, form
the core of the exocytosis machinery. Once the energetic
barrier opposing membrane fusion is overcome, the interior
of the granule is connected to the external media, thus starting
the release of its contents.

The following are the currently most accepted steps
involved in exocytosis (Figure 10B). The remodeling of the
actin cytoskeleton allows SGs to get in contact with the
plasma membrane (docking). At this stage, SNARE proteins
are not yet fully associated. Ca2+ and the interaction of
Munc13 and CAPS are crucial mechanisms involved in the
priming process (423). Then, complexin binds to the SNARE
complex, hence leaving it ready for Ca2+ action (super prim-
ing). Ca2+ will subsequently bring synaptotagmin to bind syn-
taxin, thereby promoting fusion pore opening (partial fusion).
If Ca2+ concentration is sufficiently large or maintained long
enough, the process evolves to “full fusion.” Probably, there
are intermediate steps between partial and full fusion. CCs
possess two types of synaptotagmin (1 and 7), which have
been implicated in the fast and slow components of the secre-
tory response, respectively (528, 557). Ca2+ binds synapto-
tagmin at two binding sites (C1 and C2) to trigger granule
fusion.

Pools of secretory granules

Since the first rudimentary recording of the time course
of CA release (Figure 11A), it became clear that adrenal
response decreased progressively regardless of stimulus
persistence. This signaling “fatigue” is probably a physio-
logical mechanism of defense to avoid the deleterious effect
of oversecretion of CAs into the bloodstream, as occurs in
some forms of adrenal pheochromocytoma (see below). This
phenomenon is partially dependent on desensitization of
nAChRs as well as NaV and CaV channels (45). However,
the “fatigue of secretory response” was also observed in
the so-called leaky cell using either electroporation (43) or
detergents like digitonin (184), indicating that the secretory
machinery cannot maintain secretion for long periods of time,
especially during strong stimuli (Figure 11B).

With the arrival of electrophysiological techniques, espe-
cially whole-cell capacitance, the phenomenon of “fatigue”
was localized to the existence of distinct pools of granules
(Figure 11C) with different probabilities of fusion (277, 387,
472). The nomenclature used to classify the differences in
the release rate of CG populations varies from one research
group to another, with sometimes confusing results. Hence,
the granules that were ready to enter exocytosis in the first
seconds after depolarization, as they are close to the “open

mouths of Ca2+ channels” were considered to be in the imme-
diately releasable pool (IRP). This pool would comprise only
about 17 granules per cell in mouse CCs (582), although
its exact size is difficult to determine as most studies were
carried out in cultured cells whose channel distribution is
significantly affected by denervation and adhesion to the cell
culture surface.

Large Ca2+ entry, or sudden elevation of Ca2+ experimen-
tally caused by uncaging of trapped Ca2+ using light pulses,
will promote the release of about 200 granules from a CC
within 20 to 40 ms when intracellular Ca2+ levels are around
20 μM (644). This is the rapidly releasable pool (RRP), which
is observed by whole-cell capacitance as a rapid increase in
cell surface resulting from the addition of granular membranes
to the plasmalemma (Figure 11C). The analysis of the kinet-
ics of release observed either by whole-cell capacitance or
by integrating amperometric recordings shows that the rapid
secretion from the RRP is followed by a slow phase of release
from an RP or slowly releasable pool (SRP) with a time con-
stant of ≈200 ms (644).

Finally, it should be noted that most CGs are either
nonreleasable or are exocytosed only very slowly. The phys-
iological role of this unreleasable pool has received little
attention from scientists. Historically, it was considered as
formed by immature granules that progressively move toward
the releasable pools. However, novel experimental approaches
have concluded that young granules will “jump the queue”
and be the first released. This was shown using either total
internal reflection fluorescent microscopy (TIRFM) with
fluorescent dyes that changed color with age (180) or by
analyzing the secretion of EGFP from CCs expressing EGFP-
tagged neuropeptide Y (214) (Figure 11D). The classical
theory uses a geographical distribution of granules to explain
the kinetics of release, assigning to the RRP those granules
situated near the membrane and to the RP those that are
behind the actin barrier. TIRFM analysis suggests that only
a small fraction of the granules that are already within the
evanescent plane (<200 nm from membrane) do not get
exocytosed and remain immobile for minutes regardless
of the presence of stimuli. The unreleasable pool in CCs
is about 70% to 80% of the whole population (≈10,000
granules per cell), and its physiological role is still unknown.
Furthermore, it is the RRP that requires repletion, after its
reduction by stimulation. Theoretically, refilling the RRP
could be accomplished by (i) refilling of granules only par-
tially exocytosed (kiss-and-run or cavicapture), (ii) formation
of new granules after a short travel through endosomes, or
(iii) the arrival of new granules to the cortical domain of the
CCs. The precise contribution of each alternative is still under
debate.

The exact contribution of the different pools to secretion
is difficult to establish because of the Ca2+ dependence of
both exocytosis and granule motion processes. However, the
latter requires lower intracellular Ca2+ levels (≈1 μM) com-
pared with the higher concentration required for exocytosis
(>2 μM). These features have been used to determine the
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Figure 11 Different pools of granules are involved in the secretory responses. (A) Even in the
continuous presence of Ach, the secretion of CA from perfused cat adrenals progressively decays
(gray bars). Cumulative CA secretion is superimposed (blue trace). Modified, with permission,
from Douglas WW, and Rubin RP, 1961 (176). (B) Although the time courses are different, a
similar situation occurs when secretion is elicited by rising intracellular Ca2+ in permeabilized
CCs (leaky cell). Modified, with permission, from Baker PF, and Knight DE, 1981 (44). (C)
Recordings of whole-cell capacitance from mouse CCs evidence the presence of at least two
exocytotic kinetics: rapid (RRP) and slow (SRP). Authors tested the effect of rising intracellular
Ca2+ by flash photolysis of NP-EGTA (taken from Figure 2A in Ref. 591). Notice the different
time course compared with panels A and B. (D) Newly produced granules are the first to be
released. Perfused CCs are stimulated with a nicotinic agonist and CA secretion continuously
recording by an electrochemical detector. The analysis of the perfusate shows that EGFP (label-
ing neuropeptide Y) is released only during the first pulses. Modified, with permission, from
Estevez-Herrera J, et al., 2016 (214).

size and contribution to the secretion of RRP and SRP, that
is by low versus high levels of intracellular Ca2+ released
dose-dependently by controlled flash photolysis of Ca2+-
caged compounds (168, 643). An important limitation of
the capacitance measurements to indicate the extent of CG
release is the difficulty in determining, and subtracting, the
contribution of endocytosis to the recordings. Capacitance
change recordings might overestimate secretion as it also
detects the fusion of granules that are devoid of CAs, a
phenomenon observed when capacitance and amperometry
measurements of exocytosis are compared (599).

Measuring exocytosis

Exocytosis from CCs has been measured by several methods
including the chemical analysis of secreted products. How-
ever, the latter occurs too slowly for assessing a phenomenon
that occurs in tens of milliseconds. For this reason, only
modern live imaging, electrophysiological or electrochemical
techniques, and the combination of them get a reliable time
resolution. TIRFM uses the evanescent wave principle, by
which excitation is restricted to ∼150 nm beneath the cell sur-
face situated in direct contact with the bottom coverslip. This
noninvasive technique also allows examining the movement
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of a granule prior to exocytosis and also membrane recapture.
However, it requires the use of fluorescent dyes (170).

Cell capacitance change (ΔC) measurements with the
patch-clamp are based on the notion that the cell membrane
is a capacitor and its capacitance increases when the granule
membrane fuses with the plasmalemma (or decreases when
a portion of the membrane is retrieved during endocytosis).
Modern equipment incorporates lock-in amplifiers to resolve
exocytosis occurring at the whole-cell level. This is an inva-
sive technique that permits control of the intracellular media
but in general, is unable to resolve single-granule fusion
events and is also blind to all phenomena occurring prior to
fusion. The advantage of ΔC measurements is the monitoring
of the whole-cell secretion and not just that restricted to the
area covered by an amperometric electrode or the attached
surface of a glass cover slide as in TIRFM measurements.
The capacitance changes observed from a whole cell are the
sum of two phenomena (exocytosis and endocytosis) that
usually overlap. The RRP can be measured by applying strong
stimuli to promote the fusion of the entire pool, whereas the
refilling of this pool could be measured by the slower kinetics
that follows the initial rise in capacitance (Figure 11C). One
variation of the technique uses the cell-attached patch-clamp
configuration to resolve single exocytotic events, allowing
the study of the initial stages of fusion pore formation. These
observations, however, are restricted to the patched area (386).

Electrochemical methods comprise amperometry and
cyclic voltammetry. They detect the CAs released with a
precise time resolution but do not detect other secreted
species like ATP or peptides. This technique is noninvasive
(the cell integrity is preserved), but it does not provide
information about what happens to granules prior to exo-
cytosis nor after their recapture (endocytosis). Voltammetry
has less time resolution but allows the quantification of the
released CAs. Single-cell electrochemistry also allows the
analyses of the kinetics of exocytosis, including the pre-spike
phenomenon—the so-called foot—that is associated with the
escape of CAs through the fusion pore. However, some of the
published data should be taken with caution unless proper
calibration and correction for artifacts (e.g. use of the same
calibrated electrode throughout the experiment, reduction
of bias caused by changes in electrode responsiveness, and
appropriate statistical analyses) are employed (69, 412). The
kinetics of the exocytotic fusion pore can be resolved with
high-resolution amperometric techniques (668). Thus, with a
carbon-fiber microelectrode placed on the surface of a CC,
several modes of exocytosis can be distinguished: (i) CA
release occurs through a transient fusion pore that opens and
closes without giving rise to full fusion and pore expansion,
the so-called kiss-and-run; (ii) formation of a more stable
fusion pore that, however, does not give rise to full fusion,
the so-called kiss-and-stay exocytosis; (iii) formation of a
fusion pore with subsequent expansion to release all vesicle
content, followed by the collapse of the vesicle membrane
and its integration in the plasmalemma, referred to as “full
fusion” (630). Another interesting feature of the individual

amperometric spikes is that many of them are preceded by
a small “foot” (fusion pore formation) before the abrupt
upstroke occurs (pore expansion and full fusion, see below)
(130).

Finally, amperometry and cell-attached capacitance mea-
surements have been successfully combined for simultaneous
measurements (9). This technique, called patch amperometry,
allows the direct characterization of fusion pore and the direct
measurement of granule content of CAs (254, 454). The main
disadvantage of this procedure is its technical difficulty.

Partial versus full exocytosis

Classically, exocytosis has been considered as an all-or-none
process. The concept of partial exocytosis, that is when only
one part of the granule content is released upon fusion, was
first suggested by Bruno Ceccarelli in frog neuromuscular
junction (119). This phenomenon, however, received real
attention only after it was observed in mast cells and CCs
(9, 18) and has finally gained acceptance as a technology
for measuring secretion evolved. The stable and reversible
formation of a fusion pore allows the release of cargo species
through its limited diameter and lasting duration (170). There
is not a general consensus about the definition of the fusion
pore: the concept ranges from a channel-like structure (with
a diameter of 1–2 nm), measurable by capacitance, to a wider
Ω-shaped vesicle as observed by electron microscopy (of
about 20–30 nm in size). The former probably is governed by
a mixture of lipids and proteins, whereas the expanded pore
seems to be composed only of lipids (574). Nevertheless,
it is now accepted that most of the exocytotic events are
partial, and the granule usually retains a significant fraction
of its content after fusion. This comprises both low molecular
weight species such as CAs and high molecular weight
proteins such as chromogranins and their fragments.

The comparison of the quantum size measured in the
same cell cultures by amperometry and patch amperometry
(455) or by “electrochemical cytometry” (181) indicates that
only about 30% of CAs are released in most of the exocytotic
events. In addition, the monitoring of fluorescent-labeled CgA
(chromogranin coupled with EGFP) by TIRFM shows that
most granules retain some fluorescence after fusion (170). An
emerging novel concept about the regulation of secretion of
CAs comes from the amount released during partial exocyto-
sis (491). It seems that strong stimuli tend to favor full release,
whereas mild stimulation triggers partial release. The main
regulators of this process seem to be the intracellular Ca2+

concentration (199) and cAMP (413). The nature and physi-
ology of the fusion pore have been recently reviewed (19).

Endocytosis

The increase of membrane resulting from secretion or con-
stitutive exocytosis has to be compensated by membrane
retrieval. This fission process is called endocytosis, and it is
necessary not only to maintain constant the membrane surface
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but also for renewal of proteins and lipids from the membrane.
This latter type of endocytosis, named “constitutive,” is com-
mon to all cells and it is not dependent on Ca2+. Constitutive
endocytosis is used to retrieve receptors, carriers, and chan-
nels, and it is essential for downregulation processes common
to transporter activity, receptor desensitization, and, more
generally, cellular responsivity (285, 649). This is a slow pro-
cess, and does not necessarily occur at the site of exocytosis
even for proteins involved in the exocytotic process itself.

Triggered endocytosis occurs in CCs rapidly after exocy-
tosis (Figure 10). Plasma membrane internalization does not
occur randomly to maintain the total surface stable. Rather,
despite full fusion, exocytosed granules and plasmalemma
maintain their specific protein and lipid composition. This
exo-endocytosis coupling was first observed by morpho-
logical studies showing that granule membrane-bound
components are retrieved after exocytosis (507). Also, a large
increase of coated pit structures containing granule compo-
nents immediately after stimulation of CCs was observed by
electron microscopy (245). The endocytosis process seems
to occur at the same lipid-raft structures where exocytosis
took place. These areas are enriched in both cholesterol and
phospholipids like PIP2 (322). Taken together, these data
indicate that exocytosis and endocytosis are tightly coupled
phenomena intended not only to maintain the cell surface
constant but also to recapture most of the granule membrane
components and part of the granule matrix.

In CCs, two endocytic pathways exist: a rapid endocytosis,
which takes place in tens of milliseconds to a few seconds,
and it is probably associated with cavicapture and kiss-and-
run secretory modes (605), and a slow clathrin-mediated
exocytosis (200). Rapid endocytosis does not require clathrin
and seems to involve GTP, Ca2+ (85, 541), and dynamin-1
(34). The clathrin-mediated endocytosis is the best-studied
and involves clathrin and dynamin-2, but not Ca2+; this
slow endocytosis occurs in tenths of seconds and can last
for minutes (200). Dynamins are envisaged to function in
constricting the fusion pore and promoting the formation
of an endocytic vesicle capable of traveling toward the cell
interior. It is, therefore, possible that these proteins can also
regulate the amount of cargo released during each exocytotic
event. Data derived from dynamin manipulation in CCs
are still contradictory (128, 233). Even the expression of
dynamin-1 in CCs has been questioned (255). Likewise, the
functional role of amphiphysin, another protein involved
in fusion pore constriction in other tissues, has not been
conclusively established in CCs.

Endocytosis often results in retrieving more membrane
than that previously incorporated during exocytosis. This
excess retrieval is faster than rapid endocytosis and seems to
be triggered by different mechanisms (207, 579) unlinked to
exocytosis and at a rate that could internalize approximately
10% of the total cell surface within a few seconds (49).
Excess retrieval is frequently accompanied by the formation
of large nonreleasable endosomes (611). This formation of
large endosomes during excess retrieval is called “bulk”

endocytosis (111, 533) (for clarity, this is not shown in
Figure 10).

Clathrin-dependent membrane retrieval produces vesicles
of 50 to 100 nm, notably smaller than CGs (180–250 nm).
The discrepancy in size suggests that the membrane from
CGs can be recaptured as small pieces rather than as a
whole (311). Both recycling from partial exocytosis and a
degradation pathway from full granule collapse coexist, and
their fraction may depend on secretory activity, as mentioned
above. Vesicles resulting from the endocytotic clathrin-
mediated pathway might go to early endosomes to produce
new granules or fuse with lysosomes for degradation. The
degree of contribution of both pathways and their regulation
is not known. Since retrieved vesicles are composed of pieces
from CGs and not as a whole, the early endosomes could be a
transient organelle where endocytic vesicles are repackaged
to reconstitute functional granules before going to the retro-
grade transport pathway to the trans-Golgi network (311).
Using specific antibodies against membrane-bound granule
proteins, it was shown that they were taken up through
clathrin-mediated vesicles and internalized toward lysosomes
(56). These proteins were then found in the trans-Golgi, and
a few hours later were localized in newly formed granules
(507, 649) (Figure 10A).

From kiss-and-run to full granule collapse, there are
different degrees of exocytotic modes. The same can
be said for endocytosis where several mechanisms for
membrane retrieval coexist. Capacitance changes and patch-
amperometry studies conclude that the fusion pore can open
and close (or “flicker”); this suggests that this transient
structure can be reversible at least up to certain pore size.
Therefore, kiss-and-run retains membrane and most of the
matrix proteins of CGs. The limit for reversibility for CGs
is around 3.4 nm, as larger sizes convert fusion to an irre-
versible process (9, 15). However, observations using TIRFM
(512) and fluid-phase capture (650) suggest that even larger
pores are reversible. Many CGs reseal in a few seconds after
exocytosis. These granules are rapidly acidified (606) and
might be partially or completely empty of CAs and other
soluble components (599). The physiological contribution
and importance of the cell mechanisms operating, for the
various modes of exocytosis/endocytosis, opens exciting
research prospects for the coming years.

The Sympathoadrenal Medulla Axis
in Stress Responding: Roles of PACAP,
Other Transmitters and Peptides,
and Organ Remodeling
PACAP as a stress transmitter at the
splanchnicoadrenomedullary synapse
The ability to generate an AP via nAChR-dependent Na+

channel activation on CCs explains how ACh acts as a sec-
retagogue for EPI release from the adrenal medulla (see the
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preceding sections). In the late 1970s, however, the possi-
bility of adrenomedullary CA secretion by first messengers
other than ACh began to emerge. The Wakade laboratory
in particular, explored the long-term changes in CC content
driven by high stimulation rates thought to be typical of the
frequency of firing of the splanchnic nerve during stress. It
was discovered that the adrenal medulla releases an amount
of CAs equivalent to its entire initial content during a bout of
secretion lasting several hours. Yet even after such prolonged
secretion, CCs remain able to continue CA secretion, due to
constant CA repletion via biosynthesis during the secretory
episode (see (576, 659) for similar observations in the calf
adrenal gland). How the adrenal gland resynthesizes its
entire store of accumulated EPI, as well as its complement
of releasable proteins and peptides, following prolonged
and even acute but intense secretion, has been a subject
of considerable investigation, subsumed under the rubric
of “stimulus-secretion-synthesis coupling” (3, 190). One
mechanism for enhanced repletion of CAs linked to increased
depletion by secretion was discovered in the 1970s by Costa
and Chuang. They learned that exposure to cold, which is
associated with massive sympathoadrenal activation, causes
an increase in the total capacity to convert tyrosine to l-Dopa
within the adrenal medulla (126), due to induction of tyrosine
hydroxylase (TH), the rate-limiting step in CA biosynthesis
(131). Since nicotinic cholinergic stimulation has a limited
ability to induce TH as well as peptide synthesis in the gland,
it was concluded that this “stimulus-secretion-synthesis
coupling” might be afforded by activation of mAChRs
on CCs following enhanced splanchnic nerve stimulation
during episodes of stress (217). It was noted subsequently,
however, that reflex stimulation of the splanchnic nerve in
vivo, by pharmacological treatment with reserpine, caused
an induction of TH that could not be reversed by blockade
of either nicotinic or muscarinic receptors, and these authors
concluded that either a novel type of cholinergic receptor was
expressed on CCs, or that a noncholinergic substance might
be released along with ACh from the splanchnic nerve, to
allow TH induction under conditions of stress (610). Simi-
larly, stimulation of the sympathetic trunk at high frequency
also causes TH induction in the postganglionic sympathetic
neurons of the superior cervical ganglion, and this also occurs
by a mechanism only partially accounted for by action of
ACh released from preganglionic terminals (318).

The discovery of the neuropeptide PACAP (447) by Miy-
ata, Arimuraa, and colleagues in 1989 finally offered a clue to
the identity of this additional sympathetic neurotransmitter.
PACAP, as its name implies, was initially discovered as a
hypothalamic peptide able to stimulate cAMP production in
cells of the anterior pituitary. However, it was subsequently
learned that the physiological role of PACAP extends far
beyond its role as a hypothalamic releasing factor, to that of
neurotransmitter in both brain and autonomic nervous system
(26). In particular, and consistent with a potential role as a
splanchnicoadrenomedullary transmitter along with ACh,
PACAP potently stimulates EPI secretion from the adrenal

gland in vivo, from the perfused adrenal gland, and from
CCs in primary culture (155, 265, 270, 302, 600, 663; and
references therein).

The localization of PACAP to the splanchnic nerve inner-
vating the adrenal medulla required the creation of mice
genetically deficient in PACAP expression. This in turn
allowed the certification of antibodies to PACAP that could
be shown clearly to detect PACAP specifically, especially
compared to the very closely related neuropeptide VIP, in the
cholinergic nerve terminals of the splanchnic nerve (269).
The role of PACAP in stress-induced CA release and biosyn-
thesis in the adrenal medulla was further examined with the
aid of PACAP-deficient mice. Injection of insulin lowers
blood glucose levels and stimulates maximal reflex firing
of the splanchnic nerve, causing greatly elevated blood EPI
levels and enhanced TH activity in the adrenal gland: these
effects were blunted or abolished in PACAP-deficient mice.
PACAP-deficient mice could be rescued from death after
prolonged hypoglycemia by treatment with either PACAP
or glucose (269). In adrenal slices taken from the mouse,
EPI secretion upon splanchnic nerve stimulation at high
frequency (2 Hz), but not at low stimulation rates (0.2 Hz),
is blocked by the PACAP antagonist PACAP(6-38) and is
abrogated by PACAP deficiency (i.e. is absent in slices from
PACAP-deficient mice) (368, 593).

In summary, PACAP is colocalized with ACh (i.e. the
cholinergic vesicular marker VAChT) at nerve terminals
of the splanchnic nerve that innervate CCs in the mouse.
Stress-induced CA secretion and TH regulation require the
expression of PACAP. Experiments with adrenal slices ex
vivo show that this PACAP dependence occurs at the level
of the splanchnic nerve itself, and is probably due directly
to the release of PACAP there, since the morphology and
chemical neuroanatomy of the splanchnicoadrenomedullary
synapse in PACAP-deficient mice are otherwise normal.
These experiments suggest that PACAP released at the
adrenomedullary synapse mediates CA secretion from the
adrenal medulla during stress (see Figure 12) (189, 580).
Residual CA release provoked by prolonged hypoglycemia
even in the PACAP-deficient mouse suggests that ACh also
contributes to stress-induced CC CA secretion in vivo (269),
consistent with the many previous reports of high-frequency
CA secretion from the adrenal glands of various mammalian
blocked by nicotinic and muscarinic antagonists (342, 356,
364, 374, 623, 658, 684). Of relevance to this issue are the
observations of Arun Wakade’s lab on isolated perfused
adrenal glands from rats (657). The group reports that pro-
longed high-frequency splanchnic nerve stimulations (10 Hz
for >3 h) produce the massive release of CA that is almost
completely abolished (>80%) by cholinergic receptor antag-
onists, while sustained low-frequency stimulations (1 Hz for
>6 h) are effectively controlled (>60%) by noncholinergic
receptors activation (PACAP and VIP) (422, 656).

It is evident from the above arguments that the relative
contributions of ACh and PACAP at the splanchnicoad-
renomedullary synapse during high levels of splanchnic
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Figure 12 Intracellular signaling pathways and physiology of the chromaffin cell. Acetylcholine and PACAP (sympathetic
preganglionic) release from splanchnic nerve activates the nicotinic (AChR) and PACAPergic (PAC1R) receptors, triggering
catecholamine and neuropeptide secretion from CG, and increased transcription of genes encoding biosynthetic enzymes for
catecholamines (TH, PNMA), and prohormones from which processing to mature neuropeptides occurs, and stimulus-secretion-
synthesis coupling in the chromaffin cell. PAC1R activation promotes Gs coupling to adenylate cyclase (AC), the elevation of
cyclic AMP (cAMP), and the activation of three separate cAMP effectors. Protein kinase A (PKA) mediates CREB-dependent
gene transcription; Epac mediates Rap-dependent activation of the MAP kinase p38, leading to activation of transcription
factors including AP1; NCS-Rapgef2 mediates Rap-dependent activation of the mixed-function kinase B-Raf, allowing MEK
upregulation of the MAP kinase ERK (extracellularly regulated kinase) and gene activation through a combination of tran-
scription factors. Stimulus-secretion-synthesis coupling also involves on the intercellular level increased expression of connexins
that form gap junctions, which help to amplify chromaffin cell secretion from the adrenal gland as a whole. There is as yet
no direct proof for PACAP or acetylcholine as the principal mediator of what might be termed the “gap-junction response.”
IFN, TNF, IL-1, and IL-6 effects on cognate receptors on chromaffin cells and cellular sequelae in the chromaffin cell are not
shown, but synergize with PACAP stimulation to modulate both catecholamine and peptide secretion and chromaffin cell gene
transcription. Splanchnic nerve input affords synergistic as well as antagonistic interactions between cytokines and PACAP
under physiological conditions in which both stress and inflammation may play a role. Finally, secretory products of the chro-
maffin cell itself, including substance P, other neuropeptides, and chromogranin-derived peptides such as catestatin, modulate
chromaffin cell secretion via paracrine actions, in part through modulation of AChR function. See text, and references in text,
for further details.
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nerve stimulation that occurs during stress may vary sig-
nificantly across mammalian species. Like ACh, PACAP
stimulates secretion of CAs from the adrenal in vivo or from
CCs in primary culture, in mice, rats, cows, dogs, humans,
and other mammals (reviewed in Ref. 270). In terms of
PACAP action at other sympathetic ganglia/synapses, there
are well-documented PACAP actions at sympathetic postgan-
glionic neurons, at least in culture, that include secretion and
changes in gene expression, suggestive of a role for PACAP
in stimulus-secretion-synthesis coupling at sympathetic as
well as sympathoadrenal synapses (53, 440). Postganglionic
parasympathetic neurons of intrinsic ganglia of the heart are
also PACAP-responsive (620). These findings support the
concept that PACAP acts as an effective neurotransmitter,
along with ACh and NE, in the autonomic nervous system. It
is also evident that understanding the details of the specific
roles of this stress-inducing neurotransmitter in supporting
ACh-driven secretion and gene expression in the adrenal
medulla deserves further investigation.

Implications of PACAP transmission
for GPCR-mediated stimulus-secretion-synthesis
coupling in the CC during stress
Endocrine cells, in general, the must maintain their stores
of secretable material, even during intense episodes of stim-
ulation and secretion, to preserve their efficacy for future
homeostatic responding. Secretion and synthesis need not
be coupled processes if they occur at about the same rate
constitutively. This is rarely the case, however, as hormone
secretion is commonly episodic, occurring in response to
varying homeostatic demands. Repletion of hormone content
lost by secretion from endocrine cells could occur by several
mechanisms, but two mechanisms seem to dominate for the
CCs of the adrenal medulla. The first is a chronic overproduc-
tion of prohormone protein relative to the storage capacity.
In this case, the excess hormone is degraded at times of low
secretory activity, and diverted to the secretory pathway at
times of high secretory activity and demand. CgA, the major
protein constituent of the CG, appears to be regulated in
this way. Since CgA is a component in the process of SG
biogenesis itself, the CC can package no more CgA than there
are available vesicular membranes to contain it. At rest, and
when the CG complement is maximal, excess chromogranin
is apparently degraded in the trans-Golgi network, and when
the CG complement is depleted by an episode of secretion,
this excess is redirected toward granule production. This
mechanism allows CgA levels (and CGs) to be maintained at
a sufficient level across even prolonged episodes of secretion
without the need for compensatory increases in chromo-
granin mRNA abundance and protein synthesis (191, 227).
For (pro)hormones that represent a smaller fraction of total
SG protein content, and are therefore not “rate-limiting” for
CG biosynthesis, and also for CAs, however, a regulatory
mechanism must exist to compensate hormone lost from the
cell by secretion, via enhanced hormone biosynthesis.

The hypothesis of stimulus-secretion-synthesis coupling
arose during the search for this second mechanism of the
hormone loss and repletion cycle, which centered on whether
or not secretagogues, while stimulating the release of stored
hormones, signal at the same time to the nucleus to activate
transcription of the specific genes responsible for hormone
biosynthesis (190). For bioactive peptides produced by pro-
hormone processing within the CG, this is accomplished by
an increased rate of transcription of the prohormone gene
and subsequent increase in translation of its mRNA into the
prohormone, which is then processed into mature peptide(s).
In the adrenal medulla, the “secretory cocktail” is a mixture
of protein (chromogranins and processed neuropeptides)
and small molecules (CAs, ATP, and GABA), and stimulus-
secretion synthesis coupling must occur for both categories
of secreted material. Thus, binding of secretagogues to
their receptors stimulates Ca2+ influx, activation of CG
exocytosis, and release of CG contents. Simultaneously, sec-
retagogue signaling stimulates transcription of prohormone
protein-encoding genes as well as biosynthetic enzymes
responsible for CA and another small-molecule biosynthesis.
In the case of CA production, this means activation of TH
through phosphorylation at key serine/threonine residues,
and increased production of the TH protein itself, through
enhanced transcription of the TH gene (276).

The cellular mechanisms for stimulus-secretion-synthesis
coupling in the adrenal medulla have been well investigated
throughout the 20th century and have functioned as a model
for understanding this process in other types of endocrine
cells (Figure 12). The second messenger most prominent in
regulation of stimulus-synthesis coupling is Ca2+, consistent
with its role in stimulating secretion in most endocrine cells.
In the adrenal medulla, cAMP was implicated early in both
the transcriptional and posttranslational phases of TH activa-
tion. Study of stimulus-secretion-synthesis coupling related
to co-stored peptides such as substance P, NPY, enkephalin,
and galanin revealed that while cAMP appears to be the main
second messenger for activation of gene transcription of the
genes associated with these peptides, cAMP-dependent gene
activation by the classical third messenger protein kinase A
(PKA) was not always clearly identified as a regulated step
in the process.

Kuo and Greengard (367) initially proposed that PKA
was the sole effector for cAMP in mammalian cells. It
was later discovered that cAMP gates Ca2+ channels on
some mammalian cells (81), and that in addition, many
non-PKA and non-Ca2+-dependent cAMP-initiated signaling
events exist in mammalian cells, especially neuroendocrine
cells. In the 1990s, two proteins within the family of
Rapgefs (rap-activating guanine-nucleotide-exchange fac-
tors) were identified as cAMP-regulated enzymes. These
two proteins are most commonly called EPAC1 and EPAC2
(other names include Rapgef 3 and 4, or cAMP—GEF1
and 2 (72, 158, 341). The EPACs extended the range
of cAMP effectors—from protein kinases to guanine-
nucleotide-exchange factors—and also brought into the
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stimulus-secretion-synthesis coupling pathway downstream
signaling molecules activated preferentially by Rapgefs, such
as the MAP kinase ERK (Figure 12) (202, 204, 205).

For example, galanin biosynthesis in the CC was found
to be regulated by PACAP via a non-PKA-dependent cAMP
signaling pathway acting through ERK (203). Experiments in
cellula allowed the identification of a Rapgef cAMP effector
molecule, Rapgef2, in this pathway, by both loss-of-function
after gene ablation and gain-of-function after expression
in nonendocrine cells (202). The Rapgef2 gene emits two
classes of transcripts by alternative splicing, now called NN
(for nonneuronal)- and NCS (for neuritogenic cAMP sensor)-
Rapgef2. NCS-Rapgef2 is expressed mainly in neuronal
and endocrine cell types/tissues in adult rodents and other
mammals, and links cAMP elevation to ERK activation in
CCs, in neurons, and in pancreatic beta cells (324). The initial
discovery of NCS-Rapgef2 in the CC has led to the under-
standing that cAMP signaling in these and other endocrine
cells and neurons is parcellated among at least three effectors,
NCS-Rapgef2, EPAC, and PKA, that independently signal
through distinct Rap isoforms (NCS-Rapgef2 and EPAC),
and through CREB and other threonine/serine kinase acceptor
proteins, to mediate distinct and separate cellular functions
(204, 305, 324, 347, 403, 544).

A relevant emerging question is how PACAP receptor
activation, since it does not involve the opening of sodium
channels, engages the machinery for Ca2+ influx in the CC.
A plethora of reports on this subject convey the general
impression that Ca2+ channel opening via activation of the
PAC1 receptor (PAC1R) is likely to involve initial cAMP-
dependent phosphorylation of Ca2+ channels themselves,
albeit the mechanisms ultimately responsible for secretion
and regulation of gene expression for CA and secretory pro-
tein biosynthesis by PACAP in CCs will require additional
investigation (vide supra).

The role of peptides secreted from the adrenal
medulla
The discovery that bioactive neuropeptides, in particular
opioid peptides are released along with CAs from the CCs of
the adrenal medulla provided a source tissue for the isolation
of the prohormones for the enkephalins, and later the mRNAs
encoding them (135, 380, 381, 395). These developments
were in turn made possible by the earlier identification of
chromogranins as secreted proteins of the adrenal medulla
(vide infra) and the discovery that enkephalin peptides are
a major constituent of CGs (380, 395). Progress in under-
standing the generation of small opioid peptides from larger
precursors led in turn to the realization that CgA is itself a
prohormone, generating the bioactive peptides pancreastatin,
vasostatin, catestatin, and others (188, 281, 313, 608). One
of the proenkephalin-derived peptides found to exist in CGs
BAM-22P was structurally identified through a system-
atic peptidomics analysis of the CG (448). Likewise, the
novel bioactive peptide adrenomedullin was identified, in

extracts of CC-derived human pheochromocytoma tissue,
similar to PACAP extracted from the hypothalamus, via a
proteomics-based search for novel cAMP-elevating neu-
ropeptides (354). The finding of a highly variegated secretory
cocktail, including CgA and enkephalin-derived peptides,
as well as substance P, galanin, and NPY, also later shown
to be prohormone derived, increased appreciation that the
CC might participate in organismic endocrine regulation
through these peptides as well as via the release of CAs.
The ability to determine where, and how, these peptides
exerted their physiological roles was initially made difficult
by ignorance of the location of their receptors, which might
suggest their autocrine, paracrine, or hormonal actions in
vivo (281). Indeed, the molecular nature of the receptor for
catestatin, one of the CgA-derived peptides of the adrenal
medulla, is still uncertain. Catestatin, for example, inhibits
ACh-induced CA secretion from CCs, but not that caused by
potassium depolarization, by the Ca2+ “agonist” barium, or
by ionophores that mobilize Ca2+, suggesting that catestatin
acts through a receptor that either is or acts immediately
downstream of the nAChR of CCs (420). In PC12 cells,
catestatin affects not only ACh-induced but also PACAP-
induced CA secretion, suggesting that it may act to modulate
both resting and stress-induced adrenomedullary secretion
(549). Thus, catestatin may function as an autocrine regulator
of CA secretion and biosynthesis, based on its negative mod-
ulation of nAChR activation in CCs, as has been suggested
for substance P produced in CCs (84, 310, 396).

Catestatin has multiple effects on distant organs, suggesting
a hormonal role, in addition to its autocrine functions within
the adrenal medulla itself. It is noteworthy that, given the
presence of several other bioactive peptides within the CgA
primary sequence, administration of catestatin alone rescues
the major aspects of the CgA-deficiency phenotype in CgA-
knockout mice (416). Catestatin and other chromogranin-
derived peptides affect virtually all stages of the secretory
function of the CC (416), including CG biogenesis (353), and
this function appears to be shared with other granin proteins
in CCs (455). Modulation of CA release is a major function of
catestatin that is increasingly well defined pharmacologically
(622). Physiologically, catestatin not only modulates CA
release, but, as a hormone in its own right, acts in synergy
with CAs on cardiovascular function and metabolism, and
regulation of other endocrine cells and immunocytes, and
their metabolism and secretory morphology (348, 588).
Other CgA-derived peptides with potent effects on heart
and vasculature are reported, including vasostatin, and these
potential hormones create multiple regulatory linkages among
adrenomedullary secretion, metabolic function, and muscle
performance, and therefore between stress transduction and
cardiovascular and metabolic physiology (279).

Another adrenal medulla-derived neuropeptide worthy
of consideration is adrenomedullin, which was discov-
ered as a constituent of human pheochromocytoma (354).
Adrenomedullin activates a GPCR linked to Gs, and its
receptors are found throughout the cardiovascular system.
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It has profound hypotensive properties and thus could be
envisaged as a counter-regulator or modulator of CA actions.
Unlike peptides present at only low levels in CCs, for which
autocrine and paracrine are more likely than hormonal ones
(vide supra), adrenomedullin, like catestatin, may function as
a bona fide hormone, like the CAs, in mammalian physiology,
as well as a paracrine/autocrine factor in the adrenal medulla
itself (25) in addition to actions at sites of local synthesis
outside of the adrenal medulla. The possible functional role
of adrenomedullin in the regulation of the heart, vasculature,
and kidney has been studied, and this peptide shows some
promise for clinical utility (186).

The role of peptide hormones of the adrenal medulla,
including CgA, CgA-derived peptides, opioid peptides,
NPY, substance P, adrenomedullin, and others, has opened
a new and important avenue of adrenal medulla physiology.
These peptides and their receptors represent adaptive com-
ponents of the endocrine network and their fine-tuning of
homeostasis, throughout mammalian evolution, including
the tissue-specific production of specific hormones and the
tissue-specific expression of their receptors. BAM22P, for
example is a 22-amino acid peptide that is proteolytically
processed from proenkephalin almost exclusively in the
adrenal medulla, perhaps because the uniquely slow or
incomplete processing of this opioid prohormone in the
adrenal CC, unlike in neurons, generates a multitude of
peptide “processing intermediates,” which are characteristic
of the adrenal medulla. BAM22P appears to be one of these
which is uniquely bioactive upon release, because its receptor
is expressed mainly within sensory neurons. This receptor
prefers BAM22P to met-enkephalin with a potency ratio of
greater than 50-fold. Consistent with this preference, the
BAM22 receptor is only distantly related to the μ-opioid
receptor, for which enkephalin pentapeptides are thought
to be the main endogenous ligands (377). The expression
of the BAM22P receptor in sensory neurons, together with
high concentrations of BAM22P contained in and therefore
secreted from the adrenal medulla, invites the speculation
that BAM22P may act as a transmitter or paracrine factor for
cross-communication between CCs and the sensory nerves
that innervate the adrenal gland (505) (see Figures 12 and 13).

The concept of organ plasticity in stress responding
of the adrenal medulla
During development, endocrine organs arise as cell colonies
with a very specific secretory mission. Some are spatially
quite compact, as the adrenal medulla, and others dispersed
throughout other organs, such as the cells of the endocrine
pancreas and the entero CCs of the gut. Regardless of their
physical coherence, it is generally considered that each
cell within an endocrine organ acts in parallel with, but
independently of, its neighbors in hormone secretion in
response to the presence of secretagogues. The detailed
study of vasopressin secretion from the posterior lobe of the
pituitary, however, caused a reappraisal of this point of view.

Several investigators began to advance the idea of a concerted
function of the secretory cells as a cohort, through cell-cell
communication about the secretory status of individual cells,
with integration to the function of the entire gland (80).
This perspective allows endocrine organs to be viewed not
only as a “massively parallel” system, but takes into account
plasticity in the secretory status and responsivity of individual
cells in response to secretory demand and even organismic
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Figure 13 The adrenal medulla as a stress transducer and neuroim-
munoinflammatory and cardiovascular regulator. Lower figure. a. The
“final common pathway” for stress responding in the CNS is the activa-
tion of neurons in the paraventricular nucleus (PVN) of the hypothalamus
(Hy), which projects both to the cell bodies of sympathetic preganglionic
neurons in the intermediolateral column of the spinal cord and to the
median eminence: a′. for ACTH release from the pituitary (Pit) to stimu-
late corticosterone/cortisol (CORT) release from adrenal cortex; b′. cell
bodies in the intermediolateral column of the spinal cord innervate the
CCs of the adrenal medulla via the splanchnic nerve, and sympathetic
postganglionic nerve targets via para- and prevertebral postganglionic
sympathetic neurons b. via the splanchnic nerve, releasing ACh basally,
and ACh and PACAP during stress, with activation of both secretion by
ACh and PACAP, and of CC signaling pathways by PACAP increasing
expression of genes encoding neuropeptides (NPs), additional medi-
ators, catecholamine biosynthetic enzymes, and adhesion factors and
connexins that increase cell-cell communication among CCs and amplify
CA, neuropeptide, and chromogranin output in response to stress; c.
NP (neuropeptide) release from CCs has autocrine effects on CA secre-
tion from CCs themselves (e.g. catestatin, substance P, and others),
activation of sensory neurons (e.g. BAM22P, acting on specific recep-
tors expressed in sensory nerves), and modulation of CORT secretion
from the adrenal cortex (galanin, VIP, and other peptides), as well as
hormonal effects on distant organs; d. CA release from CCs into the gen-
eral circulation, and affecting metabolism, heart rate, blood pressure,
and immune cell mobilization; e. Cytokines released as blood-borne
molecules or locally from circulating monocyte macrophages act as
inhibitors of CORT secretion in the adrenal cortex, and as modulators
of peptide secretion in adrenal cortex via receptors on CCs themselves;
f. Sensory inputs to adrenal medulla sense CC secretory activity via
release of BAM-22P, for which sensory neurons express specific recep-
tors. Also depicted are the targets of glucocorticoid (CORT) release from
the adrenal cortex at the pituitary g and immune system g′, the latter
decreasing in turn cytokine secretion, which affects adrenomedullary
function during stress. For a further explication of the figure, see the
text.
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conditions. Paracrine/autocrine regulation, discussed above,
is one way in which the activity of individual cells can be
aggregated and modulated. This autocrine/paracrine regula-
tory concept may explain the roles of several of the peptide
hormones produced by and released from the adrenal medulla
(see previous section), in particular, those that are released at
concentrations too low, relative to their potencies, to be active
at distant receptors.

A second mode of regulating the collective secretory
response of cells within an endocrine organ involves altered
cellular adhesion, through the formation of gap junctions
among secretory cells themselves (Figure 12). Gap junctions
lower the resistance between adjacent cells through physical
connections between them. This occurs, at the molecular
level, through the dynamic expression of connexins, proteins
that form hexameric hemichannels to promote the spread of
electrical excitability. Connexins are expressed by rat adrenal
CCs (433) and are regulated in vivo by changes in splanchnic
nerve activity in response to stress (see Ref. 133 for a compre-
hensive review). It was initially observed that cellular resis-
tances of isolated CCs in primary culture are greater than those
of CCs in intact adrenal glands, and this difference inferred
to exist due to loss of gap junctions in dissociated cells (120,
433). A series of in vivo experiments assessed changes in gap-
junction formation in the adrenal medulla in vivo as a function
of cold stress (summarized in Ref. 261). Rat adrenomedullary
slices examined before and after five days of cold stress (134)
showed morphological remodeling of both synapses onto CCs
and CC cell-cell borders; increased dye permeation between
CCs; and increased electrical coupling between CCs after
depolarization of single cells. Finally, application of a several-
day stress paradigm in vivo caused a noticeable increase in
CA secretion after an applied electrical stimulation that was
attenuated by pharmacological inhibition of gap-junction
formation. Further investigation of the detailed biochemical
constitution of gap junctions in the adrenal medulla, and the
modulation of gap-junction formation in concert with altered
secretory function after stress, has been reported (133, 162).
Thus, in addition to shifts between the balance of choliner-
gic and PACAPergic neurotransmission from rest to stress,
physical reorganization of the gland itself anticipates further
episodes of stress. The actual first messengers mediating
this adaptive response, whether the neurotransmitters ACh
and/or PACAP, or autocrine factors released from the CCs in
response to stress transduction, are as yet unidentified.

The role of gap junctions in adrenomedullary function
may well apply to other endocrine organs (219). It is worth
noting that the stress stimuli so far selected for the study of
gap-junction-driven plasticity of the adrenal medulla are not
among the most “selective” for that organ (252). Cold stress,
for example, activates NE secretion rather more than EP
secretion, suggesting that its major effect is on postganglionic
sympathetic neuronal activity rather than CC activation. It
remains to be seen if principal ganglion cells of the SNS
respond to stress as the adrenal medulla does. An additional
unresolved issue is whether PACAP, or ACh, or both are

the principal regulator(s) of either type of adrenomedullary
stress-induced plasticity. Stress also regulates CC responsive-
ness through alteration of other components of the CC. Two
important examples are the recruitment of T-type (CaV3.2)
Ca2+ channels during chronic hypoxia and β-AR stimulation
of cultured rat CCs that cause a pronounced reduction of the
threshold of CA release associated with the low threshold of
activation of newly recruited Ca2+ channels (104, 479) (see
below). It is also noteworthy that CCs from mice previously
stressed by exposure to rats express a high density of T-type
channels as determined by Ca2+ current patch-clamp stud-
ies (Emilio Carbone, Chiara Calorio, and Daniela Gavello,
unpublished observation).

Adrenomedullary function during inflammatory
responses
Inflammatory responses involve multiple organs and are
mediated largely by cytokines that act hormonally on virtu-
ally all tissues via the circulation, as well as locally through
the mobile and ubiquitous cytokine-secreting cells of the
immune system, which can migrate to various locations
during and after infection. Lipopolysaccharide and cytokine
receptors have been identified functionally and biochemically
on CCs, suggesting a role for the adrenal medulla in respond-
ing to inflammation, and potentially coordinating various
phases of the immune response (Figures 12 and 13). In fact,
this signaling system may hold the key to explaining how
stress and immune function mutually modify one another,
although definitive experiments in this direction remain to be
reported (82, 171).

Two inflammatory cytokines, interleukin type 1 (IL-1) and
tumor necrosis factor-alpha (TNF-α), have been shown to
regulate CC neuropeptide expression, increasing expression
of VIP and decreasing that of met-enkephalin in bovine CCs
in primary culture. These cytokines also amplify the effects
of cAMP on VIP and substance P biosynthesis (211). The
TNF-α receptor is expressed in the bovine adrenal medulla
in vivo (4, 5), and TNF-α regulates gene transcription and
elevates production, of both galanin and secretogranin II
(SgII) (5). Bunn and colleagues have postulated a role
for TNF-α in VIP biosynthesis and TH induction, based
on inflammation-induced elevation in mRNA encoding
the neuropeptide prohormone and the TH protein, in the
rodent adrenal medulla in vivo (82, 171). Additional stud-
ies support a physiological role for cytokine regulation
of adrenomedullary peptide production, in particular in
counter-regulation of inflammation. Thus, cytokine-induced
production of galanin (4) may counter-regulate cytokine
actions elsewhere in the body via enhancement of glucocor-
ticoid production in the adrenal cortex (483) (see Figure 13).
IL-1 and TNF (82), themselves inflammatory cytokines,
increase the production of IL-6 mRNA in CCs. As IL-6 has
anti-inflammatory properties, its production by the adrenal
medulla may also function as a counter-regulator of excess
cytokine action associated with the pathogenesis of sepsis.
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Interactions between cytokines and CC neuropeptides may
also be more or less pronounced in the presence of PACAP
and CC autocoids (Figure 13), thus linking anti-inflammatory
mechanisms to stress and potentially allowing a better under-
standing of multiorgan involvement in pathophysiological
states including inflammation and hypertension (88).

GABAergic regulation of CA release
Excessive response to stress can be harmful. Therefore,
adequate control of CA secretion by CCs is essential for nor-
mal physiological function and appropriate stress response.
Substances secreted by CCs can either augment or decrease
CA exocytosis. Receptors for ATP (P2Y receptors), CA
(α-adrenergic receptors), and enkephalin (μ-opioid receptors)
coupled to Gi-type G-proteins inhibit CaV channels and
CA release (148) (see also Ca2+ channel-secretion coupling
above). Conversely, D1 dopamine and β-adrenergic recep-
tors augment CA release by increasing Ca2+ influx through
L-type Ca2+ channels or by phosphorylating components of
the exocytosis apparatus (30, 100). A regulatory mechanism
mediated by gamma-aminobutyric acid (GABA, the main
inhibitory neurotransmitter of the CNS) was also described
in the adrenal gland (493).

GABA inhibition in the CNS is mediated by ionotropic
GABAA receptors (GABAA-Rs), permeable to Cl− ions and
metabotropic G-protein-coupled GABAB receptors, which
control cellular excitability by regulating Ca2+ and K+ ion
channels (22, 71, 75). When GABA (or the GABAA-R agonist
muscimol) is injected intravenously, heart rate and blood pres-
sure increase (75). These cardiovascular actions are prevented
by adrenalectomy or a GABAA-Rs antagonist, suggesting
stimulation of CA secretion by GABAA-Rs. In the isolated
adrenal gland, muscimol increases baseline CA release
but reduces synaptically evoked CA secretion (317). This
paradoxical effect reflects the “dual action” of GABAA-R
activation (273, 439). GABA is stored in dense core granules
(274) and it is likely released together with CA, ATP, and
opioids in response to physiological stimuli (493). Functional
tests with GABAA-R antagonists indicate that GABA is
present in the milieu of adrenal medulla slices (14, 273).

Acute application of GABA or muscimol to CCs in culture
causes membrane potential depolarization, AP firing, open-
ing of Cav channels, and a transient [Ca2+]i rise that initi-
ates CA exocytosis (87, 240, 317, 493, 513). GABA-induced
adrenal CA secretion is likely due to this excitatory mecha-
nism. Conversely, GABAA-Rs tonically inhibits spontaneous
cholinergic transmission (14) and shunts CC membrane elec-
trical resistance, weakening synaptic excitation and impairing
AP firing (13, 14, 87, 350). These effects explain the GABA
inhibition of synaptically evoked CA release (317).

In neurons, intracellular chloride concentration ([Cl−]i)
results from the interplay between Cl− accumulation by the
Na+/K+/2Cl− cotransporter NKCC1 and Cl- extrusion by
the cation-chloride cotransporter KCC2. Immature neurons
display excitatory responses to GABA (55) because of Cl-

efflux due to a high [Cl−]i, resulting from a greater function-
ality of NKCC1 (Figure 14). Conversely, in mature neurons,
the GABA response is inhibitory because [Cl−]i is low due
to a dominant activity of KCC2, and Cl− enters the cell
((336); Figure 14B). In rat adrenal CCs ∼44% of GABAA-
Rs-mediated response comprises depolarization and [Ca2+]i
elevation (Figure 14C), while in ∼26% it includes hyperpolar-
ization and [Ca2+]i drop (Figure 14D) (13, 14); the remaining
CCs are unresponsive. Since muscimol-induced [Ca2+]i rises
are not inhibited by bumetanide (13), NKCC1 is probably not
responsible for Cl− accumulation in rat CCs. This role could
be played by the anion-exchanger AE3 or by Pendrin, a mem-
ber of the SLC26A family of Cl−/HCO3

− exchangers that is
expressed in adrenal CCs and can modulate CA release (373).
Pendrin would be most active in CCs that respond to GABA
with membrane depolarization and [Ca2+]i rise (Figure 14C).
The dynamic reciprocal regulation of AE3/Pendrin and
KCC2 underlies the variance in [Cl−]i. It is plausible that the
proportion of CCs responding to GABA with excitation or
inhibition varies depending on how [Cl−]i is controlled (333).

Experiments in isolated rat adrenal gland suggest that
GABA regulates CA secretion differently depending on
the functional state: Under nonstressful conditions, the
activation of GABAA-Rs by endogenous GABA inhibits
cholinergic transmission and reduces CC excitability (14),
thus preventing excessive CA release. During intense stress,
strong synaptic stimulation initially causes a vigorous CA
release, which then declines (240). Activation of postsynaptic
GABAA-R by released GABA can then depolarize CCs
and maintain CA exocytosis even under acute stress. These
findings emphasize the importance of GABAergic regulation
as another CA secretion controlling agent.

The Stimulus-Secretion Coupling of the
Adrenal Medulla and CCs in Disease
A role of adrenal CCs in essential hypertension?
Essential hypertension, the most common manifestation of
high blood pressure, is also the most insidious since it leads
to cardiac hypertrophy, congestive heart failure, stroke, and
retina and kidney damage. It has several possible causes, but
an augmented sympathetic tone has been implied in many
studies (23, 212). Higher levels of plasma CAs resulting
from increased release from sympathetic synaptic terminals
and adrenal CCs is a common finding in essential hyper-
tension (147, 251). In the spontaneously hypertensive rat
(SHR), an animal model (488) widely used to investigate
hypertension, blood pressure rises above 150 mm Hg at 6 to
9 weeks of age, reaching ∼200 mm Hg by 15 weeks (376).
At 45 weeks of age, SHRs develop cardiac hypertrophy and
heart failure (137). Chemical sympathectomy of newborn
SHRs delays the onset of hypertension, and when this pro-
cedure is combined with demedullation (bilateral removal
of the adrenal medulla), adult SHRs become normotensive
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Figure 14 Divergent responses of rat CCs to GABAA receptor activation. (A) GABA
response is excitatory in immature neurons because of a greater functionality of
NKCC1. (B) In mature neurons, GABA response is inhibitory because of the dom-
inant activity of the KCC2. (C) GABAA-Rs-mediated response is depolarizing with
[Ca2+]i elevation in ∼44% of rat adrenal CCs. (D) in ∼26% of CCs, GABA response
is hyperpolarizing and causes [Ca2+]i drop. The scheme also represents the anion-
exchanger AE3 (pendrin), which accumulates Cl− in exchange for intracellular
HCO3− and participates in Cl− transport into CCs as a replacement for NKCC1.
VDDC: voltage-dependent Ca2+ channel.

(376). In fact, in young SHR, both EPI and NE plasma
levels are elevated compared to age-matched normotensive
Wistar-Kyoto rats (WKY) (496), and isolated adrenal glands
from SHR secrete more CA than those from normotensive
rats in response to depolarizing agents (ACh or high K+)
(385). In cultured CCs, the CA secretion (cumulative charge)
measured with single-cell amperometry (see the section titled
“Measuring exocytosis”) is 2.3-fold higher and the number
of spikes 2.4-fold larger in SHR versus WKY CCs (65,
445). Likewise, massive intracellular Ca2+ release from the
ER or mitochondria triggers long-lasting bursts of spikes,
threefold larger in SHR CCs compared to WKY CCs (444).
Among the mechanisms suggested to explain the enhanced
CA secretion in adult hypertensive SHRs (16-weeks old)
are the augmented capacity of the ER Ca2+ store due to
impaired mitochondrial Ca2+ uptake; greater cytosolic and
mitochondrial Ca2+ transients; larger microdomains of
high-[Ca2+]i at sub-plasmalemmal sites; augmented vesi-
cle pool; and greater quantal size of amperometric events
(65, 444–446, 460).

In early hypertensive SHRs (9–12 weeks of age), sponta-
neous amperometric events are more numerous and of larger

mean amplitude in SHR CCs than in WKY. A brief stimu-
lation with high K+ or caffeine (which causes voltage-gated
Ca2+ influx or intracellular Ca2+ release, respectively)
triggers a burst of spikes with greater mean amplitude in
SHR CCs. Therefore, CA secretion for both stimuli was
approximately twofold higher in SHR CCs (566). Treat-
ment with ryanodine, a specific blocker of RyRs, reduced
depolarization-induced CA secretion by 77% in SHR CCs
and 10% in WKY, suggesting a greater contribution of
Ca2+-induced Ca2+ release to CA exocytosis in SHR CCs
(Figure 15). Also, [Ca2+]i signals elicited by a brief stimula-
tion with high K+ or caffeine were 3.2- and 2.5-fold larger,
respectively (566). Together, these findings implicate an
enhancement of CA release in the origin of hypertension
in this model in SHR and support the notion that a key
mechanism involved in the enhanced secretion of CA at early
stage of hypertension is a “gain-of-function” of the RyR, an
intracellular Ca2+ release channel from the ER.

The hypothesis that SHR CCs could have CaV currents
of greater magnitude was discarded. Electrophysiological
recordings showed that this current is either indistinguishable
in both strains (565) or reduced by ∼39% in SHR CCs
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Figure 15 Ryanodine effects on depolarization-induced CA secretion. (A, B) Burst of amperometric spikes elicited by a
5-s-long depolarizing pulse in a WKY (A) and an SHR CCs (B) before (top) and after (bottom) incubation with 10 μM
ryanodine. (C, D) Mean cumulative charge in WKY and SHR CCs, respectively, before and after ryanodine treatment.
The cumulative charge after RyR blockade was not significantly affected in WKY CCs (20.8 vs. 18.8 pC; p =0.274), but
it was drastically reduced in SHR CCs (from 43.9 to 10.1 pC; p =0.0001). The number of cells examined is shown in
parentheses. Reused, with permission, from Segura-Chama P, et al., 2015 (566).

compared to WKY (460). A comprehensive analysis revealed
that CA hypersecretion in SHR CCs results from the combi-
nation of larger depolarization-induced Ca2+ transients, more
exocytosis events per time unit, and a greater proportion of
medium and large amperometric spikes due to a higher CA
content per granule (566). A study in prehypertensive SHRs
and WKY CCs at 4 weeks of age revealed that all changes
found in early hypertensive rats (566) are already present, but
to a lesser degree (Peña-del Castillo, JG, in preparation). The
cumulative secretion elicited by high K+ and caffeine is 2-
and 1.6-fold larger, respectively, in SHR, compared to WKY
CCs. Ryanodine treatment reduces CA secretion by 48% in
SHR and by 10% in WKY, and [Ca2+]i signals elicited by
stimulation with either high K+ or caffeine were 1.4-fold
larger in SHC CCs. These data suggest that the “gain-of-
function” of the Ca2+-induced Ca2+ release mechanism is
already present in prehypertensive stages in SHR CCs and
that it intensifies with age. It remains to be established to

what extent the dysfunctional CA secretion by the adrenal
medulla and possibly the SNS are involved in the origin of
essential hypertension. Identifying the most likely molecular
targets of adrenal and sympathetic hyperfunction in SHR rats
leading to hypertension, and their potential dysfunction in
human hypertension, is an area in which further advances
will have major clinical implications.

Pheochromocytoma
Pheochromocytoma is a tumor arising from CCs in the adrenal
medulla and sympathetic paraganglia, which can synthesize
and secrete NE, EPI, and, to a lesser extent, DA (21, 617). By
acting on their target receptors, these CAs cause significant
physiological changes in the body, most often severe hyper-
tension, which can cause devastating cardiovascular and cere-
brovascular effects, if untreated (77). Pheochromocytomas
are more prevalent than paragangliomas. Yet, the combined
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prevalence of these tumors is less than 0.05% in the general
population (27, 492). Most pheochromocytomas are benign
tumors: the prevalence of malignancy varies between 10%
and 15%. In contrast to the normal adrenal medulla, negative
feedback of TH on CA synthesis is absent in pheochromocy-
toma, thus contributing to the uncontrolled and autonomous
synthesis of CAs (462). The surgical treatment represents
the only modality of ultimate cure, but timely diagnosis and
pharmacological treatment is the basis of a successful out-
come. Several laboratories have devoted considerable effort
to validating markers for pheochromocytoma and especially
in distinguishing its benign and malignant forms (378).

While the most common sign of pheochromocytoma is
hypertension (90), additional symptoms include episodes of
headache, palpitation, anxiety, and sweating related to excess
CA secretion (21). The duration of paroxysms varies from a
few minutes to 30 min, separated by asymptomatic intervals,
from many times per day to a few times per month. Other less
well-known symptoms are nausea, vomiting, weight loss, and
diabetes mellitus. The secretory profile of pheochromocytoma
can be useful in its diagnosis. Extra-adrenal tumors secrete NE
and rarely DA (525), while adrenal pheochromocytomas pri-
marily secrete EPI, with or without NE. DA-secreting tumors
are rare and occur only in extra-adrenal tumors. Patients with
tumors that produce high concentrations of NE are likely to
incur sustained hypertension, while patients with elevated lev-
els of EPI often experience paroxysmal and orthostatic hyper-
tension (321). DA-secreting tumors are often asymptomatic
(525). Pheochromocytomas can also produce adrenomedullin,
vasoactive intestinal polypeptide (VIP), ACTH, NPY,
endothelin-1, somatostatin, atrial natriuretic factor, and
parathyroid hormone-related peptide. The resulting clinical
picture will depend on the combination of increased CA and
the amount released of these vasoactive substances (424).

CA metabolism is crucial to protect the organism against
excessive CAs. In pheochromocytoma, more than 94% of the
metanephrines derive from CA metabolism within tumor cells
(195). Production and secretion of metanephrines is contin-
uous and independent from CA secretion. Dopamine is also
O-methylatedbyCOMTto3-methoxytyramine(3-MT),which
is also continuously released from the tumor (195, 197). While
freemetanephrinesareexcretedinurine, thesulfate-conjugated
metanephrines (194) represent 30-fold higher levels than free
metanephrines, and are the principal form in which they are
finally eliminated in the urine. Some of these metanephrines
are oxidized to 3-methoxy-4-hydroxyphenylglycol (MHPG)
(194). Both DHPG and MHPG are oxidized in the liver to
vanillylmandelic acid (VMA), the major end product of CA
metabolism (196). This unconjugated metabolite, excreted in
the urine, has been used for many decades as a marker of
the presence of CC tumors. However, VMA has insufficient
diagnostic accuracy and has been removed from the diagnostic
checklist of CC tumors (378).

It is impossible to predict when and how much CA a
particular tumor will release during a secretory episode, but
it is known that hypertensive paroxysms can be precipitated

by physical activity (exercise and postural change) or tumor
manipulation (77, 289). One of the few physiological studies
conducted on cultured human pheocromocytoma cells (289)
revealed that they express densities and proportions of L,
N, and P/Q types of voltage-gated Ca2+ channels similar to
those of normal human CCs. Nonetheless, the extent of down-
modulation of Ca2+ currents by ATP and opioids is quite
heterogeneous in these cells. The pattern of exocytotic events
is also heterogeneous; some cells secrete spontaneously and
continuously, while others evoke a normal secretory pattern
after a brief pulse of high K+. Cell heterogeneity suggests that
normal CCs coexist with pathological CCs that escape the
autocrine/paracrine downmodulation of Ca2+ channels and
hence, may produce abnormal Ca2+ signals and CA hyper-
secretion. Hyperexcitability of CCs is also likely, given the
reported peak of CA secretion often observed during tumor
manipulation (288). These alterations could underlie the
uncontrolled CA peaks suffered by patients with pheochro-
mocytoma, which are responsible for the typical symptoms
produced by this tumor. There is much to be learned about
the physiopathology of tumoral CCs. This knowledge will
certainly provide a basis for better understanding of the
pathogenesis and treatment of this disease.

The molecular mechanism regulating CA release
during acute, chronic, and intermittent hypoxia
In mammals, low oxygen pressure (hypoxia) is an environ-
mental stressor that triggers CA release from adrenal CCs,
depending on the extent and duration of the hypoxic exposure
(97, 332). The acute response is initiated by the O2-sensitive
glomus cells of the carotid body that through the activation
of SNS triggers the release of CAs from CCs. Acute hypoxia
causes sustained cell depolarization, repetitive firing, Ca2+

entry, and CA release (73, 239, 449, 482, 550, 602, 615).
In most animal species, adrenal CCs play a critical role

during fetal and perinatal life when sympathetic innervation
is absent or immature. CCs possess inborn chemosensitivity
to O2 that allows them to control directly the release of
CAs from the adrenal gland under nonneurogenic condi-
tions (567, 578). In CCs of fetal and neonatal rodents, the
hypoxia-induced release of CAs plays a key role in setting
heart rates and oxygen delivery to the growing tissues (529).
This is particularly evident during the transition from intra-
to extrauterine life when the fetus experiences episodic
asphyxia, and the hypoxia-induced release of CAs helps to
regulate the cardiac function through the activation of β-ARs
and prepare the lungs for air-breathing (567, 578). As the
adrenal gland acquires cholinergic innervation, typically
during the seventh to tenth postnatal days in rodents (619),
the acute hypoxia-sensing mechanism of CCs is gradually
suppressed with the same time course (567, 578). Remark-
ably, direct O2-sensitivity is reestablished after adrenal
gland denervation (567). How this occurs is not yet fully
understood. There is likely a developmental loss of hypoxia
chemosensitivity in CCs (343, 450, 534, 613, 614) that can
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reemerge after prolonged deprivation of neural input in adult
rat adrenal glands. However, there is also evidence that a frac-
tion of CCs intrinsically possess an O2-sensing mechanism
regardless of cholinergic innervation, which is also effective
in adult rat CCs (239, 315, 375, 449, 602). This issue, and the
remodeling of cell function that occurs in response to chronic
and intermittent hypoxia, will be explored and clarified in the
following sections.

The role of K+ channel in O2-sensing in perinatal
and mature CCs

The first cellular studies addressing the K+ channel types
involved in the nonneurogenic mechanisms of the hypoxia-
induced secretory response in cultured rat CCs date to the
late 1990s (449, 450, 614). It appeared evident that the Ca2+-
dependent release of CA was triggered by a hypoxia-induced
block of K+ channels that generated membrane depolariza-
tion, cell firing, and Ca2+ entry through voltage-gated CaV
channels (449, 613). Early findings suggested the involve-
ment of BK and KV channels. In voltage-clamp experiments,
acute hypoxia reversibly inhibited both Ca2+-dependent BK
currents and voltage-gated KV currents (449, 602, 615). Later
findings also implicated SK (346, 375) and KATP (Kir6.1,
Kir6.2) ATP-sensitive K channels (73, 375, 550, 615). Acute
hypoxia clearly inhibited SK channels, while activating KATP
channels, most likely due to the transient reduction of ATP
during low O2. In the case of SK channels, voltage-clamp
recordings showed that hypoxia reduced the outward K+

currents of neonatal rat CCs and apamin largely prevented
these effects (375). In the case of KATP channels, their
involvement and upregulation were evident in rat CCs when
acute hypoxia was tested in the presence of the KATP channel
blocker glibenclamide. The addition of glibenclamide did not
affect K+ current, but the inhibitory action of acute hypoxia
was enhanced (Figure 2a in Ref. 550), suggesting that KATP
channels are upregulated only in response to low O2. Current-
clamp recordings confirmed this view. The hypoxia-induced
cell depolarization caused burst firing in the control condition
that was further enhanced in the presence of glibenclamide
(Table 2) (see Figure 2b in Ref. 550). Apparently, KATP chan-
nels play a protective role in the hypoxia-induced response of
CCs. These channels hyperpolarize the cell during hypoxia
and have a maximal expression at mid-gestation decreasing
toward late gestation, while BK channels show an opposite
trend. Thus, the hypoxia-evoked CA release is attenuated
at mid-gestation due to high KATP expression and more
hyperpolarized membrane potential, but is facilitated at birth
as KATP expression decreases and BK expression increases
(73).

Likely, heteromeric TASK-1/3 channels are also involved
in hypoxia-induced CA secretion in CCs. TASK-1/3 channels
are highly expressed in rat and mouse CCs (316, 389) and
their activity is moderately reduced (30%–40% inhibition) by
acute hypoxia (351). Given the key role that these channels
play in setting the resting potential of rat and mouse CCs,
it is likely that the hypoxia-evoked reduction of their resting

current is sufficient to induce cell depolarization, burst firing,
Ca2+ entry, and CA release during acute hypoxia. In conclu-
sion, it seems that, although to different extents, nearly all K+

channels expressed in mammalian CCs are involved in O2-
sensing, suggesting a common mechanism acting on a protein
domain shared by all of the K+ channels of CCs.

Concerning the O2-sensing mechanism, significant
progress has been made in the past decade to understand
the downstream events in the signal transduction cascade reg-
ulating the hypoxia-evoked response in CCs, nicely described
in recent reviews (401, 482). Briefly, there is strong support
for the involvement of complexes I and IV of the mitochon-
drial electron transport chain (ETC) coupled to the alteration
of reactive oxygen species (ROS) (344, 450). Recently, it has
been proposed that loss of the mitochondrial subunit Ndufs2
of complex I, which encodes a protein that participates in
ubiquinone binding, is critical for the O2-sensing mechanism
in glomus cells and adrenal CCs (223). An important role is
also played by the cytochrome c oxidase subunit IV isoform
2 (Cox4i2) and the NADH dehydrogenase (ubiquinone)1
alpha subcomplex, 4-like2 (Ndufa4l2) (238). Unresolved and
controversial issues still exist concerning the role of ROS
generated by complex I in the O2 signaling pathway. It is not
clear, for instance, whether acute hypoxia induces an increase
(223) or a decrease in ROS (238) and how ROS interact with
K+ channels. Further studies will clarify this issue.

CaV channel types responsible for hypoxia-induced
release of CAs at embryo and perinatal life CCs
and their roles

CaV channels have a key role in the hypoxia-evoked response
of neonatal CCs (see Refs. 482 and 495 for recent reviews).
They convert the hypoxia-induced mild depolarization (73,
550) and associated repetitive firing into Ca2+ influx that
drives vesicle fusion and release of CAs (224, 550, 602).
Thus, the question is: which Ca2+ channel types are expressed
in neonatal CCs and how they contribute to the release of
CAs. As nifedipine strongly attenuates the response of neona-
tal CCs to acute hypoxia, L-type channels would appear to
be critical for the regulation of the hypoxia-induced release
of CAs (1, 602, 614). Neonatal CCs of rats, mice, and sheep
express different percentages of the same Cav channels
expressed in adult CCs (L, N, and P/Q) (20, 73, 224, 379,
495) with relative percentages similar to those found in adult
CCs (240, 417), except for a net increase in expression of
Cav3.2 (T-type) channels in adults (73, 345, 379). T-type
channels are typically upregulated in adult CCs under stress-
ful conditions (107, 298, 368, 479), including chronic (103)
and intermittent hypoxia (584) (see below and Table 1 in Ref.
417).

Concerning the specific role of CaV channel subtypes on the
quantal release of CAs measured with carbon-fiber microelec-
trodes on embryonic and neonatal CCs, two reports indicate
the involvement of L-, N-, P/Q-, and T-type channels that
contribute differently to the acute hypoxia-evoked response
(417). In one case (224), exposure of cultured rat embryo
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CCs to 1 min hypoxia elicits transient bursts of amperometric
secretory spikes followed by dispersed spikes during the
period of O2 deprivation. This bulk response is blocked 85%
by nimodipine and 35% by combined ω-conotoxin GVIA and
ω-agatoxin IVA, suggesting that the acute hypoxic response
in early life is initially controlled by both Cav1 (L) and CaV2
(N- and P/Q-type) channels. However, due to the fast inacti-
vation of CaV2.1 (P/Q-type) and CaV 2.2 (N-type) channels,
their contribution is blunted after a few seconds so that the
slowly inactivating CaV1.3 L-type channels remain the main
ones responsible for the hypoxia response. In the second
case (379), recording of secretory events with amperometry
performed in neonate rat adrenal slices reveals a pronounced
spontaneous generation of spike events. Acute hypoxia
increases the frequency of spikes, and the hypoxia-induced
response is triggered by Ca2+-influx through T-type (CaV3.2)
channels, giving rise to what is commonly indicated as the
“low-threshold exocytosis” that also occurs in adult rat CCs
exposed to chronic cAMP (110, 479) or chronic hypoxia (104,
107). Interestingly, T-type channel expression, as well as CC
responsiveness to hypoxia decreases with postnatal matura-
tion, and adrenal medulla denervation restores the sensitivity
to hypoxia in parallel with the recruitment of T-type channels.

Ion channel remodeling in CCs following chronic
and intermittent hypoxia

Exposure to chronic hypoxia, as it occurs in patients with
chronic pulmonary obstructive disease causes elevated sym-
pathetic activity, increased circulating CAs, and hypertension
(432). Recent studies have shown that exposure to sustained
or chronic hypoxia in vivo and in cultured cells leads to a
functional remodeling of CCs excitability and CA secretion
(89), and this may occur regardless of the increased sympa-
thetic activity (104, 160). In this regard, exposure of cultured
adult rat CCs to chronic hypoxia (3% O2 for 12–18 h) causes
a hypoxia-inducible factor (HIF)-dependent upregulation of
CaV3.2 T-type Ca2+ channels that results in enhanced CA
secretion during prolonged mild depolarizations (2–10 mM
KCl) (104). T-type channels are absent in control normoxic
conditions (20% O2), and high-threshold Ca2+ currents (L,
N, P/Q, and R) are insensitive to low O2, suggesting that the
hypoxia-induced recruitment of T-type channels is the only
Ca2+ source that during chronic hypoxia sustains vesicle
secretion at “low-threshold” voltages. This unique channel
remodeling is similar to that occurring with another stressor
stimuli (417). Interestingly, an HIF-2α-dependent increased
expression of CaV3.2 T-type channel activity is also reported
in PC12 cells following exposure to chronic hypoxia (160).

Chronic hypoxia also causes an upregulation of the
brain-derived neurotrophic factor (BDNF)-TrkBs signaling
pathway in CCs that leads to an increased voltage-gated Ca2+

entry and CA secretion (562). TrkBs are usually expressed in
CCs and are upregulated during chronic hypoxia. Addition
of BDNF causes increased burst firing, elevation of intra-
cellular Ca2+, and enhancement of CA release. Addition

Cav3.2 (T-type)

NE
EPI

NOX4
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Transcription factors
(HIFs, CREB, .......)NOX2

PKC
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ATP
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Figure 16 Cell signaling pathways leading to CACNA1H gene expres-
sion and Cav3.2 channels recruitment during chronic or intermittent
hypoxia. Schematic pathway of the activation of transcription factors
(HIF, CREB, etc.) and CACNA1H gene expression through a NOX,
ROS, PLC, and PKC cascade leading to Cav3.2 channels recruitment
during chronic/intermittent hypoxia. Adapted, with permission, from
Mahapatra S, et al., 2012 (417).

of the selective blocker of T-type Ca2+ channels TTA-P2
attenuates the BDNF-induced response, suggesting a key role
of T-type channels in the upregulation of the Ca2+-dependent
CC response during chronic hypoxia. Since chronic hypoxia
and stressors in general cause increased levels of circulating
plasma BDNF (278), the facilitation of the BDNF-TrkB
signaling pathway provides an alternative non-neurogenic
mechanism that may contribute to the enhanced CA release
during chronic hypoxia.

Recurrent apnea with chronic intermittent hypoxia occurs
in patients with sleep-disordered breathing and is associated
with an increased sympathetic activity, enhanced levels of cir-
culating CAs, and increased risk to develop hypertension and
stroke (572). In adult rats, exposure to intermittent hypoxia
leads to the potentiation of CA secretion from CCs during
acute hypoxia. The mechanism involves a PKC-dependent
increase of the RRP of SGs and an HIF-2α-dependent cell
function remodeling (521). A similar potentiation of CA
secretion in response to acute hypoxia is evident in neonatal
CCs after exposure to intermittent hypoxia. The effect is
associated with an increase of voltage-gated Ca2+ entry
and intracellular Ca2+ stores (585) driven by a NOX-ROS-
PLC-PKC signaling pathway, culminating in HIF-dependent
upregulation of NADPH oxidase. The result is an increased
expression of both CaV3.1 and CaV3.2 T-type channels and
RyR2 and RyR3 (Figure 16).

Altered CC exocytosis by mutated proteins linked
to human neurodegenerative diseases
A limited but increasing number of studies support the
hypothesis that altered synaptic neurotransmitter release
in various brain nuclei during the progression of neurode-
generative diseases is paralleled by changes in secretion in
the sympathoadrenal axis (157). Below, we address how
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proteins associated with neurodegeneration in various neu-
rological diseases, including Parkinson’s, Huntington’s, and
Alzheimer’s diseases, autism, and amyolateral sclerosis, may
function, or contribute to dysfunction, including the stages
of exocytotic CA release from CCs (for complete details, see
the section titled “Measuring exocytosis”).

Altered CA exocytosis by the expression of proteins
associated with neurodegenerative diseases

α-Synuclein The protein α-synuclein is located at presy-
naptic nerve terminals under physiological conditions.
However, duplication and triplications of the WT human
α-synuclein gene are present in familial forms of Parkin-
son’s disease (PD) and dementia with Lewy bodies (577).
Diminution of spontaneous synaptic responses (563), and
of neurotransmitter release due to a reduction in size of
the vesicle recycling pool (475), occurs in neurons overex-
pressing human α-synuclein. Also, this overexpression leads
to synaptic dysfunction and diminished exocytosis in the
striatum (258, 571). Pathology associated with α-synuclein
has also been found in the adrenal medulla of PD patients
and mouse CCs endogenously expressing the protein (234).
Furthermore, the overexpression of α-synuclein in mouse
CCs decreases CA release by acting at a late exocytotic step
(372) that is associated with an acceleration of exocytosis
by promoting fusion pore dilation (399). Thus, it seems that
striatal synaptic pathology linked to α-synuclein also exists in
adrenal medullary CCs, causing altered fusion pore kinetics
and decreased exocytosis.

Huntingtin Expansion of CAG trinucleotide repeats (CAG
repeats) in the N-terminal part of the huntingtin gene is the
main pathological feature of HD. Huntingtin-associated pro-
tein 1 (HAP1) is the first interacting partner of huntingtin, and
the degree of binding correlates with the length of the polyglu-
tamine (CAG) repeats and primarily localizes to synaptic vesi-
cles (382). Peripherally, HAP1 also localizes in secretory vesi-
cles of endocrine cells, including adrenal medullary CCs (177,
384). This generated the hypothesis that HAP1 could con-
tribute to the regulation of exocytosis. Adrenal CCs from mice
with the HAP1 gene deleted discharged fewer amperometric
secretory spikes and total secretion was decreased, upon
stimulation with high K+; this correlated well with a smaller
RRP and a smaller fraction of docked vesicles, indicating
that HAP1 reduces full fusion exocytosis by affecting vesicle
docking and control of fusion pore stabilization (414). HAP1
also decreases endocytosis by interacting with some proteins
of the exocytotic machine and binding to clathrin (415).

Altered excitability and exocytosis in mouse models
of neurodegenerative diseases
The APP/PS1 mouse model of Alzheimer’s disease

Senileplaquesofamyloid-beta (Aβ)andneurofibrillary tangles
due to tau hyperphosphorylation are the pathogenic hallmarks

of Alzheimer’s disease (AD) (275). Synaptic deficits corre-
late with this disease (568). Presenilin 1 (PS1) is the catalytic
subunit of the multimolecular complex Υ-secretase; PS1 con-
tributes to the regulation of Ca2+ movements from the ER (474)
andofneurotransmitter release (688).Mutations in theamyloid
precursorprotein(APP)andPS1havebeenlinkedtoearlyonset
AD and to alterations of Ca2+ signaling and synaptic transmis-
sion. APP/PS1 mice carry the Swedish mutation and the human
PS1 mutation A246E (66). These mice develop an AD-like
disease consisting of early Aβ plaques (66), diminished long-
term potentiation (266), impairment of hippocampal synaptic
transmission (524), and decreased synaptic plasticity (246).
About 60% of amperometric secretory spikes generated with
K+ depolarizing pulses in CCs are preceded by an observable
“foot.” In aged mice, four of the characteristics of single exocy-
totic events were substantially smaller in APP/PS1 mice with
respect to wild-type mice, namely, peak current (Imax;−30%),
decay time (−40%), t1/2 (−45%), and quantal size (−50%).
Thus, the fusion pore stabilization, expansion, and closure are
faster in APP/PS1 mice, but CA secretion is less. Although
these mice exhibited brain Aβ deposition, Aβ pathology was
not observed in their adrenal medullary tissue (156).

The SOD1G93A mouse model of amyotrophic lateral
sclerosis

Selective loss of motor neurons in amyotrophic lateral sclerosis
(ALS) patients leads to paralysis, respiratory insufficiency, and
death 3 to 5 years after diagnosis (546). Around 10% of patients
have a mutation of glycine to alanine at codon 93 at Cu2+/Zn2+-
dependentsuperoxidedismutase1(SOD1G93A).Inmodelmice,
this mutation produces ALS paralytic symptoms at postnatal
day 90, mimicking the human disease onset (267). Pathogenic
features of ALS include augmented glutamate release (141,
339, 607), disturbed Ca2+ handling, overproduction of free
radicals, and motor neuron death by apoptosis (651).

In adrenal CCs from SOD1G93A mice at ages P90-
P120, ACh elicited a 47% higher exocytosis burst secretion
compared to WT mice. The kinetic analysis of single-
vesicle amperometric events revealed notable differences in
SOD1G93A CCs. There was a 36% lower rise rate and 61%
slower decay with 55% wider half-width and 52% higher
quantal size, giving rise to single-vesicle exocytotic spikes
with a slower release rate but greater CA release (92).

The R6/2 and R6/1 mouse models of Huntington’s
disease

HD is an autosomal dominant neurodegenerative disease with
clinical symptoms of hyperkinetic involuntary movements,
progressive dementia, aggressiveness, and paranoid psy-
chosis. The disease is associated with mutated huntingtin,
consisting of an anomalous expansion of CAG repeats giving
rise to extended polyglutamine stretch and resulting in the
formation of misfolded huntingtin aggregates that accumulate
in the nucleus and the cytoplasm. These pathological features
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are associated with neuronal loss in the caudate nucleus and
putamen, in cortical layers III, IV, and VI and the lateral
tuberal nucleus of the hypothalamus (365, 653). Mutated
huntingtin aggregates and neuronal death are the two relevant
markers of human HD that have been modeled in mice. For
instance, transgenic mice R6/1 and R6/2 express the human
huntingtin gene with, respectively, around 115 and 150 CAG
repeats (425). In comparison with other HD mouse models,
the R6/2 is the one that develops widespread huntingtin
inclusions in the brain and early phenotypic symptoms (383).
The R6/1 model reproduces several features of HD in older
animals (272, 547, 548). Synaptic dysfunction and altered
neurotransmitter release have been found in these HD mice
models. For instance, electrically evoked dopamine release is
attenuated in brain slices of 6-week-old R6/2 mice (327). The
same group found that K+ stimulation triggered a secretory
response with similar spike number but lower vesicle quantal
size (328) in CCs of R6/2 mice 3-months old. In a recent
study performed in R6/1 mice, several alterations in CCs were
reported; some of them were already present in 2-month-
old mice at a phenotypic pre-disease stage, but they were
more pronounced in 7-month-old mice when motor deficits
were already established. CCs from R6/1 mice exhibited the
following features: (i) mutated huntingtin overexpression
as nuclear aggregates; (ii) smaller CC size with decreased
dopamine-β-hydroxylase, indicating a decreased number of
chromaffin SG; (iii) reduced adrenal medulla CA content; (iv)
reduced peak NaV currents; (v) membrane hyperpolarization
and decreased ACh-evoked APs; (vi) diminished [Ca2+]c
transients with faster Ca2+ clearance; (vii) decreased quantal
secretion with smaller single-vesicle quantal size; and (viiii)
faster kinetics of the exocytotic fusion pore, pore expansion,
and closure. These data suggest that the primary event in
these alterations is the deposition of mutated huntingtin in the
nucleus of adrenal CCs of R6/1 mice that could be responsible
for less NaV channel expression and function, giving rise to
decreased cell excitability, altered Ca2+ handling and exo-
cytosis, and eventually, cell damage and loss of CCs. These
data suggest that in HD, the sympathoadrenal axis, which is
tightly controlled by cortical neurons via hypothalamus, brain
stem, and spinal cord is also significantly affected, predicting
dysfunctional stress responses in HD patients (435).

The autistic TS2-neo mouse model carrying
the G406R missense mutation on Cav1.2 channel

Timothy syndrome (TS) is a rare multiorgan channelopathy
characterized by cardiac arrhythmias, long QTs, immune
deficiencies, and autism spectrum disorder (ASD) (586, 587).
TS is associated with a de novo single point mutation in
the pore-forming subunit of CaV1.2 L-type Ca2+ channels
(CACNA1C) and exists in two major forms (TS1 and TS2),
depending on whether the point mutation appears on exon 8a
(587) or exon 8 (586). The two exons code for the IS6 helix
of CaV1.2 channel controlling the voltage-dependence of
activation and inactivation. In the TS2, one mutation occurs
at gly406 (G406R) within exon 8 that is highly expressed in

the brain and the heart (80%) and to a lesser degree in the
adrenal glands (586). The mutation causes reduced channel
inactivation and shifts the voltage dependence of activation
toward more negative potentials, thus causing increased Ca2+

influx during rest and cell activity. TS2 patients with the
G406R mutation exhibit ASD-type behaviors (586).

The recent availability of the autistic TS2-neo mouse (41)
made it possible to study the origins of neuronal firing and
Ca2+ signaling mistuning that might generate autism. CCs
possess high densities of L-type Cav1.2 channels (46, 426,
429) and are thus an excellent cell model to study the role of
Cav1.2 channels on AP firing and CA secretion (100, 389).
Interest in the effects of the TS2 mutation on CC function is
intensified by a recent case report of a 2-month-old TS patient,
whose post-mortem autopsy revealed remarkable bilateral
adrenal glands dystrophy, possibly caused by the increased
intracellular Ca2+ associated with the CaV1.2 channel
mutation that occurred mainly in the adrenal medulla (340).

Recently, it has been reported that L-type currents in
TS2-neo mouse CCs exhibit slower inactivation, voltage-
dependent activation and inactivation shifted toward negative
potentials, and large “window” current at rest (91). The
increased “window” current is a likely cause of the increased
resting Ca2+ that lowers the density of functioning NaV chan-
nels, promotes AP switching from tonic to bursting firing
mode alters cell morphology and reduces both mitochon-
drial metabolism and CA secretion. Extended cytoplasmic
vacuolization and cell swelling is also observed by high-
resolution electron microscopy in intact adrenal glands of
TS2-neo mice. The findings of Calorio et al. (91), provide
evidence that CCs are an excellent cell model for studying
the effects of the Cav1.2 G406R mutation on AP firing and
on Ca2+ signaling associated with autism.

A hypothesis concerning the alterations undergone
by the sympathoadrenal axis in neurodegenerative
diseases

Evidence is accumulating to support the hypothesis that
some of the pathogenic features occurring in the CNS of
patients suffering from certain neurodegenerative disease
are also expressed in the sympathoadrenal axis. Those
alterations may occur for the following reasons: (i) the sym-
pathoadrenal axis may undergo impaired stress responses
imposed by the limitations of body functions associated
with neurodegeneration, (ii) “propagation” via cortico-
hypothalamic-sympatho-adrenal axis of pathogenic synaptic
dysfunctions occurring in the brain, (iii) mutant proteins
linked to neurodegenerative diseases are expressed in CCs
themselves, altering cell excitability, ion currents, Ca2+ sig-
naling, and exocytosis, and (iv) leading to chronic alterations
of blood pH, hormones, and their metabolites or hypoxic
conditions that may further change CC function (see above).
These four pathogenic pathways may ultimately give rise to
altered exocytotic release at sympathetic neurons, and of NE
and EPI at adrenal CCs, thus leading to poor adaptation to
stressful conflicts in patients with neurodegenerative diseases.
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Conclusion
Being the amplifying arm of the cortico-hypothalamic-
sympatho-adrenal axis during the fight-or-flight response,
the study of the physiological aspects of adrenal CCs has
fundamental and intrinsic interest. Additionally, due to their
accessibility and easy preparation of primary cultures from
embryos, neonates, or adult mammals, CCs have been used
widely as biological models to study exocytosis in fine detail,
both ultrastructurally and molecularly. Ever since 1961 when
Douglas and Rubin pioneered the discovery that Ca2+ entry
was the trigger for ACh-mediated explosive release of CAs
from perfused cat adrenal glands, we have learned much
about cellular excitability, ion channels, Ca2+ signaling, SG
pools, exocytosis, and endocytosis, both in normal and in
animal models of disease, from the CC.

By now, a quite complete list of ion channels has been
identified and characterized in CCs from various mammalian
species, including humans. However, although the role of most
channels has been defined in physiological processes (i.e. cell
excitability, exocytosis, and endocytosis), only a few studies
have approached how certain pathological states (i.e. hypoxia,
hypertension, neurodegenerative diseases, and diabetes) affect
these physiological parameters. It is not surprising that, as part
of the sympathoadrenal axis that regulates body homeostasis,
the adrenal medullary CCs are affected in various disorders,
particularly brain disease. There is, therefore, ample scientific
motivation to investigate the alterations undergone by CCs
in animal models of disease as well as in humans. Recently,
ion currents from CCs have been successfully recorded with
automated patch-clamp technology and instrumentation (514).
Given their relevance as proven models of CNS neurons, CCs
could be a suitable preparation for high-throughput screening
for the discovery and development of new drug candidates
targeting therapeutically relevant ion channels.

The regulation of the rapid exocytotic release of CAs into
the circulation during stress is particularly critical for two
reasons: first, EPI is the most powerful secreted molecule of
the organism and its release must be adapted to the degree of
stress; and second, if extensively released, EPI may give rise
to hypertensive crises and cardiac arrhythmias. Regulation of
exocytosis has various control steps both centrally through
afferent sympathetic output to CCs and at the level of the
splanchnic-nerve-CC synapse, and in regulating the firing
rate of the CC itself. There are also local regulatory loci, for
example the activity of CaV channels by neurotransmitters
acting on surface receptors on CCs. A second important type
of regulation, particularly relevant under conditions of chronic
stress occurs intracellularly and rests on the rate of secretory
vesicle transport and the refilling of the exocytotic machinery
with new vesicles. Future experiments should focus this
problem in models closer to physiology, namely, in adrenal
slices and in vivo. As proteins and ion channels are remodeled
in cultures of CCs, efforts should be made to clarify this issue
using the more complex preparation of adrenal slices.

The simple and classical view that the adrenal medulla
releases CAs under acute and chronic stress in response

to ACh release from the splanchnic nerve supported the
investigation of the detailed cellular physiology underlying
the function of this endocrine tissue for many years, and
continues to do so. This view has been vastly expanded over
the past 20 years, the adrenal medulla is now viewed as a
more complex, and more integrative, stress transducer. Basal
secretion, under the influence of ACh, is seen as important
to cardiovascular function as well. Additional first messen-
gers besides ACh, including GABA, PACAP, bradykinin,
angiotensin, histamine, cytokines, and others, provide regu-
lation of the CC and integration of inputs from the immune
as well as the nervous system during stress to produce a
complex output, including proteins, peptides, and CAs, that
likely affects sensory neurons, and perhaps even the brain, as
well as liver, heart, vasculature, and other CA target organs.
The secretory products of CCs also have important, yet-to-
be-discovered paracrine, autocrine, and hormonal roles, and
this is especially true for CgA and its processed peptides
including catestatin. The roles of ACh at the splanchnicoad-
renomedullary synapse may require reassessment, especially
regarding a potential role in modulation of gap junctions,
nAChR- and mAChR-mediated gene regulation, and subtle
but important regulation of the tempo of PACAP-induced CA
release during both acute and chronic stress.

For over half a century, the CC has been a unique model
to study basic mechanisms of cell excitability, ion channels,
Ca2+ signaling, exocytosis, and endocytosis, all linked to
basic principles of neuronal communication. We predict
that CCs, particularly those of transgenic murine models of
disease, and after genetic manipulation of SNARE and other
proteins of the secretory machinery will continue to be an
invaluable tool to explore those mechanisms with comple-
mentary genetic and molecular biology techniques, and with
electrophysiological and neuropharmacological approaches.
The future of CCs as a neuronal model is assured.

The abbreviations used throughout this review are listed in
Table 3.
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Table 3 List of Abbreviations

Abbreviation Definition Abbreviation Definition

AADC Aromatic amino acid decarboxylase DCRD Distal C-terminal regulatory domain

AE3 Anion exchanger EGFP Enhanced green fluorescent protein

Aβ Amyloid beta-protein Egr-1 Early growth response protein 1

AC Adenylate cyclase EPI Epinephrine

ACh Acetylcholine EPAC Exchange protein activated by cAMP

ACTH Adrenocorticotropic hormone ER Endoplasmic reticulum

AD Alzheimer’s disease ERG Ether-à-go-go-related gene

AHP Afterhyperpolarization ERK Extracellularly regulated kinase

AP Action potential GABA γ-Aminobutyric acid

ALS Amyotrophic lateral sclerosis GABAA-R GABAA receptor

APP Amyloid precursor protein GPCR G-protein-coupled receptor

AR Adrenergic receptor HAP1 Huntingtin-associated protein 1

ASD Autism spectrum disorder HCMDs High calcium microdomains

ATP Adenosine triphosphate HD Huntington’s disease

BK Big-conductance potassium channels HIF Hypoxia-inducible factor

BAM22P Peptide (aa210-231) of proenkephalin-A Kv Voltage-gated potassium channels

BDNF Brain-derived neurotrophic factor IBMX 3-Isobutyl-1-methylxanthine

β-AR Beta-adrenergic receptor IL-1 Interleukin type 1

CAs Catecholamines InsP3 Inositol tris-phosphate

Cav Voltage-gated calcium channels InsP3R Inositol tris-phosphate receptor

[Ca2+]i Intracellular calcium concentration IRP Immediately releasable pool

[Cl−]i Intracellular chloride concentration ISI Interspike interval

CC Chromaffin cell KATP ATP-sensitive K channel

CDI Calcium-dependent inactivation KCC2 Cation-chloride cotransporter

CGRP Calcitonin gene-related peptide LDCV Large dense core vesicles

CGs Chromaffin granules L-Dopa Levorotatory form of dopa, L-3,4-dihydroxyphenylalanine

CgA Chromogranin A mAChR Muscarinic cholinergic receptor

cGMP Cyclic guanosine monophosphate MAO Mono amine oxidase

cAMP Cyclic adenosine monophosphate MHPG 3-Methoxy-4-hydroxyphenylglycol

CICR Calcium-induced calcium release MAPK Mitogen-activated protein kinase, also called ERK,

CNS Central nervous system extracellular signal-regulated kinase

CPE Carboxypeptidase processing enzyme mNCX Mitochondrial electroneutral Na+/Ca2+ exchanger

COMT Catechol-O-methyltransferase MICU Mitochondrial Ca2+ uniporter

CREB cAMP response element-binding protein MCCs Mouse chromaffin cells

DA Dopamine nAChR Nicotinic cholinergic receptor

DR1 Dopamine receptor type 1 Nav Voltage-gated sodium channels

DBH Dopamine-beta-hydroxylase NE Norepinephrine

(continued)
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Table 3 (Continued)

Abbreviation Definition Abbreviation Definition

NCS-1 Neuronal calcium sensor-1 SG Secretory granule

NCX Na+/Ca2+ exchanger SHR Spontaneously hypertensive rat

NCS Neuritogenic cAMP sensor SNARE Soluble NSF-attachment receptor complex

NKCC Na+/K+/2Cl− cotransporter SNS Sympathetic nervous system

NO Nitric oxide Sp1 Specificity protein 1

NOS NO synthase SK Small-conductance potassium channels

NPY Neuropeptide Y SOCCs Store-operated calcium channels

NSF N-Ethylmaleimide-sensitive factor SOD Superoxide dismutase

PACAP Pituitary adenylate cyclase-activating polypeptide SR Sarcoplasmic reticulum

PAC1R PACAP type 1 receptor SRP Slow releasable pool of vesicles

PAM Peptidylglycine alpha-amidating monooxygenase TEA Tetraethylammonium

PD Parkinson’s disease TH Tyrosine hydroxylase

PDE Phosphodiesterase TS Timothy syndrome

PIP2 Phosphatidylinositol (4,5)-bisphosphate TIRFM Total internal reflection fluorescence microscopy

PKA Protein kinase A TNF-α Tumor necrosis factor-alpha

PKC Protein kinase C TrkB Tyrosine receptor kinase B

PKG cGMP-dependent protein kinase TTX Tetrodotoxin

PLB Phospholamban VAMP Vesicular monoamine transporter

PMCA Plasma membrane Ca2+-ATPase or Ca2+ pump VAChT Vesicular acetylcholine transporter

PNMT Phenylethanolamine-N-methyltransferase VNUT Vesicular nucleotide transporter

PS1 presenilin 1 VIP Vasoactive intestinal polypeptide

Rapgef Rap-activating guanine-nucleotide-exchange factor V-ATPase Vesicular proton pump

ROS Reactive oxygen species VMA Vanillylmandelic acid

RP Reserve pool of vesicles VMAT Vesicular monoamine transporter

RRP Readily releasable pool of vesicles WT Wild type

RyR Ryanodine receptor WKY Wistar-Kyoto rats

SERCA Sarco-endoplasmic reticulum Ca2+-dependent ATPase
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Vascular endothelial growth factor (VEGF) has long been connected to the development
of tissue lesion following ischemic stroke. Contradictory findings either situate VEGF
as a promoter of large infarct volumes or as a potential attenuator of damage due
to its well documented neuroprotective capability. The core of this discrepancy mostly
lies on the substantial number of pleiotropic functions driven by VEGF. Mechanistically,
these effects are activated through several VEGF receptors for which various closely
related ligands exist. Here, we tested in an experimental model of stroke how the
differential activation of VEGF receptors 1 and 2 would modify functional and histological
outcomes in the acute phase post-ischemia. We also assessed whether VEGF-
mediated responses would involve the modulation of inflammatory mechanisms and
how this trophic factor acted specifically on neuronal receptors. We produced ischemic
infarcts in adult rats by transiently occluding the middle cerebral artery and induced
the pharmacological inhibition of VEGF receptors by i.c.v. administration of the specific
VEGFR2 inhibitor SU1498 and the pan-VEGFR blocker Axitinib. We evaluated the
neurological performance of animals at 24 h following stroke and the occurrence of
brain infarctions analyzed at the gross metabolic and neuronal viability levels. We
also assessed the induction of peripheral pro- and anti-inflammatory cytokines in the
cerebrospinal fluid and blood and assessed the polarization of activated microglia.
Finally, we studied the direct involvement of cortical neuronal receptors for VEGF
with in vitro assays of excitotoxic damage. Preferential VEGFR1 activation by the
endogenous ligand promotes neuronal protection and prevents the presentation of
large volume infarcts that highly correlate with neurological performance, while the
concomitant activation of VEGFR2 reduces this effect, even in the presence of
exogenous ligand. This process partially involves the polarization of microglia to the
state M2. At the cellular level, neurons also responded better to the preferential
activation of VEGFR1 when challenged to N-methyl-D-aspartate-induced excitotoxicity.
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Endogenous activation of VEGFR2 hinders the neuroprotective mechanisms mediated
by the activation of VEGFR1. The selective modulation of these concurrent processes
might enable the development of therapeutic approaches that target specific VEGFR1-
mediated signaling during the acute phase post-stroke.

Keywords: Axitinib, ischemia, MCAO, stroke, SU1498, VEGF, VEGFR1, VEGFR2

INTRODUCTION

The neuroprotective molecular mechanisms that drive
endogenous adaptive responses to injury in the central nervous
system (CNS) are mostly unknown, and their elucidation would
ideally open new avenues for rehabilitation. A very promising
process to target therapeutically is driven by vascular endothelial
growth factor A (VEGF), which has long been implicated
in the regulation of several events that take place following
ischemic stroke, the leading cause of acquired disability in the
developed world.

VEGF regulates a series of molecular processes that allow
tissue to adapt to the conditions that prevail after stroke, such
as neurovascular remodeling and repair, neuroprotection, brain
plasticity and the recruitment and proliferation of neuronal
precursors (Zhang et al., 2000; Ma et al., 2012; Dzietko et al., 2013;
Greenberg and Jin, 2013). However, VEGF is also responsible
for some damaging processes, such as cerebral edema and
exacerbated blood-brain barrier leakage (Eliceiri et al., 1999; van
Bruggen et al., 1999; Paul et al., 2001; Weis and Cheresh, 2005;
Kim et al., 2018; Wu et al., 2018). Such opposing findings have,
thus far, impeded the utilization of VEGF in a clinical setting
aimed at alleviating the sequels of ischemic stroke.

VEGF acts by activating tyrosine kinase receptors 1 (VEGFR1,
also known as FMS-like tyrosine kinase; Flt1) and 2 (VEGFR2,
also known as kinase domain receptor; KRD, and fetal liver
kinase 1; Flk-1). Both receptors are structurally closely related,
each composed with seven immunoglobulin-like domains on
the extracellular portion, a transmembrane motif, and an
intracellular tyrosine kinase domain with conserved tyrosine
phosphorylation sites (Grassot et al., 2006; Rahimi, 2006;
Simons et al., 2016), although the ultimate biological actions
driven by these receptors individually are somewhat different.
Traditionally, VEGFR2 has been considered the canonical
receptor for VEGF (Geiseler and Morland, 2018), and for a very
long time, VEGFR1 has been thought to function as a decoy
signal that counter-regulates VEGFR2 actions by sequestering the
ligand, thus reducing its availability to binding VEGFR2 (Park
et al., 1994; Meyer et al., 2006). Also, VEGFR1 is preferably
activated by other members of the VEGF family, such as VEGF-B
(Olsson et al., 2006).

An open question in all these molecular events is whether
VEGF can also modulate the neuroinflammation elicited by
ischemia (Geiseler and Morland, 2018). Neuroinflammation is
an important component of the pathophysiology of stroke and
other neurodegenerative processes where microglia, the resident
macrophages of the CNS, play a central role.

Here we studied the mechanisms of VEGF-mediated
neuroprotection in the acute phase of stroke using an in vivo

model produced by the transitory occlusion of the middle
cerebral artery in the rat (MCAO). The i.c.v. administration of
VEGF in the early phase after stroke results in a significant
reduction of infarct volume and increased neuronal survival. We
found that if VEGFR1 gets preferably activated when VEGFR2
is inhibited, there is a reduction of infarct volume and edema,
and an increase of neuronal survival and neurological outcome.
Given the role of VEGFR1 on microglial responses to altered
brain homeostasis, the underlying mechanisms of the VEGFR1-
mediated protection partially involve also the modulation of
the inflammatory response and microglial polarization to a
neuroprotector phenotype. These results point toward VEGFR1
as an attractive therapeutic target for stroke.

MATERIALS AND METHODS

Animals
In this study, we used young (1.5 months old; 270–290 g)
Wistar rats that were subjected to MCAO as described below.
Animals were housed in individual cages in a 12 h light/dark
cycle with food and water ad libitum. All rats were killed
at 24 h during the acute phase post-stroke. All experimental
procedures were conducted under the current Mexican law for
the use and care of laboratory animals (NOM-062-ZOO-1999)
with the approval of the Institutional Animal Care and Use
Committee (CICUAL-IFC-LTR93-16).

Study Design
Animals were randomly divided into seven groups with an
n = 10–13 for MCAO groups and 7 shams. The sample size was
calculated a priori to detect a medium Cohen’s d effect size > 0.3,
β power of 0.8 and significance of 0.05. Mortality rate was
assumed to be 0.4 based on pilot experiments. These parameters
were chosen to reduce the number of animals used. Inclusion
criteria in analyzes considered the reduction of blood perfusion
below 50% of basal values, which roughly corresponds to the
effect of occluding the common carotid artery, no immediate
recovery of reperfusion (above 50% baseline values within 3 min),
total occlusion time between 90–95 min, absence of subarachnoid
or intraparenchymal hemorrhages and survival at 24 h after
stroke. This study is limited to assess effects on males.

MCAO
Rats were put under isoflurane anesthesia (5% for induction
followed by ≤1.5% during surgery) with oxygen as the carrier.
Normal ventilation was autonomously maintained. Focal cerebral
ischemia was induced with the Longa method (Longa et al.,
1989) using a nylon monofilament with a silicone-dipped tip
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(403734, Doccol, Sharon, MA, United States) that was inserted
in a stump created by cutting the ligated left external carotid
artery and intraluminally advanced through the internal carotid
artery until it reached and occluded the MCA at its inception
in the Circle of Willis. MCA occlusion was kept for 90 min
after which the monofilament was removed. Body temperature
was maintained at 37◦C with a heating pad for the duration
of surgery. At the end of the procedure, the skin of the neck
was sutured, and rats were returned to their cages. During the
entire experimental procedure, the cerebral blood flow (CBF) was
monitored in the territory irrigated by MCA with laser-Doppler
flowmetry. For this, the parietal skull bone was thinned using
a small mototool drill bit (Dremel, Racine, WI, United States)
and a probe holder was glued onto it at stereotaxic coordinates
(AP −1.5 L +3.5 from Bregma). A laser-Doppler probe (model
407, Perimed, Järfälla, Sweden) was inserted into the holder
and connected to a Periflux System 5010 (Perimed). CBF was
continuously monitored with an acquisition interval of 0.3 s using
the Perisoft software (Perimed).

Administration of VEGF and
Pharmacological Inhibitors
VEGF and the VEGFRs inhibitors were administered by
intracerebroventricular (i.c.v.) injections in the corresponding
animal groups 30 min after intraluminal filament removal,
which marked the beginning of reperfusion, with the following
stereotaxic coordinates: AP−0.8 and L−1.5 from Bregma and V
-4 from dura matter. Injections were performed with graduated
glass microcapillary pipettes that were pulled to produce a
tip < 50 µm in diameter (McCluskey et al., 2008) at a flux
rate of 0.8 µL/min. Because of the non-polar nature of the
inhibitors used in this study, we injected a corresponding volume
of DMSO in all experimental groups to control for DMSO
possible effects. Control sham- and MCAO-operated animals
were injected with vehicle solutions consisting of 2 µL DMSO
followed by 2 µL 0.1% BSA (4 µL final volume). Recombinant
rat VEGF-A164 (Sigma) was prepared in a 0.1% BSA at a final
concentration of 25 ng/µL, 2 µL VEGF were injected followed
by 2 µL DMSO. SU1498 and Axitinib (both from Sigma) were
prepared in DMSO at a concentration of 6.4 mM. Two µL of
each inhibitor were administered in the corresponding groups
followed by 2 µL 0.1% BSA or 25 ng/µL VEGF depending on
the experimental condition.

Infarct Volume Calculation
Animals were sedated with sodium pentobarbital and
transcardially perfused with 200 mL 0.9% NaCl at 4◦C,
after which brains were collected and immediately sectioned
into seven coronal slices (2 mm thick) that were incubated
in 2% 2,3,5-triphenyltetrazolium chloride (TTC) at 37◦C for
10 min. Images of sections were digitally acquired with a
Lexmark scanner (Lexmark X2650, Lexmark, Canada) using
Imaging Studio software (Lexmark, Canada). The infarcted and
individual hemisphere areas of each section were measured with
a semi-automatized macro routine executed in Fiji (Fiji-ImageJ,
version 1.52i, NIH, United States) (Schindelin et al., 2012).

Infarct volume was then calculated and corrected for edema with
the following formula:

IV =
n∑

i=1

[(
clHAi × IAi

ilHAi

)
t
]

Where IV is the volume of infarct in mm3, n is the number
of sections, clHA is the area of the contralateral hemisphere in
mm2, IA is the area of the damaged tissue in mm2, ilHA is the
area of ipsilateral hemisphere in mm2, and t is the thickness of
each section in mm.

Post-stroke Neuronal Viability Evaluation
For histological analyses, three rats per group were transcardially
perfused with 200 mL ice-cold 0.9% NaCl followed by 250 mL
ice-cold 4% paraformaldehyde (PFA). Brains were collected and
post-fixed in 4% PFA for 24 h and then cryoprotected in 30%
sucrose. Whole PFA-fixed brains were cut into 40 µm thick
sections in a cryostat to produce 10 series of consecutive sections
that were 400 µm apart. An entire series was mounted on
gelatin-coated slides and stained with 1% cresyl violet. Digital
images of a section series were acquired in an Olympus IX71
microscope with a 20X magnification using a 12 Megapixel
Evolution UVF camera (Media Cybernetics, Buckinghamshire,
United Kingdom). Images were processed in Image-Pro Plus 6.0
(Media Cybernetics). Soma diameters and shapes of pyramidal
neurons within an area of 250 × 350 µm in layers IV and V of
the somatosensory cortex in 3 consecutive sections were analyzed
with an automatized macro routine executed in Fiji. Healthy
cells were defined by circularity values of 0.47 – 0.88 and area
of 30 – 250 µm2. Neuronal viability is reported as a survival
index, which was calculated from each count of ipsilateral live
neurons expressed as a proportion of the count in the respective
contralateral area. The resulting values were normalized to the
pooled indexes of the sham group. This algorithm is calculated
with the following formula:

SI = p

 t∑
1

∑n
i=1

(
Cil
i /C

cl
i

)
n


t


/

t

 p∑
1

∑m
0=1

(
Silo/S

cl
o

)
m


p


Where SI is the survival index, Cil is the number of live neurons
in the ipsilateral side, Ccl is the number of live neurons in the
respective confraternal side, n is the number of coronal sections
analyzed for each brain, t is the number of animals analyzed per
experimental group, Sil is the number of neurons in the left side
of the sham group, Scl is the number of neurons in the right side
of the sham group and, m is the number of sections analyzed for
each sham brain and p is the number of sham rats. No statistical
differences were detected in absolute numbers of live neurons
among contralateral sides across experimental groups.
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Behavioral Testing
Animals were evaluated with a battery of neurological tests to
assess sensorimotor deficits 24 h after stroke. The severity of
functional deficits was scored by assessing eight items described
in Table 1 with slight modifications from previous reports
(Mattsson et al., 1997; Schallert et al., 2000; Burguete et al., 2006;
Zhang et al., 2015). Maximum score (32 total) was assigned
to animals without neurological deficits. All evaluations were
cross-validated by a trained observer blinded to the experimental
treatment that analyzed recorded videos of the tests.

Peripheral Cytokines Determination
Blood samples were obtained by cardiac puncture right before
transcardial perfusion to determine circulating cytokine levels
24 h after stroke. Plasma was prepared from blood by adding
50 µL/mL 0.5 M EDTA and samples were stored at −80◦C
until used. Cytokine detection was carried out with a custom-
made rat cytokine/chemokine magnetic bead Milliplex MAP
panel (Millipore, Temecula, CA, United States) following
the manufacturer instructions. A 96-well plate was used to
simultaneously determine the concentrations of IL-1β, IL-4,
IL-6, IL-10, IL-12p70, IL-17, TNF-α, CCL11, INFγ, CX3CL1,
MIP-1α, and VEGF. The plate was read on a MAGPIX
system (EMD Millipore, Darmstadt, Germany). Results were
analyzed using the xPONENT software (Luminex, Madison,
WI, United States). Standards of 200–16,000 pg/mL were used
for generating the corresponding concentration curve of each
analyte. Determinations were done in duplicates per biological
replicate (n = 3).

Cytokine mRNA Expression
Cytokine mRNA levels were determined 24 h after stroke by real-
time quantitative PCR (RT-qPCR). For this, 1 mL of blood was
combined with 50 µL 0.5 M EDTA and 10 mL of red blood cells
lysis buffer (155 mM NH4Cl, 12 mM NaCO3, 0.1M EDTA, pH
7). Samples were centrifuged at 1,900 × g for 8 min at RT in
a Sorvall ST8 centrifuge (Thermo Fisher Scientific. Karlsruhe,
Germany) to obtain white blood cells pellet. Total RNA was
isolated with 5:1 TRIzol (Ambion Life Technologies. Austin, TX,
United States)-chloroform by phase separation centrifugation
at 12,000 × g for 15 min at 4◦C. RNA was precipitated in
500 µL isopropanol and washed in 75% ethanol. After air-drying,
the pellet was reconstituted in RNAse and DNAse free ultra-
pure water (Thermo Scientific). RNA concentration and purity
were assessed using OD 260/280 ratios and gel electrophoresis.
RT-qPCR was performed with One-step NZYSpeed RT-qPCR
Green kit, ROX (nzyTECH, Lisbon, Portugal) according to
the manufacturer directions. RT-qPCRs were run in 96-well
plates in an Applied Biosystems StepOne RT-qPCR System
(Thermo Fisher) with the following parameters: 20 min reverse
transcription at 50◦C, 2 min cDNA denaturing at 95◦C, 40 cycles
of 5 s denaturation at 95◦C, 30 s annealing/amplification at
61◦C. Relative quantification of gene expression was performed
using the 2−11CT method, with glyceraldehyde 3-phosphate
dehydrogenase as a reference gene. Melting curve analyzes and
gel electrophoresis evaluation of the RT-qPCR products were

routinely performed to determine the specificity of the RT-
qPCR reaction. Primer information for each gene is contained
in Table 2.

Immunohistochemistry and Confocal
Microscopy
PFA-fixed brain sections containing infarct core and penumbra
were blocked with 5% bovine serum albumin in Tris-buffered
saline with 0.5% v/v Triton X-100 (TBS-T) and incubated with
anti-Iba-1 (1:200; Wako, Richmond, VA, United States) and
anti-arginase-1 antibodies (1:200; Invitrogen) for 48 h. Sections
were washed three times with TBS followed by 2 h incubation
at RT with Alexa Fluor 488-conjugated anti-mouse and Alexa
546-conjugated anti-rabbit antibodies (1:2000 each; Invitrogen,
Carlsbad, CA, United States) in TBS. Images were obtained in
a Zeiss LSM 800 confocal microscope using a 63X objective.
An average of 45 optical slices was obtained every 0.5 µm for
each Z-stack.

Cortical Neuronal Cultures
Cortical neuronal cultures were prepared from embryonic day
17 Wistar rats as previously described (Tovar-y-Romo et al.,
2012). Briefly, cortices were isolated and trypsinized, and cells
were dissociated by trituration in a Ca2+ and Mg2+ free Hanks’
balanced salt solution (Gibco, Carlsbad, CA, United States).
Neurons were plated at a density of 1.3 × 105 cells/cm2 in
polyethyleneimine-coated 24-well plates in Neurobasal medium
supplemented with B-27 (Gibco) and 1% antibiotic/antimycotic
solution (104 U of penicillin G/ml, 10 mg of streptomycin/ml,
and 25 µg of amphotericin B/ml) (Sigma). Ten µM cytosine β–
D-arabinofuranoside (Sigma) was added on DIV 3 to prevent the
proliferation of astrocytes.

Immunofluorescent staining was performed in cells plated
on glass coverslips and fixed with 100% methanol for 10 min
at −20◦C on DIV 7. Neurons were incubated with anti-
VEGFR1 or anti-VEGFR2 (1:100 each, LifeSpan Biosciences,
Seattle, WA, United States) and anti-microtubule-associated
protein 2 (MAP2; 1:100, Sigma) overnight at 4◦C. Labeled cells
were incubated with Alexa Fluor 546- and Alexa Fluor 488-
conjugated antibodies (1:200 each, Life Technologies), for 1 h
at RT, after three washes, neurons were incubated with DAPI
for 5 min and mounted on glass slides. Cells were imaged with
confocal microscopy as described above with a 40X objective.
An average of 30 optical slices was obtained every 0.5 µm for
each Z-stack.

Cortical Neurons Excitotoxicity Assays
Neuronal cultures were challenged on DIV 11 with 1, 10, or
100 µM NMDA + 1 µM glycine for 24 h to induce excitotoxic
damage or neuronal death. Rat recombinant VEGF-A164 was
added to some experimental wells at a concentration of 10 ng/mL
for 24 h. In some experiments, we added, 2 µM SU1498
or 2 µM Axitinib for the same time. Neuronal viability was
inferred from metabolic activity determined by standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction. For this, neurons were incubated with 0.1 mg/mL
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TABLE 1 | Items evaluated in neurofunctional assessments.

Neurological assessment Reflex Score Previously reported

Spontaneous activity Exploring an open arena more than 20 s 3 Burguete et al., 2006

Exploring between 10 and 20 s 2

Exploring less than 10 s 1

Not exploring or moving only when stimulated 0

Contralesioned- wise circling None 3 Burguete et al., 2006

Spontaneous circling 2

Stimulus-induced circling 1

Not moving 0

Prehensile grip of forepaws to a wire Symetrical grip 4 Mattsson et al., 1997

Asymetrical, preferably use of non-lesioned forelimb 3

Asymetrical, unable to hold body weight 2

Unable to hold grip with lesioned forelimb 1

Fall from wire 0

Ability to rise while suspended from the tail Unskewed side to rise 4 Zhang et al., 2015

Rise preferably to the non-lesioned side 3

Able to rise only until reached the horizontal plane 2

Unable to rise 1

Unresponsive while suspended 0

Cylinder test Steading with both forelimbs at even height 4 Schallert et al., 2000

Unable to bring lesioned forelimb to equal height of contralesioned forelimb 3

Does not support body weight on lesioned forelimb 2

Unable to rear 1

Unresponsive 0

Protective retraction of forelimbs after poking Symmetrical flex and move from the site 4 NA

Asymmetrical flex of the ipsilateral forelimb and move from the site 3

Asymmetrical flex of the ipsilateral forelimb but stays on site 2

Slight movement of ipsilateral forelimb and stays on site 1

Does not flex forelimb and stays on site 0

Body posture Balanced 5 NA

Head tilted to the right (lesioned flank) 4

Head tilted to the right and forearm extended 3

Body tilted to the right 2

Unable to keep posture with lesioned hindlimb 1

Unable to stand from lay down position 0

March coordination Symetrical movement 5 NA

Forepaws extended during march 4

Support on ulnar side of lesioned forelimb 3

Dragging fingers during march 2

Dragging lesioned forelimb on dorsal side 1

Does not stand on lesioned forelimb 0

The neurological performance of every individual was assessed 24 h after stroke in eight items, and for each one, a corresponding value was assigned. Behavioral
evaluations were cross-validated by a trained analyst blind to the experimental conditions.

TABLE 2 | Primer sequences for RT-PCR analyses of cytokine transcripts.

Gene Primer sequence Amplicon length (bp) Accession number

IL-1b F: 5′-CCCTGCAGCTGGAGAGTGTGG-3′ 153 NM_031512.2

R: 5′-TGTGCTCTGCTTGAGAGGTGCT-3′

IL-6 F: 5′-CGAGCCCACCAGGAACGAAAGTC-3′ 84 M26744.1

R: 5′-CTGGCTGGAAGTCTCTTGCGGAG-3′

TGFb F: 5′-ACCTGCAAGACCATCGACAT-3′ 154 NM_021578.2

R: 5′-TGTTGTACAAAGCGAGCACC-3′

GAPDH F: 5′-GCATCTTCTTGTGCAGTGCC-3′ 278 NM_017008.4

R: 5′-GATCTCGCTCCTGGAAGATGG-3′
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MTT for 2 h at 37◦C at the end of the analyzed period.
Media was removed, and formazan precipitations were dissolved
in a 4 mM HCl isopropanol solution. The absorbance of
cell debris-free supernatants was read in a spectrophotometer
(Beckman Coulter) with a 570 nm wavelength. Data are
presented as percentage relative to the absorbance of control
conditions. In some experimental conditions we corroborated
neuronal viability with the life/dead fluorescence assay (Thermo
Fisher Scientific) that stain live cells with calcein AM (green)
and dead cells with ethidium homodimer-1 (red), following
manufacturers directions.

In an independent series of experiments, neurons were
subjected to the same conditions and dendritic spines
were stained with the Neurite Outgrowth Staining kit (Life
Technologies, Carlsbad, CA, United States) following the
manufacturer directions. Briefly, neurons plated on glass
coverslips were fixed with 3.7% PFA for 30 min at RT, and
1X bright orange-fluorescent dye was added to stain the outer
cell membrane surfaces. After incubation with a background
suppression solution, coverslips were mounted on glass slides
with a permanent mounting medium with antifading agents
(DAKO, Santa Clara, CA, United States). Dendritic branches
were visualized using a Leica DM1000 microscope under
epifluorescence illumination (568-nm excitation and 580-nm
emission) with a 40X objective. A minimum of 10 neurons from
3 independent experiments was analyzed for each condition. The
number of dendritic spines, defined as thin protrusions emerging
from dendritic processes, extending from two to five primary
dendrites/neuron was quantified for a distance of approximately
20 µm from the cell soma. Neurite lengths and spine numbers
were quantified with ImageJ (NIH, United States). Spine density
across all measured dendritic segments was normalized to the
length of the primary dendrite.

Statistics
R- Feather Spray version 3.5.1, (R Foundation for Statistical
Computing, Vienna, Austria) was used to analyze all data
from in vivo experiments. Normal distribution in each data set
was corroborated using the Shapiro–Wilk normality test. Data
were tested by one-way analysis of variance (ANOVA) followed
by Tukey post hoc test. Data were considered significant at
α ≤ 0.05 level. All data are shown as mean ± 2SD. For in vitro
experiments without normal distribution we did a Kruskal–
Wallis, followed by Dunn post hoc test. Results are expressed
as mean± SEM.

RESULTS

VEGF Mediates Neuroprotection in the
Acute Phase of Stroke
There are contradictory findings on the neuroprotective effects
of VEGF in stroke. Most of the reported discrepancies can
be grounded on time, dose and route of administration of
exogenous VEGF in several models of stroke (Ma et al., 2012;
Tovar-y-Romo et al., 2016). Because of this, we first tested the
effect of administering a single bolus of 50 ng rat recombinant

VEGF-A164 by i.c.v. injection 30 min after the beginning of
reperfusion (Figure 1), the dose was chosen based on pilot
experiments, and also on a previous study showing that this
dose and method of administration is protective in other models
of neurodegeneration (Tovar-y-Romo and Tapia, 2012). This
protocol was carried out using a pulled glass microcapillary
pipette to minimize mechanical damage in order to prevent the
activation of inflammatory processes merely associated with the
injection procedure. Twenty four hours after stroke, animals
were evaluated in a series of neurobehavioral and motor tasks
to determine the level of neurological alterations produced
by the stroke (Figure 1A). Animals that were injected with
vehicle only (DMSO + 0.1% BSA; 4 µl) showed a noticeable
weakness and impaired movement of the lesioned side forelimb.
These animals were unable to climb a grid and support
their body weight and had a noticeable difficulty rising when
placed on their sides, plus ∼60% of animals had epileptiform
seizures, mostly represented by tonic-clonic convulsions, barrel
rolls and running fits. Stroked rats also displayed signs of
neuropathic pain when stimulated by slightly poking the affected
flank. Administration of 50 ng recombinant VEGF at the
beginning of reperfusion did not improve significantly the
neurological deficits presented after stroke and also failed to
prevent seizures.

Nonetheless, VEGF did reduce infarct volumes by about
20% in comparison to the group that received vehicle only
(Figures 1B,C). Moreover, neuronal viability was also preserved
as revealed by analyzing the somatosensory region of the parietal
cortex, in which ∼50% neurons remain alive at 24 h post-stroke
(Figures 1D,E). Therefore, with this experimental settings, we
found a condition in which exogenous VEGF did produce a
protective impact on brain tissue without translating into a better
neurobehavioral outcome at this short time point after stroke.

VEGFR2 Activation Hinders
VEGFR1-Driven Neuroprotection Elicited
by Endogenous Ligand in the Acute
Phase Post-stroke
It has been known for a long time that VEGF synthesis is
upregulated by ischemia immediately after an experimental
stroke (Hayashi et al., 1997; Plate et al., 1999; Hai et al.,
2003), and this phenomenon has also been reported to occur
in human patients (Issa et al., 1999). It is suspected that such
VEGF increase is mechanistically involved in neuroprotection.
Considering the large body of evidence that involves VEGFR2
participation in neuroprotection (Olsson et al., 2006; Tovar-y-
Romo et al., 2016; Geiseler and Morland, 2018), we set out to
determine whether VEGFR2 would be primordially responsible
for the protection seen here. For this, we administered i.c.v.
13 nmoles of SU1498, a selective VEGFR2 inhibitor (Strawn et al.,
1996), 30 min after the beginning of reperfusion and analyzed
the overall effects of this procedure 24 h after stroke. Animals
in this group displayed signs of neurological deficits mainly
characterized by paresis of the lesioned forelimb. However, all
animals in this group performed better in the neurological tests
and showed significantly fewer alterations than rats that were
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FIGURE 1 | Exogenous VEGF administration in the acute phase post-stroke is neuroprotective. (A) Behavioral performance of sham-operated animals and stroked
rats treated with vehicle or VEGF 24 h post-stroke. Animals were assessed individually in 8 items with scoring values that added up to 32 points that corresponded
to neurologically unaffected performance, see Table 1. (B) Mean infarct volume ± 2 SD of the indicated experimental groups. In (A,B), the number of experiments
analyzed in each group is indicated at the bottom of each column; individual data points are plotted for each group. (C) Representative images of thick coronal
sections of brains stained with TTC from a sham-operated animal and stroked rats treated with vehicle or VEGF. The unstained (pinkish) portion of the tissue depicts
the infarct. Images show brain structures at around Bregma level in the anteroposterior axis. Bar equals 2 mm. (D) Representative photomicrographs of Nissl-stained
thin sections of the cortical areas shaded in the diagram in (top C). Alive neurons have a pyramidal morphology and cytosolic light violet stain, while damaged
neurons appear as condensed pycnotic nuclei with enhanced concentration of the dye. Bar equals 50 µm. (E) Survival index represents the portion of alive neurons
present at 24 h post-stroke relative to the same region in the corresponding contralateral side normalized to the number of alive neurons in sham-operated animals.
∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 in one-way ANOVA followed by Tukey post hoc test.

administered with vehicle alone (Figures 2A, 3). Furthermore,
co-administration of VEGFR2 antagonist together with a bolus
of 50 ng exogenous agonist also resulted in a noticeable
improvement in neurological function as compared to animals
that received vehicle alone but also to the group that was
administered with VEGF, which displayed better recoveries
(Figures 2A, 3) – thus pointing to a VEGFR2-independent effect
driven by the endogenous ligand.

Given the lack of a specific pharmacological inhibitor of
VEGFR1, we employed the general VEGFR inhibitor Axitinib
that blocks all VEGF receptors (Inai et al., 2004). The MCAO
group that received 13 nmoles of Axitinib at 30 min of the
beginning of reperfusion presented exacerbated neurological
symptoms described above that were followed by a lethargic
state in which animals laid on their right side. As expected,
infarct volumes in this group were large and comparable
to the vehicle group (Figures 1B,C, 2B,C). Finally, blocking
all VEGFRs prevented any protection mediated by the i.c.v.
administration of exogenous VEGF and animals displayed

neurological impairments characteristic of large infarctions
(Figures 2A–C). Brain damage seen in TTC stainings in this
group was of proportions similar to the ones seen in the control
untreated group (Figures 2B,C). Accordingly, neuronal death
was reduced in the animals that received SU1498 alone or in
combination with VEGF and was increased in animals treated
with Axitinib (Figures 2D,E).

Correlating the neurological performance of animals 24 h
after stroke to the extent of brain tissue damage allowed us to
clearly segregate groups by experimental treatment and show that
blocking VEGFR2 and potentiating the activation of VEGFR1 by
the administration of exogenous ligand, afforded the best level
of neuroprotection, closely followed by only blocking VEGFR2
(Figure 3). This analysis shows a strong correlation of R2 = 0.8747
with a p = 3.33× 10−16. The sole administration of the exogenous
ligand, while still protective, does not result in a very different
outcome as compared to all the non-protected experimental
conditions, in which we either not treated animals or inhibited
all VEGFRs (Figure 3).
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FIGURE 2 | Blocking the VEGFR2 in the acute phase post-stroke is neuroprotective. (A) Behavioral performance of stroked rats treated with the VEGFR2 specific
inhibitor SU1498 and the pan-VEGFR inhibitor Axitinib with and without exogenous VEGF, 24 h post-stroke. (B) Mean infarct volume ± 2 SD of the indicated
experimental groups treated with SU1498 or Axitinib alone or in combination with exogenous VEGF. In (A,B), the number of experiments analyzed in each group is
indicated at the bottom of each column; individual data points are plotted for each group. (C) Representative images of thick coronal sections of brains stained with
TTC from stroked animals treated with SU1498 and Axitinib with or without exogenous VEGF. The unstained (pinkish) portion of the tissue depicts the infarct. Images
show brain structures at around Bregma level in the anteroposterior axis. Bar equals 2 mm. (D) Representative photomicrographs of Nissl-stained thin sections of
cortical areas in the somatosensory region. Alive neurons have a pyramidal morphology and cytosolic light violet stain, while damaged neurons appear as condensed
pycnotic nuclei with enhanced concentration of the dye. Bar equals 50 µm. (E) Survival index represents the portion of live neurons present at 24 h post-stroke
relative to the same region in the corresponding contralateral side normalized to the number of live neurons in sham-operated animals. ∗∗p < 0.01 and ∗∗∗p < 0.001
in one-way ANOVA followed by Tukey post hoc test.

VEGFR1-Mediated Neuroprotection
Partially Involves M2 Polarization of
Microglia With a Minimal Discernible
Impact on Systemic Markers of
Inflammation
VEGF drives the migration of macrophages and microglia to the
damaged CNS through VEGFR1-mediated signaling (Forstreuter
et al., 2002; Huang et al., 2013; Lelli et al., 2013). Therefore,
we decided to study whether the neuroprotection exerted by
the preferential activation of VEGFR1 would also involve the
modulation of neuroinflammatory processes. We first assessed
changes in inflammatory markers, both in CSF and in plasma,
at 24 h post-stroke. We analyzed the content of IL-1β, IL-4, IL-
6, IL-10, IL-12p70, IL-17, TNF-α, CCL11, INFγ, CX3CL1, and
MIP-1α with a multiplex array for these cytokines in samples
collected prior transcardial perfusion. None of the detected
cytokines in CSF (IL-1β, INFγ, CXCL-3) showed a significant
change compared to the values seen in the vehicle-treated

group (Figure 4A). Likewise, for most of the peripheral markers
of inflammation that produced a readable measurement in
plasma, we did not find differences among experimental groups.
However, we detected with this array that the inhibition of all
VEGFRs with Axitinib blunted the release of peripheral markers
of inflammation IL-12, TNFα, and CCL11. This blockade did
not happen to the same degree when we selectively inhibited
VEGFR2 (Figure 4B). Since under our experimental conditions
we were not able to have reliable measurements of peripheral
IL-1β, IL-6, and TGFβ, which have been previously identified
as central players of the neuroinflammatory processes that
happen after stroke, we decided to evaluate the levels of
transcriptional expression of these cytokines in white blood
cells collected 24 h after stroke. With RT-qPCR analyses,
we determined that there are no significant changes in the
level of transcription for neither of these molecules at the
time point of our investigations and that VEGF or its
receptors are not modifiers of these molecular responses
(Figures 4C–E).
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FIGURE 3 | Activation of VEGFR2 hinders VEGFR1-dependent
neuroprotection afforded by the endogenous ligand. The plot shows the
correlation of neurofunctional score to the infarct volume produced by MCAO
in animals injected i.c.v. 30 min after the beginning of reperfusion with vehicle,
or exogenous VEGF alone or in combination with VEGFR2 specific inhibitor
SU1498 or VEGFR general inhibitor Axitinib. Two groups of animals that
received the inhibitors individually are also presented. Each data point
represents the values obtained in a single animal. Groups segregate by
experimental condition and produce a strong correlation with an adjusted
R2 = 0.8747. Animals in which VEGFR2 early activation was prevented show
the best levels of protection, both neurofunctional and histological, inhibiting
VEGFR1 in addition to VEGFR2 blocked this effect.

Next, we looked into the polarization of microglial cells
to the anti-inflammatory phenotype M2, which is known
to occur in the first 24 h after stroke (Hu et al., 2012).
For this, we co-stained brain sections for the microglial
marker Iba-1 and the M2 marker arginase-1. Strikingly,
resting state morphologically looking microglia were found
to express arginase-1 in sham animals at 24 h of transiently
occluding the common carotid artery (Figure 5). In the
control MCAO group, microglia in the lesioned cortical region
looked morphologically activated, mainly with shortened cellular
processes and rounded somas but cells in these regions lacked
the expression of arginase-1. VEGF-treated animals, however,
showed activated microglia expressing the M2 polarization
marker and this was also the scenario in the groups treated
with the VEGFR2 inhibitor SU1498 with and without VEGF.
In the case of animals injected with Axitinib, we found
fewer activated microglia expressing arginase-1, suggesting that
VEGFR1 blockade also reduced the polarization of microglia to
the anti-inflammatory phenotype.

VEGF Acts Directly on Neurons Through
the Activation of VEGFR1
In the last part of our study, we analyzed whether the effects of
preferentially activating VEGFR1 and the neuroprotection seen
in the in vivo model of ischemic stroke were derived from the
direct stimulation of neuronal receptors. Using an in vitro model
of cultured cortical neurons we first determined the expression
of both, VEGFR1 and VEGFR2 in these cells. Figure 6A shows

the expression of both TRKs at 7 DIV, specifically in neurons.
Expression of both receptors is clear in neuronal somas as well
as in neurites. Then, we tested whether the addition of VEGF
to neuronal cultures could rescue neurons from excitotoxicity,
one of the primary mechanisms underlying neuronal death after
ischemia. For this, we incubated the neurons with different
concentrations of the glutamatergic agonist NMDA for 24 h in
the same culture media in which cells were grown for 11 days.
At the lowest concentration assayed (1 µM), neuronal death
is not apparent and increasing the concentration of NMDA
to 10, and 100 µM gradually increased the level of neuronal
death (Figures 6B,C). Addition of 10 ng/mL recombinant VEGF
reduced in about 20% the loss of metabolic activity in the
neuronal cultures, which relates to the overall health of the cells
and their survivability.

Even though the lower concentrations of NMDA tested here
did not produce a substantial decrease of neuronal viability,
neurons exposed to these conditions developed morphological
signs of structural damage, mainly characterized by dendritic
spine loss. Addition of VEGF to the culture media also prevented
this morphological change and preserved spine structures
although it did not modify the length of primary neurites
(Figures 6D–F). With these experiments, we showed that VEGF
executes trophic effects on cortical neurons to allow them to
grow healthy in culture and make them less susceptible to
excitotoxic death.

Finally, in an independent set of experiments, we tested the
role of VEGFR1 and VEGFR2 in driving the pro-survival effects.
Strikingly, blocking VEGFR2 activation by addition of SU1498
also resulted in a significant increase in neuronal protection,
which was further potentiated by the co-administration of VEGF
(Figure 6G). By contrast, inhibiting the activation of both
receptors with Axitinib prevented entirely the neuroprotection
exerted by VEGF (Figure 6G). These results replicated well the
effects that we described first with the in vivo model, therefore,
proving that the mechanisms of protection seen partially
encompassed a direct involvement of neuronal receptors.

DISCUSSION

Since VEGF is a molecule with pleiotropic actions that can
execute its functions by binding a number of different receptors,
the exact role of VEGF increased expression after stroke in
neuroprotective mechanisms has been the core of a controversy.
The prevailing idea on the dual effects exerted by VEGF
states that the dominant actions of this trophic factor, whether
neuroprotective or detrimental, are chiefly dictated by the timing,
dosage, and route of administration in experimental models of
stroke (Wittko-Schneider et al., 2013; Geiseler and Morland,
2018). Moreover, it has been amply described that excessive
levels of VEGF in the early phase following stroke promote BBB
alterations and a general state that favors neurodegeneration.
Interestingly, delayed administration of VEGF is more likely to
result in neuroprotection (Sun et al., 2003; Dzietko et al., 2013),
even though, others have also reported the protective effect of an
early VEGF i.c.v. administration (Kaya et al., 2005).
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FIGURE 4 | VEGFR1-dependent neuroprotection does not reflect on changes in peripheral inflammatory markers. (A) Heatmap of cytokines and VEGF detected in
CSF 24 h after stroke. (B) Heatmap of peripheral cytokines and VEGF detected in plasma 24 h after stroke. No significant differences were detected in these
markers in the acute phase following stroke. White colored areas are from groups with undetectable readings. Changes in transcriptional expression of (C) IL-1β,
(D) IL-6, and (E) TGF-β, determined by RT-qPCR relative to GAPDH in blood 24 h following stroke. No differences were found among experimental groups.

FIGURE 5 | Blockade of VEGFR1 impedes the polarization of microglia to the M2 phenotype. Representative images of brain sections co-labeled with the microglia
marker Iba-1 (red) and the M2 phenotype indicator arginase-1 (green). Images were taken from the somatosensory cortex adjacent to infarct core. Ameboid-like
activated morphology is present under all MCAO conditions in the ipsilateral side. M2 polarizations are evident in most of the Iba-1 positive cells in the MCAO groups
treated with vehicle, VEGF, SU1498 and the combination of VEGF and SU1498. Animals injected with the pan-VEGFR blocker Axitinib do not show labeling of M2
polarization in the activated microglia on the ipsilateral side. Bar equals 20 µm.

In the brain, VEGFR1 and VEGFR2 are the most expressed
receptors, with VEGFR1 showing a higher density in neurons
(Yang et al., 2003; Du et al., 2010). Several reports have

been published over the years indicating that VEGFR2 is
the receptor predominantly responsible for neuroprotective
actions, mainly by driving pro-survival signaling mediated by
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FIGURE 6 | Neuronal VEGFR1 drives neuroprotection under excitotoxic stress. (A) Representative photomicrographs of cultured cortical neurons labeled with the
neuronal marker MAP2 (green), and VEGFR1 and VEGFR2 (red). Bar equals 25 µm. (B) Neuronal survival assessed by MTT reduction of cultures exposed to
increasing concentrations of NMDA for 24 h and 10 ng/mL VEGF. The graph shows the mean ± SEM of three independent experiments. (C) Representative images
of cortical neurons exposed to increasing concentrations of NMDA for 24 h with or without 10 ng/mL VEGF, calcein stain labels alive neurons green, while dead cells
are marked by the nuclear staining of bromide homodimer in red. Bar equals 200 µm. (D) Representative micrographs of neurons exposed to sublethal
concentrations of NMDA for 24 h and stained with a membrane dye. VEGF preserved the structural integrity of neurites and dendritic spines. Images on the right are
magnifications of the indicated areas on the left. Scale bar equals 10 µm. Quantifications of neurite length (E) and dendritic spines (F) of the experiments described
in (D). Each column represents the mean ± SEM of the neurites of 5 neurons analyzed in three independent experiments. (G) Neuronal survival assessed by MTT
reduction of cultures exposed to 100 µM NMDA for 24 h and 10 ng/mL VEGF alone or in combination with 2 µM SU1498 and 0.2 µM Axitinib. The graph shows the
mean ± SEM of three independent experiments. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001 compared to NMDA alone, and ##p < 0.01,
###p < 0.001, and ####p < 0.0001 compared to untreated neurons in Kruskal–Wallis followed by Dunn post hoc test.

PI-3K/PKB and MEK/Erk pathways (Greenberg and Jin, 2013).
Here, we found that the preferential activation of VEGFR1
by the endogenous ligand promotes neuronal protection and

prevents the presentation of large volume infarcts; this is
highly correlated with neurological performance. Of note, the
concurrent activation of VEGFR2 prevents this effect, even in the
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presence of excess ligand. Strikingly, such protection still happens
at the cellular level, where neurons are better protected when
challenged to NMDA-induced excitotoxicity by the activation of
VEGFR1 if VEGFR2 is blocked.

VEGF along with its receptors 1 and 2 are transcriptionally
upregulated following stroke (Hayashi et al., 1997; Issa et al.,
1999; Plate et al., 1999; Marti et al., 2000; Hai et al., 2003; Stowe
et al., 2007, 2008) in a long-lasting fashion (Zhang et al., 2002),
through the stabilization and subsequent binding of hypoxia-
inducible factor 1 (HIF-1) to the hypoxia response element
sequence in their promoters (Forsythe et al., 1996). Also, it
has been shown that exogenous administration of VEGF causes
the upregulation of VEGFR1 and VEGFR2 (Krum et al., 2008).
Cellular distribution of VEGFRs might be key in understanding
the temporal regulation of vasculature adaptations in the acute
phase post-stroke. In this regard, the apicobasal localization
of VEGFR1 and VEGFR2 is different, where VEGFR2 is
predominantly expressed in the basal side and VEGFR1 in
the apical pole that produces a differential response when
the ligand acts at the circulation or the parenchymal sides
of endothelial cells (Hudson et al., 2014). It has also been
reported that the expression of VEGFR1 is upregulated while
VEGFR2 is downregulated in endothelial cells following hypoxia,
which changes the VEGFR1:VEGFR2 ratio altering the ultimate
responses on cell viability and recovery (Ulyatt et al., 2011).
It is also important to point out that the affinity of VEGFR1
for VEGF is about 1 order of magnitude higher than the one
for VEGFR2 (Kd 2–10 pM for VEGFR1 and 75–250 pM for
VGFR2) (de Vries et al., 1992; Ferrara, 2004; Shibuya, 2006).
Although VEGFR3 is expressed in the adult rat brain (Hou
et al., 2011), we ruled out the participation of this receptor
in the neuroprotection seen here, even when it can also be
inhibited by Axitinib, because it does not get activated by VEGF-
A (Olsson et al., 2006; Leppänen et al., 2013) and its expression
is primarily restricted to lymphatic endothelial cells (Iljin et al.,
2001), which have a very low relative abundance in the brain
(Louveau et al., 2015).

Our observations lead to reaffirm the critical role of VEGFR1
in the endogenous neuroprotective mechanisms elicited after
ischemic insults to the brain. In this regard, it is known that the
deletion of VEGF-B, a specific ligand for VEGFR1, produces 50%
larger infarcts in mice when subjected to the permanent occlusion
of the MCA in comparison to WT animals, by inhibition of
apoptotic executioner molecules (Li et al., 2008). Protein analysis
identified a significant increase of VEGF-B in CSF and the
ischemic hemispheres, with increased VEGFR1 activation that
also correlated with an increase in Akt phosphorylation, whereas
an increase in VEGF in the contralateral hemisphere correlates
with a significant increase in vascular density 7 days post-stroke
(Guan et al., 2011). VEGFR1 activation in pericytes promotes the
formation of stable new vessels in a mechanistic way independent
of endothelial cells, and also slightly attenuated inflammation
when administered in the sub-acute phase post-stroke (Jean
LeBlanc et al., 2018). In this sense, it has also been shown that
PlGF, a specific ligand for VEGFR1, is the most efficient promoter
of angiogenesis, which produces mature non-leaky new vessels
(Luttun et al., 2002; Gaál et al., 2013).

The direct VEGFR1 activation in neurons might be a
mechanism more relevant than promoting healthy angiogenesis
(Poesen et al., 2008; Dhondt et al., 2011; Ishrat et al., 2018). In
this regard, it is noteworthy that VEGF associates to neurons in
infarct and peri-infarct brain regions in a non-human primate
model of stroke (Stowe et al., 2007), and interestingly, such
association can even be more relevant than the interaction of
this growth factor with astrocytes (Shen et al., 2018). Our results,
however, indicate that all these neuroprotective mechanisms
driven by VEGFR1 are suppressed in the first hours following
stroke by the activation of VEGFR2. The exact mechanisms
underlying this phenomenon are not fully elucidated, but they
might involve the suppression of endoplasmic reticulum stress
and apoptosis (Feng et al., 2019).

VEGF has some interesting roles in regulating
neuroinflammation. It has been shown that macrophages express
more VEGF in response to disturbances in brain metabolic
homeostasis, especially responding to decreased glucose
incorporation (Jais et al., 2016), and microglia in chronically
affected regions of CNS upregulate their expression of VEGF
(Nikodemova et al., 2014). However, not much is known about
the involvement of VEGF, or its receptors, in the polarization of
macrophages/microglia under inflammation. Interestingly, very
recent evidence indicates that the antiangiogenic VEGF isoform
VEGF164b is capable of blocking VEGFR1 prompting the M1
polarization of peripheral macrophages (Ganta et al., 2019),
although it is known that this form of VEGF has neuroprotective
effects in the CNS (Beazley-Long et al., 2013). Also, M2-polarized
peripheral macrophages in culture are known to upregulate
their VEGFR1 mRNA expression (Melton et al., 2015), which
in microglial cells could lead to the inhibition of the expression
of the scavenger receptor A following stroke (Xu et al., 2017).
With the determinations carried out in the present study, we
were unable to obtain reliable readings of the levels of soluble
mediators of inflammation poured on CSF and plasma, however,
many of these markers, like IL-6, have been disregarded as
important predictors of the outcome (Clark Wayne et al., 2000;
Worthmann et al., 2010). Nonetheless, we could characterize the
overall response of microglia polarizing to the anti-inflammatory
phenotype under the experimental conditions that allow the
activation of VEGFR1. More detailed analyses are required to
characterize these responses at the molecular and cellular levels.

CONCLUSION

We found that the activation of VEGFR2 in the first hours post-
stroke obstructs endogenously-coded mechanisms of adaptation
to injury in the brain. We propose here the existence of
a VEGFR2-mediated antagonism of VEGFR1, which has not
been reported previously. This process would constitute a
fundamental mechanism of endogenous operations that drive
adaptive responses in the brain after stroke that is worthy
of further exploration. Our results also strengthen the notion
that VEGFR1 has a critical role in neuroprotection, and that
targeting this receptor would be useful at developing restorative
therapies for stroke.
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Abstract
G protein-coupled receptors (GPCRs) are transmembrane proteins that have an important

impact in a myriad of cellular functions. Posttranslational modifications on GPCRs are a

key processes that allow these proteins to recruit other intracellular molecules. Among these

modifications, phosphorylation is the most important way of desensitization of these receptors.

Several research groups have described two different desensitization mechanisms: hetero-

logous and homologous desensitization. The first one involves the phosphorylation of the

receptors by protein kinases, such as PKC, following the desensitization and internalization

of the receptor, while the second one involves the phosphorylation of the receptors by GRKs,

allowing for the receptor to recruit β-arrestins to be desensitized and internalized.
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Interestingly, a few number of studies have described the participation of β-arrestins during the
heterologous desensitization process. Hence, the aim of this review is to briefly explore the

role that β-arrestins play during the heterologous desensitization of several GPCRs.

1 INTRODUCTION
G protein-coupled receptors (GPCRs) have an important impact in a great variety of

cellular processes (Bockaert & Pin, 1999; Kumari, Gosh, & Shukla, 2015; Miao &

McCammon, 2016). The superfamily of GPCRs involves almost 1000 members that

are encoded by the genome (Ikeda, Sugihara, & Suwa, 2018; Santos et al., 2017), and

they are well known to be the target of almost 20–40% of the current therapeutic

drugs in the market (Celebiro & Godbole, 2018; Insel et al., 2018; Smith,

Lefkowitz, & Rajagopal, 2018). Currently, almost 30 GPCRs have been crystalized,

allowing not only for a high resolution view of the receptor in order to design more

specific drugs with less side effects (Grisshammer, 2017; Kruse, Manglik,

Kobilka, &Weis, 2013; Stauch & Cherezov, 2018) but also to elucidate the residues

and the intracellular domains that are responsible for the binding to other intracel-

lular proteins (Deupi, 2014; Kang et al., 2015; Lu&Wu, 2016). One of the molecules

that are known to bind GPCRs after being phosphorylated, is β-arrestins. These
proteins were originally discovered due to their ability to desensitize and internalize

several activated GPCRs during homologous desensitization (Carmona-Rosas,

Alcantara-Hernandez, & Hernandez-Espinoza, 2018), however, recent studies have

demonstrated that β-arrestins are also able to desensitize and internalize receptors

during heterologous desensitization (Shi et al., 2017; Zhang&Kim, 2017). Thismeans

that the recruitment of β-arrestins to aGPCRmayoccurwhen the receptor is phosphor-

ylated both in ligand-dependent and -independent fashions (Bohn, Lefkowitz, &

Caron, 2002; Chaturvedi et al., 2018; Ranjan, Dwivedi, Baidya, Kumar, & Shukla,

2017). In addition to this, we recently described that β-arrestins are important scaffold

proteins that need to be recruited to a receptor in order to form the multi-protein com-

plex GPCR/β-arrestin/ERK1/2, which is able to activate different downstream sig-

naling pathways (Carmona-Rosas et al., 2018). We do not pretend to present a vast

analysis of the few studies that reported the recruitment of β-arrestins to the receptor
during the heterologous desensitization process, but rather, describing the key ele-

ments of such interaction and the subsequent signaling pathways that are activated.

2 THE FORMATION OF GPCR/β-ARRESTIN COMPLEXES
DURING THE HOMOLOGOUS AND
HETEROLOGOUS DESENSITIZATION PROCESSES
GPCR desensitization is understood as a decrease in the coupling between the phos-

phorylated receptor and the G proteins. This process allows for the receptor to be

internalized through the endocytic machinery, resulting in an important decline of
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the receptor response (Magalhaes, Dunn, & Ferguson, 2012). Currently, there are

two main types of desensitization: (1) homologous desensitization, which is the

result of the activation of the receptor by a ligand and the phosphorylation of the

receptor intracellular domains, by G protein-coupled receptor kinases (GRKs),

hence, resulting in the internalization of the receptor by their coupling to β-arrestin
proteins (Shenoy & Lefkowitz, 2011). The latter proteins were described as scaffold

elements that the GPCRs employ to amplify their signaling pathways and to be

internalized into clathrin-coated pits (Delom & Fessart, 2011; Irannejad et al.,

2013; Puthenveddu & Von Zastrow, 2006) and (2) heterologous desensitization,

which is a ligand-independent process where the receptor is phosphorylated in

its intracellular domains by second messenger-dependent protein kinases, such as

protein kinase A (PKA) or protein kinase C (PKC) (Benovic et al., 1985).

Understanding the interaction between the homologous and heterologous desen-

sitization of GPCRs is currently an important field of study. Several reports have

related GRK2 and β-arrestins with the PKA/PKC-mediated regulatory pathway.

For example, the activated GRK2 is able to bind PKCβ through its pleckstrin

homology domain, resulting in the inhibition of PKC. In addition, β-arrestins are able
to inhibit the PKC-mediated regulatory pathways through the recruitment and

activation of the diacylglycerol (DAG) kinase, which subsequently regulates the

conversion of DAG into phosphatidic acid (PA). Besides, it has been reported that

β-arrestins can recruit cAMP phosphodiesterases to ligand-activated receptors, pro-

moting the degradation of cAMP, and inhibiting the activation of PKC (Fig. 1A)

(Zhang & Kim, 2017).

2.1 THE ROLE OF β-ARRESTINS IN GPCR REGULATION
Even though β-arrestins are known to hinder the binding of the receptor with the

G protein, different studies have reported that the conformation of the supercomplex

GPCR-β-arrestin–G protein exists, which allows the receptor to keep signaling in

a β-arrestin- and G protein-dependent fashion while internalized. It is important

to mention that the formation of this multi-protein complex is particular of class

B receptors, which have a great number of serine and threonine residues in the

C-terminal tail, enabling the recruitment of β-arrestins (Thomsen et al., 2016). On

the other hand, class A receptors are known to have less phosphorylated residues

in the C-terminal tail, which impairs the binding of β-arrestins to the receptors.

In addition, class B receptors may undergo homologous and heterologous desensi-

tization, being the phosphorylation of the receptor the main signal that allows the

binding of β-arrestins and the subsequent internalization and trafficking of the recep-
tors (Oakley, Laporte, Holt, Caron, & Barak, 2000). This process has been demon-

strated with several GPCRs, in particular with the β2-adrenergic receptor, (β2-AR), a
class A receptor, where the addition of phosphoacceptor residues in the C-terminal

tail, improves the binding of β-arrestin 2 to the receptor (Zindel et al., 2015).

The participation of β-arrestins in the regulation of GPCRs is a key process that

allows for the regulation of these receptors and the activation of different signaling
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FIG. 1

Schematic representations of the putative roles of β-arrestins during GPCR heterologous

desensitization. (A) β-Arrestins are able to inhibit the PKC-mediated signaling pathways

through the activation of the diacylglycerol (DAG) kinase, which is responsible for the

conversion of DAG into phosphatidic acid (PA), hence, decreasing the activity of PKC.

In addition, β-arrestins are able to activate and recruit cAMP phosphodiesterases to

ligand-activated receptors, fostering the degradation of cAMP, and inhibiting the activity

of PKC. (B) The recruitment of β-arrestin 2 to the unstimulated angiotensin 1 receptor

(AT1) is regulated by the activation of PKC, the α1A-adrenergic receptor (α1A-AR), and the

epidermal growth factor receptor (EGFR), which in turn, promotes the phosphorylation of

the AT1 receptor and the recruitment of β-arrestin 2.
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pathways, such as the MAPK cascade (Carmona-Rosas et al., 2018). Interestingly,

a few number of studies have reported the participation of these scaffold proteins

during the heterologous desensitization of several GPCRs, opening a new way of

studying the regulation of these transmembrane proteins.

3 THE ROLE OF β-ARRESTINS IN HETEROLOGOUS
DESENSITIZATION: DESCRIBING A FEW NUMBER OF STUDIES
During the last years, several studies have reported the participation of β-arrestins
during the homologous desensitization. However, little is known about the role that

these proteins play during the heterologous desensitization process. Our research

group recently reported that the activation of the sphingosine-1-phosphate receptor

(S1P) allows for the binding of β-arrestin 2 to the α1B-adrenergic receptor (α1B-AR)
(Castillo-Badillo et al., 2015). In addition, we also reported that the phosphoryla-

tion of the α1A-adrenergic receptor (α1A-AR) by PKC induces the binding of endog-

enous β-arrestin 1/2 to the receptor. These results were further confirmed by

coimmunoprecipitation assays of the α1A-AR and the endogenous β-arrestins 1/2
(Alcántara-Hernández et al., 2017). Along the same lines, it has been reported that

the activation of some GPCRs coupled to the Gs and Gq proteins promotes the phos-

phorylation of cardiac β2-AR by PKA and PKC. This process allows for the binding

of the phosphodiesterase 4D (PDE4D) to the phosphorylated receptor in a β-arrestin-
dependent manner. Subsequently, the PDE4D will have the role of hydrolyzing the

cAMP generated by the activation of the β2-AR.
Another study reported that in neurons from the locus curelous, the brief

stimulation of the μ-opioid receptor with Met5-enkephalin, causes its homologous

desensitization, however, longer times of stimulation produces the heterologous

desensitization of the α2-adrenergic receptors (α2-ARs). Such heterologous process

is regulated by β-arrestin 2 and the activation of ERK1/2. Interestingly, the inhibition
in the expression of β-arrestin 2 does not have an effect in the internalization of the

μ-opioid receptor, but does have an impact in the heterologous desensitization

of the α2-ARs (Dang, Chieng, & Christie, 2012). This interesting study suggests that

the recruitment of β-arrestin to the α2-ARs by heterologous desensitization, enables
the formation of a multi-protein complex that involves the α2-ARs, β-arrestin 2, and
ERK1/2. Disruption at any protein level inhibits the assemble of such complex. In

addition, the activation of the neuropeptide FF2 receptor was sufficient to recruit

β-arrestin 2 to the μ-opioid receptor, but not to induce its internalization. Besides,

this recruitment of β-arrestin is the result of the phosphorylation of the receptor

at serine 377 by GRK2, but not by PKA or PKC as would be expected in a heter-

ologous desensitization model (Mouledous et al., 2012). Along the same lines,

the phosphorylation of the δ-opioid receptor at serine 344 by PKC leads to the

heterologous desensitization of this receptor, which is also regulated by the recruit-

ment of β-arrestins and the internalization of the receptor into clathrin-coated vesicles
(Xiang et al., 2001).
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Interestingly, another study reported the participation of PKC in the phosphory-

lation and internalization of the dopamine 2 receptor (D2). In such study, it was

described that the pharmacological activation of PKC induces the phosphorylation

of multiple sites within two main domains in the C-terminal tail of the D2 receptor,

resulting in the recruitment of β-arrestins and the desensitization and internalization
of the receptor (Namkung & Sibley, 2004). Similarly, this was not the only study that

related the activation of PKC with the phosphorylation and subsequent internaliza-

tion of the D2 receptor. The activation of the neurotensin receptor 1 (NT1R) leads to

the PKC-mediated phosphorylation of the D2 receptor, triggering the recruitment of

β-arrestin 1, and the uncoupling of the receptor with the G protein (Thibault, Albert,

Pineyro, & Trudeau, 2011).

Recently, it was also described that the activation of PKC, Gq/11 GPCRs, and

epidermal growth factor receptor (EGFR), promotes the recruitment of β-arrestin
2 to the unstimulated angiotensin 1 receptor AT1 (Fig. 1B). This process enables

for the formation of a stability lock, which depends on the phosphorylated residues

located in the C-terminal tail of the receptor and two conserved phospho-binding

lysines in the β-arrestin 2 N-terminal domain. This process also promotes the

activation of the MAPK pathway, which depends on the internalization of the

receptor by β-arrestin 2. This study suggests that the solely phosphorylation of

the receptor is sufficient to recruit and activate β-arrestins, which may serve as

a novel mechanism of β-arrestin activation (Toth et al., 2018).

Finally, it has been described that chronic insulin treatment of Rat1 fibroblast

leads to the downregulation of β-arrestin 1 through ubiquitination and proteosomal

degradation, which is associated with a decrease in insulin growth factor receptor

I (IGF-I), lysophosphatidic acid (LPA), and β2-AR stimulation of the MAP kinase

pathway. This deficit in the activation of such kinases was restored by the expression

of exogenous wild-type β-arrestin 1 in insulin-treated cells. This suggests that the

insulin-induced decrease in β-arrestin 1 plays a role in the activation of the MAP

kinase signaling pathway triggered by some GPCRs (Dalle et al., 2002).

4 CODA/FUTURE DIRECTIONS
The regulation of GPCRs by β-arrestins is a process that has been extensively

described for many research groups. It has been proposed that several receptors have

a particular phosphorylation bar code, which allows the receptors to bind β-arrestins
and use this interaction to activate other signaling pathways (Zhou et al., 2017). Even

though this interaction has been characterized in homologous desensitization

models, little is known about such interaction during the heterologous desensitiza-

tion process. Efforts have to be done in order to further understand this cellular

process. Additionally, it would be of great interest to explore the heterologous

desensitization of other RTKs and their binding to β-arrestin 1/2, which could open

the possibility to design new drugs with less side effects.
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A B S T R A C T

The human α1D-adrenergic receptor is a seven transmembrane-domain protein that mediates many of the
physiological actions of adrenaline and noradrenaline and participates in the development of hypertension and
benign prostatic hyperplasia. We recently reported that different phosphorylation patterns control α1D-adre-
nergic receptor desensitization. However, to our knowledge, there is no data regarding the role(s) of this re-
ceptor's specific phosphorylation residues in its subcellular localization and signaling. In order to address this
issue, we mutated the identified phosphorylated residues located on the third intracellular loop and carboxyl
tail. In this way, we experimentally confirmed α1D-AR phosphorylation sites and identified, in the carboxyl tail,
two groups of residues in close proximity to each other, as well as two individual residues in the proximal (T442)
and distal (S543) regions. Our results indicate that phosphorylation of the distal cluster (T507, S515, S516 and
S518) favors α1D-AR localization at the plasma membrane, i. e., substitution of these residues for non-phos-
phorylatable amino acids results in the intracellular localization of the receptors, whereas phospho-mimetic
substitution allows plasma membrane localization. Moreover, we found that T442 phosphorylation is necessary
for agonist- and phorbol ester-induced receptor colocalization with β-arrestins. Additionally, we observed that
substitution of intracellular loop 3 phosphorylation sites for non-phosphorylatable amino acids resulted in
sustained ERK1/2 activation; additional mutations in the phosphorylated residues in the carboxyl tail did not
alter this pattern. In contrast, mobilization of intracellular calcium and receptor internalization appear to be
controlled by the phosphorylation of both third-intracellular-loop and carboxyl terminus-domain residues. In
summary, our data indicate that a) both the phosphorylation sites present in the third intracellular loop and in
the carboxyl terminus participate in triggering calcium signaling and in turning-off α1D-AR-induced ERK acti-
vation; b) phosphorylation of the distal cluster appears to play a role in receptor's plasma membrane localization;
and c) T442 appears to play a critical role in receptor phosphorylation and receptor-β-arrestin colocalization.

1. Introduction

G protein-coupled receptors (GPCRs) are the most abundant class of
sensors of the external (light, odors, tastants) and the internal (hor-
mone, neurotransmitters, autacoids) mileaux [1]. These receptors par-
ticipate in essentially all key physiological processes and are involved in
the development of many diseases, making them the target of 20–40%
of current therapeutic drugs on the market [2,3]. Among the GPCR
family are the adrenergic receptors. These receptors have been classi-
fied into α1-, α2-, and β-adrenergic subfamilies on the basis of their
structure and signaling; each subfamily is formed by three members

[4]. In turn, the α1-adrenergic receptors (α1-ARs) are composed of the
α1A-, α1B- and α1D- subtypes; the latter receptor was the subject of the
present work.

As are all the members of the GPCR family, α1D-ARs are constituted
of seven membrane-spanning domains connected by three extracellular
and three intracellular loops, an extracellular amino terminus, and an
intracellular carboxyl tail (CTail) [4]. α1D-ARs have some unique fea-
tures that have made their study very challenging. For example, α1D-
ARs have been difficult to detect in many tissues [5] and, when over-
expressed, they have a low level of expression at the plasma membrane,
being mainly localized in intracellular vesicles [6–9]. Additionally, α1D-
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ARs have constitutive activity with physiological and pathophysiolo-
gical relevance; in particular this receptor subtype appears to be in-
volved in the regulation of tissue perfusion and the control of blood
pressure, and in the pathogenesis of hypertension [10–20]. Deletion of
the first α1D-AR 79 amino acids increases its localization at the plasma
membrane [7,8,21–24]. Interestingly, cleavage in the amino terminus
occurs endogenously in human cell lines, which suggests that this could
be a physiological mechanism employed by cells to generate functional
α1D-ARs localized at the plasma membrane [25]. Once at the plasma
membrane, α1D-ARs appear to have a conserved mechanism of action:
agonist binding to the receptor's extracellular region induces trans-
membrane conformational changes, which trigger intracellular Gq/11
-receptor interactions. This activates phosphatidylinositol 4, 5 bispho-
sphate hydrolysis by PLC-β, generating inositol 1, 4, 5-trisphosphate
and diacylglycerol. Inositol trisphosphate causes the release of calcium
from intracellular stores, while diacylglycerol is able to activate protein
kinase C (PKC) and together these mediators intracellularly propagate
the signal. Sustained α1D-AR stimulation triggers the binding of G
protein-coupled receptor kinases (GRKs) and the phosphorylation of
α1D-ARs third intracellular loops and carboxyl tails, which reduces re-
sponsiveness through a mechanism known as homologous desensitiza-
tion [22–24,26,27]. Additionally, PKC activation induces α1D-AR
phosphorylation and reduces responsiveness, a process known as het-
erologous desensitization [22–24,26,27]. During the former processes,
the scaffold protein, β-arrestin, seems to associate with the receptor-
signaling complex, favoring the action of the endocytic machinery,
receptor internalization, and putatively switching from G protein-
mediated to β-arrestin-mediated signaling [28–33].

As compared to other members of the α1- subfamily, α1D-AR reg-
ulatory mechanisms remain poorly characterized. It is known that
agonists, such as noradrenaline (NA), and pharmacological activation
of PKC by phorbol 12-myristate 13-acetate (PMA) induce phosphor-
ylation and desensitization of α1D-ARs [10,22,26,27]. Using mass
spectrometry analysis, our group recently reported distinct α1D-AR
phosphorylation patterns in response to NA or PMA [22]; the data
suggested possible roles of GRK2 and conventional PKC isoforms α and
β in phosphorylations associated with α1D-AR homologous and het-
erologous desensitization. Six phosphorylated residues in the α1D-AR
third intracellular loop (IL3) and nine in the CTail were detected con-
sistently and with high probability [22]. This large number of phos-
phorylation sites and their location in different receptor domains
complicate the experimental analysis of their functional relevance.
Hence, the aim of the present work was to further explore the role of
some of these residues in α1D-AR function. In order to tackle this issue,
we generated several receptor mutants and assessed their phosphor-
ylation state, internalization, and β-arrestin binding, as well as activa-
tion of ERK 1/2 and calcium signaling. Here we show that residues
located in the carboxyl tail play roles in the signaling and subcellular
location of this adrenergic receptor. Our data indicate that there are
different points of regulation controlled by phosphorylated residues in
close proximity in the α1D-AR CTail.

2. Materials and methods

2.1. Reagents

(−)-Noradrenaline (NA), propranolol, BMY 7378, phorbol myr-
istate acetate (PMA), and lysophosphatidic acid (LPA) were obtained
from Sigma-Aldrich Chemical. AG1478 was obtained from Calbiochem
and EGF was obtained from Preprotech. [32P]Pi (8500–9120 Ci/mmol)
was obtained from Perkin-Elmer Life Sciences. Dulbecco's modified
Eagle's medium, fetal bovine serum, trypsin, Lipofectamine 2000, am-
photericin B, streptomycin, penicillin, doxycycline hyclate, hygromycin
B, blasticidin, and Fura-2 AM were purchased from Invitrogen-Life
Technologies. Wheat germ agglutinin Alexa Fluor-350 conjugate (cat-
alog number W11263), Super Signal West Pico chemiluminescence kits,

small interfering RNA (siRNA) for β-arrestin 1 (catalog number
AM16708, lot AS027ZUU), β-arrestin 2 (catalog number AM16708, lot
AS027ZUT), and scrambled siRNA (catalog number AM4611, lot
AS026WKE) were obtained from Thermo Fisher. Polyvinylidene di-
fluoride and nitrocellulose membranes were obtained from BioRad.
Polyethyleneimine was obtained from Polyscience. Agarose-coupled
protein A was obtained from Merck-Millipore. Monoclonal anti-GFP
was from Clontech (catalog number 632381, lot A5033481) and poly-
clonal anti-GFP was generated in our laboratory [22,23,34]. Anti-
phospho-ERK 1/2 (Thre202/Tyr204) (catalog number 9101S, lot: 30)
and anti-total ERK (p42/44) (catalog number 4695S, lot: 21) antibodies
were obtained from Cell Signaling Technology; β-Arrestin-1/2 (catalog
number sc-7491, lot D1615) monoclonal antibody was obtained from
Santa Cruz Biotechnology (Sc-74,591). Tetramethyl-rhodamine-con-
jugated AffiniPure anti-donkey mouse IgG (code 715-025-150) was
from Jackson Immunology. were purchased from Thermo Fisher Sci-
entific. Secondary antibodies were obtained from Jackson Immuno-
Research and Zymed (Thermo Fisher Scientific). Antibody dilutions
were 1:1000 for primary antibodies and 1:10,000 for secondary anti-
bodies.

2.2. Plasmids

cDNA coding for either amino terminus-truncated or amino- and
carboxyl termini-truncated-α1D-AR-EGFP (Enhanced Green Fluorescent
Protein) constructs (Δ1–79 and Δ1–79 and Δ440–572, respectively
[24]) were subcloned into pEGFP-N1 (Clontech). These constructs were
further subcloned into pCDNA5/FRT/TO to generate pΔN-α1D-AR-
EGFP and pΔNΔC-α1D-AR-EGFP (Flp-ln T-Rex expression system, In-
vitrogen), as previously described [22]. The latter constructs were
mutagenized to change the detected phosphorylated serines and
threonine 328 in IL3 [22] into alanines or valine, respectively (S300/
323/331/332/334A,T328 V) i. e., plasmids: pΔN-α1D-AR-MutIL3-EGFP
and pΔNΔC-α1D-AR-MutIL3-α1D-AR-EGFP. The pΔN-MutIL3-α1D-AR-
EGFP construct was then used as a template to mutagenize and generate
the following mutants: 1) T442V, 2) S543A, 3) T477V,S486/492A, 4)
T507V,S515/516/518A, 5) T477V, S486/492A,T507V,S515/516/
518A, 6) T442/477V,S486/492A,T507V, S515/516/518/543A, 7)
T477D,S486/492D, 8) T507D,S515/516/518D and 9) T442/
477D,S486/492D,T507D,S515/516/518/543D. All these constructs
were performed by Mutagenex, Inc. and proper modification was con-
firmed through sequencing by the same company.

2.3. Cells and transfection

HEK293 cells do not seem to express α1-ARs as evidenced by the
absence of calcium response to NA (in the presence of propranolol) [35]
and specific radioligand binding (unpublished). Parental Flp-In T-Rex
HEK293 cells (Invitrogen) were grown in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum, 100 μg/ml strep-
tomycin, 100 U/ml penicillin, and 0.25 μg/ml amphotericin B. To
generate inducible receptor-expressing cells, parental Flp-In T-Rex
HEK293 cells were transfected with pCDNA5/FRT/TO, containing the
cDNA coding for the previously described α1D-AR mutants, and pOG44
using Lipofectamine 2000 following the manufacturer's instructions.
Transfected cells were selected with 100 μg/ml hygromycin B and 5 μg/
ml blasticidin, as previously described [22,36]. Receptor expression
was induced with 1 μg/ml doxycycline hyclate 14–24 h before per-
forming experiments. In all experiments using NA, 1 μM propranolol
was also present, to avoid any β-adrenergic action; the addition of
propranolol by itself had no impact on any of the parameters studied. In
experiments in which the expression of β-arrestin 1/2 was knocked
down, both the β-arrestin 1 and 2 siRNA (50 nmol final of each plasmid
for each 3 cm-diameter dishes) were combined and transfected using
Lipofectamine 2000, following the manufacturer's instructions, and
cells were cultured for 48 h prior to being used.
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2.4. Receptor phosphorylation

Receptor phosphorylation was performed as previously described
[22,24]. In brief, cells, cultured in six well plates, were incubated for
3 h in phosphate-free Dulbecco's Modified Eagle's media supplemented
with 50 μCi/ml [32P]Pi. Labeled cells were stimulated with the in-
dicated compounds, washed with ice-cold phosphate-buffered saline
(PBS) solution and solubilized for 1 h in the lysis buffer [22,24]. The
extracts were centrifuged and supernatants were incubated overnight
with protein A-agarose and anti-EGFP antiserum. Samples were sub-
jected to SDS-PAGE, transferred onto nitrocellulose membranes and
exposed for 24 h. The amount of phosphorylated receptor was assessed
by PhosphorImager analysis. Western blotting for loading controls was
performed using monoclonal anti-EGFP antibodies.

2.5. Intracellular calcium determinations

Intracellular calcium concentrations were determined as previously
described [22,24]. In brief, cells were serum-starved for 2 h, then
loaded with 2.5 μM Fura-2/AM for 1 h at 37 °C. Labeled cells were
washed three times to eliminate unincorporated dye. Fluorescence
measurements were assessed at 340- and 380-nm excitation wave-
lengths and at a 510-nm emission wavelength, with a chopper interval
set at 0.5 s, using an Aminco-Bowman Series 2 Luminescence Spectro-
meter. Intracellular calcium levels were calculated as described by
Grynkiewicz et al. [37].

2.6. ERK 1/2 phosphorylation

Cells were serum-starved for 2 h before experiments. After stimu-
lation with the indicated compounds, cells were washed with ice-cold
PBS and lysed with Laemmli sample buffer [38]. Lysates were cen-
trifuged at 12,000×g for 5min, and proteins in supernatants were
separated by SDS-PAGE. Proteins were electrotransferred onto poly-
vinylidene difluoride membranes and immunoblotting was performed.
Duplicate samples were run in parallel to determine total-ERK and
phospho-ERK 1/2. For data normalization, the maximal response was
considered as 100%.

2.7. Intracellular fluorescence, receptor internalization and colocalization
with endogenous β-arrestin 1/2

Receptor internalization and colocalization assays with endogenous
β-arrestin 1/2 were performed as described [22,39]. In brief, cells were
seeded to reach 50% confluence into glass-bottomed Petri dishes and
were cultured for 24 h at 37 °C in media containing 1% serum and
stimulated with NA or PMA. After stimulation, the cells were washed
with PBS, fixed with 4% paraformaldehyde in 0.1M phosphate buffer
for 30min at room temperature, and then washed three times with PBS.
To determine intracellular fluorescence and receptor internalization,
the plasma membrane was delineated using the differential interference
contrast image, and fluorescence in such an area was excluded; in-
tracellular fluorescence was quantified employing ImageJ software
[40–42]. To determine membrane-receptor colocalization additional
experiments were performed using Alexa Fluor-350-conjugated wheat
germ agglutinin (20 μg/ml) for membrane labeling. To determine the
colocalization of the α1D-AR with β-arrestin 1/2, the cells were fixed, as
indicated previously, and samples were permeabilized with 0.3% Triton
X-100 for 15min at 4 °C. The samples were then incubated with 3% BSA
for 1.5 h at room temperature, in the absence or presence of the anti-β-
arrestin 1/2 antibody (1:200) with 3% BSA in 50mM Tris base-buffered
saline (pH 7.4) containing 0.1% Tween 20. After this process, the
samples were washed twice, were incubated for 2 h in the same buffer
containing a tetramethyl-rhodamine-conjugated secondary antibody

(1500) and then washed with PBS with soft agitation. Confocal mi-
croscopy images were acquired with an Olympus Fluoview FV10 with
an oil-immersion objective (60× at 5.0 zoom), 2.0 confocal aperture
X16 quality high, and 512× 512 size. To determine α1D-AR/β-arrestin
1/2 colocalization, the overlap of the two fluorophores (EGFP/rhoda-
mine) was estimated employing ImageJ software [40–42]. Re-
presentative images showing green channel fluorescence, red channel

Fig. 1. Schematic representation of the α1D-AR mutants. Panel A: The phos-
phorylation residues of the α1D-AR detected by MS analysis are located in the
IL3 and in the C-terminal tail. Such residues were mutagenized to non-phos-
phorylatable amino acids: serine residues changed into alanine and threonine
residues changed into valine. Panel B: Schematic representation of the α1D-AR
mutants. Dotted lines in the constructs represent the deletion of the first 79
amino acids of the N-terminal region (ΔN, 1–79). The mutant ∆N-MutIL3 was
generated taking the ∆N receptor as a template. Yellow section in this mutant
indicates that the residues S300, S323, S331, S332, S334 and T328 located in
the IL3, were mutagenized by non-phosphorylatable residues, as previously
described. Subsequently, the ∆N-MutIL3 mutant was mutagenized in T442 (∆N-
MutIL3-P.R.), S543 (∆N-MutIL3-D.R.), T477, S486, S492 (∆N-MutIL3-P.C.,
proximal cluster), T507, S515, S516, and S518 (∆N-MutIL3-D.C., distal cluster),
T477, S486, S492, T507, S515, S516, and S518 (∆N-MutIL3-D.M.) and T442,
T477, S486, S492, T507, S515, S516, S518, and S543 (∆N-MutIL3-T.M.).
Deletion of the last amino acids (440–572) in the CTail (ΔN).
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Fig. 2. NA-and PMA-induced phosphorylation of the different α1D-AR mutants. Cells expressing the different constructs were stimulated with NA 10 μM and PMA
1 μM for 15min and compared to the ∆N receptor. In all cases, cultures were processed in parallel and data were normalized to the percentage of the ΔN receptor's
baseline (B) phosphorylation. Plotted lines are the means and vertical lines representing S.E.M. of 3–5 independent experiments. Representative autoradiographs and
Western-blots are presented below each graph. Panel 2A, * P < 0.005 vs. ΔN receptor's baseline; Panel 2B, *P < 0.001 vs, ΔN receptor's baseline, ** P < 0.005 vs.
ΔN receptor's baseline, & P < 0.05 vs. ΔN receptor's baseline, && P < 0.001 vs. ΔN receptor's corresponding stimulus; Panel 2C, * P < 0.001 vs. ΔN receptor's
baseline, & P < 0.01 vs. ΔN receptor's PMA; Panel 2D, * P < 0.005 vs. ΔN receptor's baseline, & P < 0.005 vs. ΔN receptor's PMA; Panel 2E, * P < 0.005 vs. ΔN
receptor's baseline, & P < 0.001 vs. ΔN receptor's corresponding stimulus; Panel 2F, * P < .005 vs. ΔN receptor's baseline, & P < 0.005 vs. ΔN receptor's baseline,
&& P < 0.001 vs. ΔN receptor's corresponding stimulus; Panel 2G, * P < 0.001 vs. ΔN receptor's baseline, & P < 0.001 vs. ΔN receptor's corresponding condition.
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fluorescence, merged images, and pixel-by-pixel colocalization are
presented. At least 10 different images per condition were obtained for
each experiment.

2.8. Statistical analyses

Statistical comparisons between two conditions was performed
employing the Student's t-test (Figures 7 and 20; indicated in the text).
All other statistical analysis (comparisons between groups with three or
more variables) were evaluated using a parametric analysis of variance
(ANOVA) with Bonferroni's post-test, assuming Gaussian data dis-
tribution (http://www.graphpad.com/guides/prism/7/statistics/index.
htm). We utilized the software included in GraphPad Prism 6 software
to perform these analyses. A P value < 0.05 was considered statisti-
cally significant.

3. Results

3.1. α1D-AR phosphorylation sites and site-directed mutagenesis

Using mass spectrometry, we previously reported that α1D-AR har-
bors six phosphorylated residues (S300, S323, T328, S331, S332, and
S334) in IL3 and nine more on the CTail (see below) [22]. One of the
main goals of the present work was to experimentally define the role(s)
of the CTail phosphorylation residues. To accomplish this, first we
identified that phosphorylation sites in the CTail have a particular ar-
rangement, i.e., two isolated residues (T442 and S543) and two groups
of residues with close proximity; we named these groups as proximal
cluster (T477, S486, S492) and distal cluster (T507, S515, S516, S518)
(Fig. 1A).Taking this arrangement into account, we generated a com-
bination of point mutations and deletions on the α1D-AR (Fig. 1B). As

Fig. 3. Subcellular localization of α1D-AR mutants
under baseline conditions and schematic re-
presentation of the mutants with aspartic acid. Panel
A: Cells expressing the different constructs of α1D-AR
were analyzed under baseline conditions by confocal
microscopy. Images are representative of data of 5–7
experiments using different cell preparations. Panel
B: ∆N-MutIL3 was used as a template to change the
residues located in the proximal (∆N-MutIL3-P.C.
Asp), and distal cluster (∆N-MutIL3-D.C. Asp) as well
as in both clusters and both proximal and distal re-
sidues (∆N-MutIL3-T.M. Asp), by aspartic acid
(phospho-mimetic). Red sections in the constructs
represent these mutations. Panel C: ∆N-MutIL3-P.C.
Asp, ∆N-MutIL3-D.C. Asp, and ∆N-MutIL3-T.M. Asp
mutants were analyzed under baseline conditions by
confocal microscopy. Images are representative of
data of 5–7 experiments using different cell pre-
parations.
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already mentioned, the α1D-AR amino terminus negatively controls its
membrane-targeting [7,8,21–24]. Therefore, all of the mutants were
designed using the amino-truncated receptor (∆N; abbreviated names
will be used for clarity). Non-phosphorylatable substitutions in the six
residues in IL3 (∆N-MutIL3) were obtained. These two modifications
represent a compromise necessary to obtain: a) membrane expression
and b) to eliminate the contribution of phosphorylation at the IL3 in our
studies. Then, we used this latter mutant as a template to further in-
dividually mutagenize the proximal residue T442 V (∆N-MutIL3-P.R.)
and the distal residue S543A (∆N-MutIL3-D.R.), as well as the proximal
and distal clusters (∆N-MutIL3-P.C. and ∆N-MutIL3-D.C., respectively).
We also included a double mutant where both clusters were changed
(∆N-MutIL3-D.M.) and a total mutant (∆N-MutIL3-T.M.), including all
of these substitutions in the CTail. Finally, we employed the previously
reported carboxyl tail-truncated receptor (∆N∆C) [22] and a further
mutated form in which IL3 phosphorylated residues were changed into
non-phosphorylatable amino acids (∆N∆C-MutIL3) [22]. All of these
mutants were tagged with EGFP for confocal microscopy imaging and
biochemical studies.

Next we utilized Flp-In T-Rex HEK293 cells expressing the former
mutants to asses receptor phosphorylation during homologous and
heterologous desensitization, i.e., in the presence of 10 μM NA or 1 μM
PMA for 15min. Agents, concentrations, and incubation times were
selected based on previously reported data [22]. In independent par-
allel experiments, the phosphorylation of the ∆N receptor was com-
pared with each of the other mutants and all data were normalized to
the phosphorylation of the ∆N receptor detected under baseline con-
ditions. ∆N receptor baseline phosphorylation increased approximately
2-fold after stimulation with NA and PMA, as illustrated in Fig. 2A. In
cells expressing the ∆N-MutIL3 receptor, baseline phosphorylation and
the actions of NA and PMA were marginally decreased when compared
to those of the ΔN receptor (not statistically significant). The CTail
mutation on the proximal residue (∆N-MutIL3-P.R.), resulted in a re-
ceptor with decreased baseline labeling and phosphorylation in re-
sponse to NA and PMA (Fig. 2B). On the other hand, the mutant re-
ceptor with the non-phosphorylatable distal residue (∆N-MutIL3-D.R.)
did not exhibit any clear difference in baseline or NA-induced phos-
phorylation when compared with the ΔN mutant, but the effect of PMA
was reduced (Fig. 2C). Similarly, the proximal cluster mutant (∆N-
MutIL3-P.C.) increased its phosphorylation in response to NA, but not
after PMA stimulation (Fig. 2D). Interestingly, the receptor with the
mutated distal cluster, ∆N-MutIL3-D.C., showed a slight decrease in
basal phosphorylation but marked attenuation of phosphorylation ob-
served in response to NA or PMA (Fig. 2E). Baseline phosphorylation of
the receptor containing the double-cluster mutations (∆N-MutIL3-D.M.)
diminished below ∆N baseline levels and nearly no effect of NA or PMA
was detected (Fig. 2F). Very similar results were obtained with the total
mutant (∆N-MutIL3-T.M.) (Fig. 2G). Overall, these data experimentally
confirmed that α1D-AR phosphorylation specifically occurs at the re-
sidues depicted in Fig. 1A. It appears that phosphorylatable residues in
proximal and distal clusters and distal residue, S543, might be phos-
phorylated during PMA-induced desensitization and that mutations in
the distal cluster also disturb NA-induced phosphorylation. Phosphor-
ylation of ∆N∆C and ∆N-MutIL3-∆C mutants was reported previously
[22].

3.2. α1D-AR plasma membrane localization is regulated by CTail distal
cluster phosphorylation

Cells expressing the α1D-AR mutants described previously were
studied using confocal microscopy. Under baseline conditions, we ob-
served that the control receptor (∆N) and the mutant containing sub-
stitutions in the IL3 (∆N-MutIL3), as well as receptors additionally
containing single mutations in the proximal and distal residues (∆N-
MutIL3-P.R. and ∆N-MutIL3-D.R., respectively) were mainly located at
the plasma membrane. In contrast, receptors including non-

phosphorylatable substitutions in the CTail proximal or distal clusters
were found mainly in vesicles (Fig. 3A). Prompted by this observation,
we measured intracellular fluorescence to qualitatively determine the
main subcellular location of each mutant. As depicted in Fig. 4, we
normalized all data to the signal detected in the control receptor (∆N),
i. e., it was considered as 100%. As Fig. 4 illustrates, we detected some
intracellular fluorescence in ∆N, ∆N-MutIL3, ∆N-MutIL3-P.R. and in
∆N-MutIL3-D.R., whereas the following mutants showed approximately
a 4-fold increment of fluorescence located intracellularly: ∆N-MutIL3-
P.C., ∆N-MutIL3-D.C., ∆N-MutIL3-D.M. and ∆N-MutIL3-T.M. Moreover,
the carboxyl truncated mutants (∆N∆C and ∆N∆C-MutIL3) revealed a 6-
fold increase of intracellular fluorescence. In other words, truncation of
the entire CTail or substitutions in the phosphorylation clusters con-
tained in this domain blocked the receptor's ability to reach or remain
at the plasma membrane.

Under the latter premise, we hypothesized that phosphorylation of
such residues in close proximity might regulate receptor subcellular
localization. In order to test this, we generated phospho-mimetic mu-
tants containing aspartic acid substitutions. As presented in Fig. 3B, the
phosphorylatable residues were changed to aspartic acid in the prox-
imal (∆N-MutIL3-P.C. Asp) and distal clusters (∆N-MutIL3-D.C. Asp), as
well as in both clusters plus the isolated residues, to generate a total
phospho-mimetic mutant (∆N-MutIL3-T.M. Asp). We observed abun-
dant vesicles in cells expressing ∆N-MutIL3-P.C. Asp (Fig. 3C). This
mutant also showed a 4-fold increment of intracellular fluorescence,
similar to the mutants lacking phosphorylation clusters (Fig. 4). Sur-
prisingly, ∆N-MutIL3-D.C. Asp and ∆N-MutIL3-T.M. Asp mutants were
fully expressed at the plasma membrane (Fig. 3C) and they both showed
intracellular fluorescence levels equivalent to the control (intracellular
fluorescence quantifications are presented in Fig. 4). In order to confirm
these results, colocalization experiments employing Alexa Fluor-350-
conjugated wheat germ agglutinin were performed with six of the
mutants employed (∆N, ∆N-MutIL3, ∆N-MutIL3-D.C., ∆N-MutIL3-T.M.,
∆N-MutIL3-D.C. Asp and ∆N-MutIL3-T.M. Asp). Wheat germ agglutinin
is generally considered as a membrane marker but also binds to gly-
coproteins present in other organelles [43]. Observations were nor-
malized to the colocalization observed with cells expressing the ΔN
mutant. As shown in Fig. 5, in non-permeabilized cells, the lectin la-
beled the plasma membrane but also some structures present inside the
cells; this was much more clearly observed in cells containing large
amounts of vesicles. Despite this, the colocalization data (Fig. 5) con-
firmed the previous findings (Fig. 4). Altogether, these results suggest
that, specifically, distal-cluster phosphorylation could be necessary and
sufficient to allow α1D-AR plasma membrane localization.

Fig. 4. Intracellular fluorescence quantification (α1D-AR mutants) under base-
line conditions. Accumulation of intracellular fluorescence under baseline
conditions was quantified for α1D-AR mutants. Data were normalized to that
observed in cells expressing the ΔN mutant (100%). Plotted lines are the means
and vertical lines representing S.E.M. of 7 independent experiments in each of
which 3–5 cells were analyzed (n=20–35). * P < 0.001 vs ∆N.
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Fig. 5. Colocalization of α1D-AR mutants with Alexa
Fluor-350-conjugated wheat germ agglutinin
(plasma membrane marker) under baseline condi-
tions. Cells expressing the different constructs of α1D-
AR were fixed and stained with Alexa Fluor-350-
conjugated wheat germ agglutinin (WGA), as in-
dicated under Material and Methods. Fluorescence
was analyzed under baseline conditions by confocal
microscopy and ImageJ analysis. Panel A, Receptor-
membrane marker colocalization, normalized to ΔN
mutant baseline value (100%), is presented. Plotted
are the means and vertical lines representing S.E.M.
of 4 independent experiments in each of which 10
cells were analyzed (n=40). * P < 0.001 vs. ∆N
mutant and P < 0.001 vs. ΔN-MutIL3-D.C. Asp; **
P < 0.001 vs. ∆N mutant and P < 0.001 vs. ΔN-
MutIL3-T.M. Asp. Panel B, representative images
showing: receptor fluorescence (GFP), WGA fluores-
cence, Merge images and colocalization (white).
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3.3. Phosphorylation on α1D-AR CTail specific residues regulates the
mobilization of intracellular Ca2++

Next, we evaluated agonist-induced mobilization of intracellular
calcium to determine the functionality of the receptors previously de-
scribed. As depicted in Figs. 6, 10 μM NA elicited an increase of over
100 nM intracellular calcium in cells expressing the ∆N receptor,
whereas it scarcely reached 100 nM in cells expressing the ∆N-MutIL3
mutant. Remarkably, in CTail mutants lacking phosphorylatable single
residues or clusters (∆N-MutIL3-P.R., ∆N-MutIL3-D.R., ∆N-MutIL3-P.C.,
and ∆N-MutIL3-D.C.), calcium release was markedly reduced as com-
pared with those expressing the ∆N receptor. Calcium increments were
even smaller in double and total mutants (∆N-MutIL3-D.M. and ∆N-
MutIL3-T.M.). As a positive control, we measured the response of en-
dogenously expressed lysophosphatidic acid receptors, using 1 μM LPA,
and a consistent increase in calcium concentration (≈ 100 nM) was
observed in cells expressing the different mutants. When we examined
receptors containing the phospho-mimetic mutations, we observed that
the proximal cluster mutant (∆N-MutIL3-P.C. Asp) partially recovered
its ability to mobilize intracellular calcium. Interestingly, distal cluster
and total mutants containing the phospho-mimetic mutations (∆N-
MutIL3-D.C. Asp and ∆N-MutIL3-T.M. Asp) were able to increase cal-
cium to concentrations similar to those of the control (ΔN receptor-
expressing cells). These data suggest that phosphorylation of the CTail
region, mainly at the distal cluster, controls the ability of α1D-AR to
trigger the calcium signaling pathway. NA-induced increases in in-
tracellular calcium in cells expressing the ∆N∆C and ∆N-MutIL3-∆C
mutants were reported previously [22]. The effect of NA on in-
tracellular calcium concentration as affected by NA, PMA and BMY
7378 (inverse agonist) [10,11,24] is presented in Supplementary Fig.
S1. In agreement with the previous data, NA action was robust in cells
expressing the ΔN mutant; this was of smaller magnitude in cells ex-
pressing the ΔN-MutIL3 mutant and even smaller in cells expressing the
ΔN-MutIL3-T.M. receptors. Similarly, the ability of PMA and BMY 7378
was very clear in cells expressing the ΔN mutant and marginal (but
statistically significant) in cells expressing the total mutant (Supple-
mentary Fig. S1).

3.4. α1D-AR mutants' ERK activation kinetics

A different pathway initiated by α1D-AR was investigated. ERK 1/2
phosphorylation was determined under baseline conditions and after 2,
5, 15, 30, and 60min of incubation with 10 μM noradrenaline. As it is
shown in Fig. 7A, the ∆N mutant showed a rapid increase in ERK
phosphorylation after 5 and 15min, and subsequently, this signal de-
creased at 30 and 60min. In the same way, the rest of the mutants also
presented a quick increase in ERK 1/2 phosphorylation. However, the
signal remained elevated in all of these even after 60min of observation
(this trend was statistically significant (Student's t-test P < 0.05;
60min vs. ∆N mutant) except for the ∆N-MutIL3-D.R. and ∆N-MutIL3-
D.M. mutants). Representative Western blots of the p-ERK 1/2 and
total-ERK 1/2 of each mutant are presented (Fig. 7B).

3.5. α1D-AR activation of ERK is regulated by the transactivation of the EGF
receptor and β-arrestins

It has been observed that α1D-AR activation induces the shedding of
active epidermal growth factor (EGF) that stimulates the EGF receptor
and contributes to the activation of ERK 1/2 [44]. Fig. 8A shows that
when cells expressing the ∆N receptor are treated with EGF, a robust
increase in ERK 1/2 phosphorylation can be detected. AG1478, a spe-
cific inhibitor of EGF receptor endogenous tyrosine kinase activity [45]
totally abolished the EGF effect. Cells stimulated with NA for 5min,
also showed an important increase in ERK 1/2 phosphorylation; inter-
estingly, this activation was markedly diminished when the cells were
pre-incubated with AG1478 and then challenged with NA (Fig. 8A). It
has been shown that activation of ERK depends in some cells on the
binding of β-arrestins to GPCRs, forming a multi-protein complex:
GPCR/β-arrestin/ERK1/2 [32]. In order to explore the possible parti-
cipation of β-arrestins, we knocked down the expression of β-arrestin 1/
2 by using small interfering RNA. Fig. 8B illustrates the increase in ERK
1/2 phosphorylation when cells expressing the ∆N mutant were sti-
mulated with NA for 5 and 60min. Scrambled small interfering RNA
induced a very small decrease (not statistically significant) of NA-in-
duced ERK phosphorylation, as presented in the same figure. In con-
trast, when β-arrestin1/2 was knocked down, a clear decrease of NA-
induced ERK phosphorylation was detected, at 5 and 60min. β-arrestin
1/2 knock down was confirmed by Western blot analysis (Fig. 8B). The
roles of EGF receptor transactivation and of β-arrestin 1/2 knock down
were also tested in cells expressing the ΔN-MutIL3-T. M. mutant and the
results were very similar, i. e., data confirmed the role of these pro-
cesses in α1D-AR ERK 1/2 activation (Supplementary Fig. S2). Overall,
these experiments suggest that transactivation of EGF receptors and β-
arrestins participate in NA-induced ERK 1/2 activation, in cells ex-
pressing the receptor mutants employed.

3.6. The α1D-AR mutants have a different kinetic of internalization triggered
by NA and PMA

α1D-AR internalization using confocal microscopy was studied next.
In order to achieve this, we exclusively studied the mutants that were
mainly expressed at the plasma membrane under baseline conditions.
Attempts to study this with mutants that were mainly internalized
proved to be impossible with this approach. To evaluate the kinetic
profiles of internalization, cells were stimulated with NA or PMA. The
intracellular fluoresce of cells expressing each mutant, under baseline
conditions, was considered as 100% (Figs. 9 and 10); these baseline
values were very similar as shown in Fig. 4. As depicted in Fig. 9A, we
stimulated the cells with NA 10 μM and detected an increase in the
intracellular florescence at 5 and 15min in the ∆N mutant. Subse-
quently, the intracellular signal vanished and was barely detected at 30

Fig. 6. NA- and LPA-induced mobilization of intracellular calcium in cells ex-
pressing the different α1D-AR mutants. Cells expressing the different constructs
were stimulated with NA 10 μM (dashed bars) or LPA 1 μM (solid bars) and
increases (Δ [Ca2+] i nM; baseline subtracted) in intracellular calcium con-
centration were determined. Plotted are the means and vertical lines re-
presenting S.E.M. of 5–7 independent experiments. * P < 0.005 vs. ∆N, NA-
stimulation; * P < 0.001 vs. ∆N, NA-stimulation. No significant difference was
observed when the response to LPA stimulation in the different cell lines was
compared.
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and 60min. The ∆N-MutIL3 mutant was also internalized in response to
NA, but remained so, along the 60min of stimulation (Student's t-test
vs. the ∆N mutant, P < 0.001at 60min). Interestingly, the ∆N-MutIL3-
P.R. and ∆N-MutIL3-D.R. mutants behaved in a similar manner to those
of the ∆N mutant, i.e., there was an increase in intracellular fluores-
cence at 5 and 15min and a partial decrease of such a signal at 30 and
60min (Student's t-test: P < 0.001 vs. the ∆N mutant and P < 0.001

vs. the ΔN-MutIL3 mutant at 60min). Fig. 9B presents the images of the
kinetic profiles of internalization of each α1D-AR mutant.

Next, we decided to evaluate the kinetic profile of internalization of
the same mutants by stimulating the cells with 1 μM PMA. As shown in
Fig. 10A, we detected that the ∆N mutant progressively internalized
during the 60min of incubation. In contrast, the ∆N-MutIL3 reached the
maximal internalization at 15min and then intracellular fluorescence

Fig. 7. Time-course of NA-induced activation of ERK1/2 in the different α1D-AR mutants. Cells expressing the different constructs were stimulated for the times
indicated with NA 10 μM, and ERK1/2 phosphorylation was determined. Plotted lines are the means and vertical lines representing S.E.M. of at least 4 independent
experiments. Representative Western-blots for total-ERK1/2 and phospho-ERK1/2 are presented below the graph.
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gradually decreased toward baseline values (Fig. 10A, Student's t-test
vs. the ∆N mutant, P < 0.001 at 60min). The ∆N-MutIL3-P.R. simi-
larly reached its maximal internalization at 15min,but intracellular
fluorescence remained at that level during the remaining of the in-
cubation (Student's t-test vs. the ∆N mutant and ΔN-MutIL3 mutant,
P < 0.001 in both comparison, at 60min). The ∆N-MutIL3-D.R. mu-
tant behaved like the ∆N-MutIL3 mutant (Fig. 10A, Student's t-test vs.
the ∆N mutant, P < 0.001 at 60min). Fig. 10B presents representative
images of the kinetic profile of internalization of each α1D-AR mutant
under the action of PMA.

3.7. The α1D-AR mutants colocalize with endogenous β-arrestin1/2

β-arrestins are scaffold proteins known to bind and participate in
the internalization of ligand-activated receptors. This process allows for
a GPCR to maintain signaling while internalized in endosomes in a β-
arrestin-dependent fashion [29,46,47]. Hence, we examined the colo-
calization of endogenous β-arrestins with the α1D-AR mutants that are
expressed at the plasma membrane, taking into consideration the time
at which each mutant was maximally internalized in response to NA or
PMA. Data were normalized to the colocalization observed, under
baseline conditions, in cells expressing each mutant. As it is shown in
Fig. 11A, colocalization was observed under baseline conditions with
all of the cells studied and mainly at the plasma membrane (Fig. 11B);
this could be due to the α1D-AR intrinsic activity. However, this was less
clear with the ∆N-MutIL3-P.R mutant (Fig. 11B). When cells were
treated with NA or PMA, the ∆N, ∆N-MutIL3 and ∆N-MutIL3-∆-D.R.
mutants increased their colocalization with endogenous β-arrestin1/2,
and colocalization was also clearly observed intracellularly (Fig. 11,
panels A and B). Interestingly, the ∆N-MutIL3-∆P.R. mutant did not
increase its colocalization with β-arrestins in response to NA or PMA.
Representative images of the colocalization of each mutant with en-
dogenous β-arrestin1/2, under the conditions described, are illustrated
in Fig. 11B. When the primary anti-β-arrestin antibody was omitted
during the immunostaining procedure, essentially no fluorescence was
observed in the red channel and consequently no colocalization was
detected; these data indicate that the observed fluorescence was due to
detection of the anti-β-arrestin antibody and not to unspecific im-
munostaining by the secondary antibody (Supplementary Fig. S3). Co-
localization of α1D-AR and β-arrestin was absent in cells expressing
receptors located in intracellular vesicles (data not shown). It must be
stated that colocalization does not necessarily imply physical interac-
tion of these proteins.

4. Discussion

α1D-AR is known for being an elusive GPCR, whose expression,
cellular localization, and function, as well as its roles in the develop-
ment of cardiovascular diseases and other maladies, remain only par-
tially known to date [48–51]. The ability of agonists and phorbol esters
to induce α1D-AR phosphorylation and the association of this process
with receptor desensitization has been known for some time
[22–24,26,27]. A series of α1D-AR phosphorylation sites were recently
defined by employing mass spectrometry [22]. This latter work re-
vealed that there are six phosphorylated residues located in the IL3 and
nine in the CTail, and that several protein kinases could putatively
target such residues, including PKC α/β and GRK2. In our present ex-
periments, we observed that as the phosphorylation sites were sub-
stituted by non-phosphorylatable amino acids, baseline phosphoryla-
tion, as well as those observed in response to receptor activation (NA)
or PKC stimulation (PMA), decreased. Therefore, the identified 15
amino acids seem to be the major targets of the protein kinases involved

Fig. 8. Regulation of ERK 1/2 phosphorylation by EGF receptor transactivation
and β-arrestins in cells expressing the ∆N receptor. Panel A: Cells were pre-
incubated in the absence or presence of AG1478 10 μM (AG) and then chal-
lenged with EGF 100 ng/ml or NA 10 μM for 5min. Plotted are the means and
vertical lines representing the S.E.M. of 3 independent experiments. *
P < 0.001 vs. baseline (B); & P < 0.001 vs. absence of AG1478.
Representative Western-blots for total-ERK 1/2 and phospho-ERK 1/2 are
presented below the histogram. Panel B: Cells were nor transfected (first group
or bars), or they were transfected with either a scrambled siRNA (second group
of bars) or with a specific siRNAs to block the expression of β-arrestin 1/2 (third
group of bars) Cells were stimulated with NA 10 μM for 5 (5′) or 60min (60′).
Plotted are the means and vertical lines representing S.E.M. of 3 independent
experiments. * P < 0.001 vs. respective baseline (B); ** P < 0.05 vs. re-
spective baseline (B); & P < 0.005 vs NA 5′ non-transfected cells and P < 0.05
vs. NA 5′ scrambled siRNA; && P < 0.05 vs. NA 60′ non-transfected cells.
Representative Western-blots for total-ERK 1/2, phospho-ERK 1/2, and β-ar-
restins (β-arr1/2) are presented below the histogram.
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in α1D-AR phosphorylation. However, in the total mutant, i. e. in the
receptor in which all the 15 detected residues were substituted by non-
phosphorylatable amino acids, a very weak but consistent receptor
phosphorylation was detected, including some marginal actions of NA
and PMA. It is important to consider that the reported phosphorylated
residues were those that were consistently detected in the different
mass spectrometry analysis performed and with high probability (i. e.,
high Ascore value [52]) [22]. However, during the course of that study,
other phosphorylation sites were detected, although not in all the
analysis or with low probability value. Therefore, it is possible that the
remaining phosphorylation detected could be due to such sites. It
should be mentioned that in our previous experiments using the mu-
tant, ΔNΔC-MutIL3 (in which the amino and carboxyl termini were
deleted and the identified phosphorylated sites at the IL3 were sub-
stituted by non-phosphorylatable residues), we were unable to detect
receptor phosphorylation and no evidence for stimulation by NA or
PMA were observed [22]. These data suggest the possibility that the
unidentified phosphorylation site(s) could be present at the CTail.

Interestingly, the ∆N-MutIL3-P.R. mutant in which the proximal
residue, T442, was modified to valine showed a decrease in baseline as
well as in stimulated (NA and PMA) receptor phosphorylation. Such
decrease was much larger than could have been anticipated, because
only one of the phosphorylation targets was modified. This might
suggest that such a residue could be an important regulator of total
receptor phosphorylation. In addition, this mutant, although mainly
localized at the plasma membrane, appears to colocalize poorly with β-

arrestins in response to NA or PMA. This could be related with its de-
creased phosphorylation, since it has been shown structurally that
phosphorylation of CTail peptides is critical for β-arrestin binding [53].
However, we cannot discard the possibility that the amino acid sub-
stitution could alter the structure in such a way that both receptor
phosphorylation and colocalization with β-arrestins could be perturbed.
GPCR association with β-arrestins has been mainly observed during
homologous desensitization and the information of such possible in-
teraction during heterologous desensitization is scarce; our present data
suggest that this takes place in the course of both processes.

We previously observed that an amino- and carboxyl-termini-trun-
cated receptor (i. e., the ΔNΔC α1D-AR mutant) was able to increase
intracellular calcium (G protein signaling) and could be desensitized by
PKC activation [18]. The lack of the CTail altered the mitogen activated
kinase pathways in some cells (Rat-1 fibroblasts or neuroblastoma
B103), but not in the HEK cell line [17]. We also observed that mutants
lacking the CTail (i. e., the ΔNΔC and ΔNΔC-MutIL3 receptors) were
mainly localized in intracellular vesicles [16], which was confirmed in
the present work. It has been reported that the α1D-AR CTail is of im-
portance for this receptor's proper plasma membrane targeting/inser-
tion, because interaction with proteins such as syntrophins seems to be
involved and this takes place through the receptor's CTail-located PDZ
domain [44,45].

One of the major findings of the present work is the relationship
between phosphorylatable residues and α1D-AR cellular localization. As
already mentioned, current ideas indicate that GPCR phosphorylation

Fig. 9. Time-course of NA-induced internalization of the different α1D-AR mutants. Panel A: Accumulation of intracellular fluorescence in response to NA 10 μM in
cells expressing the ∆N, ∆N-MutIL3, ∆N-MutIL3-P.R. and ∆N-MutIL3-D.R. mutants. The intracellular fluorescence observed, under baseline conditions, in cells
expressing each of the mutants was considered as 100%. Plotted are the means and vertical lines representing S.E.M. of 7 independent experiments in each of which
3–5 cells were analyzed (n=20–35). Panel B: Representative images.
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triggers an association with the scaffold protein, β-arrestin, favoring the
action of the endocytic machinery, receptor internalization and puta-
tively switching from G protein-mediated signaling to β-arrestin-
mediated action [28–33]. Some of the present results indicate that not
all GPCR phosphorylations trigger receptor internalization, but rather
the opposite: these results were totally unexpected and extremely
puzzling, but at the same time, are provocative and their interpretation
is challenging.

Our data indicate that the phosphorylation state of residues T507,
S515, S516, and S518, which are located in the distal cluster of the C-
terminal tail, regulate the subcellular localization of α1D-ARs. When
these residues were exchanged for non-phosphorylatable amino acids,
the α1D-ARs were localized mainly in intracellular vesicles. This was
contrary to our expectations; i. e., we anticipated that the absence of
phosphorylation sites would favor receptor retention at the plasma
membrane. The possibility that the amino acid substitutions could alter
the receptor's conformation was considered, but substitution of these
same residues for the phospho-mimetic amino acid, aspartic acid, re-
stored the receptor's plasma membrane localization. This is completely
counter to the general idea that all GPCR phosphorylations could be
functionally translated into desensitization, internalization, and pos-
sible degradation, and that a general action of protein phosphatases
might trigger receptor recycling. The present findings suggest that these
processes are more complex than anticipated and that it is likely that
phosphorylation at some specific sites could lead to internalization,
whereas at others this might favor membrane localization. To the best

of our knowledge, this is the first study indicating that the phosphor-
ylation of certain residues in a GPCR CTail could favor receptor loca-
lization at the plasma membrane. However, it must be mentioned that it
has been reported that prolonged inhibition of PKC induces down-
regulation of sphingosine 1-phosphate S1P1 receptor surface expres-
sion, associated to decreased receptor phosphorylation, but the me-
chanisms or residues involved were not explored [54]. Similarly, there
is evidence that phosphorylation of channel receptor (also called “io-
notropic receptors”) subunits, such as those of AMPA/Glutamate re-
ceptors or GABAA receptors increase their membrane localization (see,
for example [55–58]).

The steady state density of plasma membrane receptors results from
a balance between several complex processes, i. e., anterograde trans-
port and insertion into the plasma membrane, internalization and re-
cycling. Intracellular accumulation of receptors might result from de-
creased plasma membrane insertion, by a reduced time of residence in
this organelle due to increased internalization or improper recycling;
these events are not mutually exclusive and combinations might exit in
response to key structural modification. The absence of α1D-AR phos-
phorylation sites, in the distal CTail cluster, could render membrane
targeting/insertion more difficult or could impede it. Similarly, it is
possible that even if membrane insertion takes place, the absence of this
phosphorylated sites could reduce the time of residence of these re-
ceptors at the plasma membrane by increasing its internalization and/
or reducing its recycling back to this organelle. All these possibilities,
together with the intrinsic activity of α1D-ARs, might explain why with

Fig. 10. Time-course of PMA-induced internalization of the different α1D-AR mutants. Panel A: Accumulation of intracellular fluorescence in response to PMA1 μM in
cells expressing the ∆N, ∆N-MutIL3, ∆N-MutIL3-P.R. and ∆N-MutIL3-D.R. mutants. The intracellular fluorescence observed, under baseline conditions, in cells
expressing each of the mutants was considered as 100%. Plotted are the means and vertical lines representing S.E.M. of 7 independent experiments in each of which
3–5 cells were analyzed (n= 20–35). Panel B: Representative images.
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Fig. 11. Colocalization of the α1D-AR mutants with endogenous β-arrestin 1/2. Panel A. Cells expressing the ∆N, ∆N-MutIL3, ∆N-MutIL3-P.R., and ∆N-MutIL3-D.R.
mutants were treated without any agent (B, baseline) or stimulated with NA 10 μM or PMA 1 μM for the times at which each mutant showed a higher level of
internalization (i. e., 5,. 15 or 30min, as indicated in each histogram). Data were normalized considering the baseline colocalization observed, under baseline
conditions, as 100%. Plotted are the means and vertical lines representing S.E.M. of 7 independent experiments in each of which 3–5 cells were analyzed
(n=20–35). * P < 0.05 vs. baseline (B). Panel B. Representative images are presented showing the α1D-AR mutants (α1D-AR, green channel), β-arrestins 1/2 (β-
arrestins, red channel), merge images (merge) and colocalization (colocalization, white); treated as indicated; B, baseline, NA 10 μM or PMA 1 μM.
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this receptor subtype, a relatively high degree of baseline phosphor-
ylation was consistently observed [22–24,26,27]. In fact, S516 and
S518 were detected as phosphorylated under baseline conditions in our
work using mass spectrometry [22]. It is possible, therefore, to suggest
that during receptor internalization and recycling processes, a series of
different protein kinases and phosphatases could participate, forming
functional elements of the signaling complexes, in a dynamic fashion.

Modification of the proximal cluster (T477, S486, and S492) with
non-phosphorylatable amino acids also induces an important in-
tracellular localization of these receptors, but substitution with aspar-
tate did not favor their presence at the plasma membrane. This suggests
that the proximal cluster might also play a role in receptor subcellular
distribution but one of minor importance.

Interestingly, the ∆N-∆C and ∆N-MutIL3-∆C mutants exhibited a
very high degree of internal localization as compared with the re-
mainder of the mutants. This suggests the possibility that the CTail
might exert a pivotal influence on the subcellular localization of this
receptor. It is possible that, in addition to the detected phosphorylation
sites, other undetected phosphorylation sites and/or structural elements
in the CTail could have an impact on the expression of this GPCR at the
plasma membrane.

The functional data obtained in this work are also worth con-
sidering. Previous information had shown that CTail truncation (i.e.,
the ΔNΔC mutants) did not decrease the ability of NA to increase in-
tracellular calcium concentration [22,24], the latter being a G protein-
triggered action. However, substitution of the phosphorylation sites
with non-phosphorylatable amino acids leads the ΔN-MutIL3 receptor
mutant to exhibit a partially decreased ability to increase intracellular
calcium in response to NA; similar data were obtained for the ΔNΔC-
MutIL3, as previously reported [22]. In addition, it was observed in this
work that all of the different mutants of the CTail containing non-
phosphorylatable amino acid substitutions exhibited a decreased cal-
cium response to NA. In contrast, mutants with aspartate substitution in
the clusters maintain the ability to increase intracellular calcium in
response to the adrenergic agonist, either partially (∆N-MutIL3-P. C.
Asp mutant) or completely (∆N-MutIL3-D. C. Asp and ∆N-MutIL3-T. M.
Asp mutants). With these mutants there seems to exist a correlation
between their ability to increase intracellular calcium in response to NA
and their localization at the plasma membrane. In the case for the ΔNΔC
mutant, there was a large accumulation of receptors in intracellular
vesicles but nonetheless, a full calcium response was observed [22,24];
with the ΔNΔC-MutIL3 mutant NA-induced calcium response was
smaller (confirmed in the present work, data not shown). It is likely,
therefore, that membrane localization and an unmodified IL3 are cri-
tical for proper α1D-AR-Gq interaction and consequent calcium sig-
naling; however, we cannot discard the possibility that phosphor-
ylatable residues or structural elements in the α1D-AR CTail might
participate in the interaction with Gq.

The ability of the different α1D-AR receptor mutants to increase ERK
1/2 phosphorylation was studied. This is a signaling process that gov-
erns cell proliferation, differentiation and survival and it is modulated
through many cellular pathways [32,59]. Not surprisingly, it was ob-
served that both the expression of β-arrestin 1/2, and EGF receptor
transactivation play roles in this action. We evaluated NA-activated
ERK 1/2 phosphorylation in cells expressing the different receptors, and
our results indicated that the kinetic profile of activation was very si-
milar for all receptors containing the MutIL3 non-phosphorylatable
mutation (i. e., a rapid and essentially sustained activation for up to
60min) but different from what was observed with the ∆N receptor (i.
e., a rapid activation that progressively decreased after 30min); this is
consistent with previous observations [22] and suggests the possibility
that phosphorylation of IL3 plays a major role in turning off ERK 1/2
activation. Receptors containing the ∆N-MutIL3 mutation and non-
phosphorylatable substitutions in the CTail markedly activated the ERK
1/2 pathway, but were defective in increasing intracellular calcium in
response to NA, i.e., they behaved as biased receptors.

It has been observed that phosphorylation of a given GPCR can take
place at different sites, depending on cell type and other conditions, and
that this is associated with different functional outcomes. The possibi-
lity that such an association could be causally related has been sug-
gested and has been denominated the bar-code hypothesis [60–62].
Efforts to characterize phosphorylation sites of different GPCRs and
their functional significance have been reported (see, for example,
[22,39,63–69]). The data presented here, supports the phosphorylation
bar-code concept and indicates a new role for GPCR phosphorylation (i.
e., one favoring membrane localization). If this is unique feature of α1D-
ARs or can be generalized for other GPCRs remains to be determined.

5. Conclusions

Our present results suggests that phosphorylation of a CTail distal
cluster (T507, S515, S516 and S518) favors α1D-AR localization at the
plasma membrane, i. e., substitution of these residues for non-phos-
phorylatable amino acids results in the intracellular accumulation of
the receptors, whereas phospho-mimetic substitution allows plasma
membrane localization. Substitution of IL3 phosphorylation sites for
non-phosphorylatable amino acids resulted in agonist-induced sus-
tained ERK1/2 activation, which was not altered by additional muta-
tions in the phosphorylated residues in the CTail. In contrast, mobili-
zation of intracellular calcium appears to be controlled by IL3 and CTail
phosphorylation states. IL3 mutation affects, differentially, NA- and
PMA-induced receptor internalization and substitution of the CTail
phosphorylation sites seems also to participate in this process.
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Abstract

When C. elegans hermaphrodites are deprived of food during the mid-L4 larval stage and

throughout adulthood, they enter an alternative stage termed “adult reproductive diapause

(ARD)” in which they halt reproduction and extend their lifespan. During ARD, germ cell pro-

liferation stops; oogenesis is slowed; and the gonad shrinks progressively, which has been

described as the “oogenic germline starvation response”. Upon refeeding, the shrunken

gonad is regenerated, and animals recover fertility and live out their remaining lifespan. Little

is known about the effects of ARD on oocyte quality after ARD. Thus, the aim of this study

was to determine how oocyte quality is affected after ARD by measuring brood size and

embryonic lethality as a reflection of defective oocyte production. We found that ARD affects

reproductive capacity. The oogenic germline starvation response protects oogenic germ

cells by slowing oogenesis to prevent prolonged arrest in diakinesis. In contrast to a previ-

ous report, we found that germ cell apoptosis is not the cause of gonad shrinkage; instead,

we propose that ovulation contributes to gonad shrinkage during the oogenic germline star-

vation response. We show that germ cell apoptosis increases and continues during ARD via

lin-35/Rb and an unknown mechanism. Although apoptosis contributes to maintain germ

cell quality during ARD, we demonstrated that apoptosis is not essential to preserve animal

fertility. Finally, we show that IIS signaling inactivation partially participates in the oogenic

germline starvation response.

Introduction

To ensure species continuity, animals have developed mechanisms for protecting germ cells

during stressful conditions. The C. elegans hermaphrodite germline serves as an excellent

model for studying cell biology. In C. elegans hermaphrodites, 2 identical U-shaped gonad

arms contain germ cells (Fig 1A). Under control conditions, L4 hermaphrodites (Fig 1C and
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1E) produce approximately 40 germ cells that give rise 160 spermatids per gonad arm, which

are stored within each spermatheca. Thereafter, during the adult stage, the remaining germ

cells either differentiate into oocytes or are eliminated by physiological germline apoptosis [1,

2]. Physiological apoptosis is an essential mechanism for maintaining oocyte quality during

oogenesis, as it promotes the allocation of nutrients to growing oocytes [3]. The most proximal

oocytes arrest in diakinesis until they are fertilized, then complete meiosis and begin embryo-

genesis [3, 4] (Fig 1A and 1D). During its fertile period, a hermaphrodite produces approxi-

mately 300 new organisms in 3 days by self-fertilization with very low embryonic lethality

(approx. 1–2 dead embryos/animal). Then, they cease laying eggs and live for 15 more days

[4].

The short, highly stereotyped reproductive cycle of Caenorhabditis elegans can be altered

when animals are deprived of food and enter into reversible states of growth arrest or diapause,

depending on the stage in which they are deprived of food [5]. Animals subjected to high tem-

peratures, crowding or fasting during the L1-L2 stage transition develop into a well-studied

alternative larval stage known as the “dauer” stage. During dauer diapause, animals seal their

orifices and form a thick impermeable cuticle, allowing them to endure stress for months [6].

When mid-L4 larvae or adult hermaphrodites face starvation conditions, they enter into

adult reproductive diapause (ARD), characterized by delayed reproduction and an extended

lifespan [7, 8]. ARD is a not yet fully elucidated form of diapause and differs from dauer dia-

pause since animals starved at a low population density can enter and maintain this alternate

developmental stage [8]. It has been observed that when starvation begins during the late-L4

or adult stage, embryos are retained in utero, hatch and cause the hermaphrodite’s death [7];

however, this fate can be avoided if embryo viability is inhibited [8]. During ARD, the her-

maphrodites’ gonad shows a remarkable change; it shrinks in size progressively and the num-

ber of germ cells decreases to a small pool of ~35 cells [7] (Fig 1B and 1F). Starvation causes

subsequent halting of the cell cycle in mitotically proliferating germ cells, which remain quies-

cent until conditions are restored [9]. The starved hermaphrodites form a single oocyte per

gonad arm and usually carry 1–2 developing embryos within the uterus. These embryos are

the result of delayed ovulation and fertilization, which occur approximately every 8 h ([8] and

Fig 1B and 1F).

Remarkably, gonad shrinking and delayed reproduction are reversible [7, 8]. Following

refeeding, germ cells resume their cell-cycle progression and start dividing, causing gonad

regeneration, which, at least morphologically under the microscope, resembles a young adult

gonad that never has been starved [7–9]. Hermaphrodites recover fertility and produce prog-

eny by self-fertilization or mating [7]. Angelo and van Gilst (2009) proposed that apoptosis

plays a crucial role during ARD, since apoptosis-defective mutants subjected to starvation

from the mid-L4 stage do not reduce their gonad size and are unable to recover fertility after

ARD [7].

ARD extends not only the total lifespan but also the reproductive period of animals [7]. In

C. elegans, as in many other organisms, fertility declines with age [10], and oocyte quality is

greatly affected during aging [3]. Adult reproductive diapause has been proposed as an anti-

aging mechanism for protecting the germline [7]. Despite the numerous unexplained aspects

of this phenomenon, whether ARD protects oocyte quality and the mechanisms that control

this phenomenon have not yet been determined.

In this report, we use brood size and embryonic lethality to reflect defective oocyte produc-

tion to investigate the effects of ARD on oocyte quality. We found that ARD affects gametes’

reproductive capacity and prevents oogenic germ cells from undergoing prolonged arrest in

diakinesis. During ARD, germ cell apoptosis is very active; however, in contrast to a previous

report, we found that it is not important for gonad shrinking. We observed that increased

Apoptosis partially protects germ cells from starvation during ARD
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Fig 1. Comparison between well-fed and starved adult hermaphrodite gonad arms in Caenorhabditis elegans. Schematic representation of well-fed

(A) and starved (B) adult hermaphrodites. (C, E) Nomarski image of mid-L4 gonad arms. (D) Nomarski image of a hermaphrodite that was well-fed for

3 days. (F) Nomarski image of a hermaphrodite that was starved for 3 days from mid-L4. In all images one gonad arm is outlined in white; the distal

gonad is marked with an asterisk (�); and the arrow points to the proximal gonad. Scale bar = 20 μm.

https://doi.org/10.1371/journal.pone.0218265.g001
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germ cell apoptosis during ARD depends partially on lin-35/Rb and an unknown mechanism.

We propose that ovulation causes gonad shrinking by exhausting gonad contents when a few

oocytes are produced. Finally, DAF-2 inactivation causes gonad shrinking in the presence of

food suggesting that it may partially participate in this pathway. Here, we describe the effects

of ARD on fertility and the regulation of germ cell apoptosis under starvation conditions.

Materials and methods

Strains

C. elegans strains were maintained as described previously [11]. All strains were grown at 20˚C

or the permissive temperature using Escherichia coli OP50 as food. The wild-type strain was

N2 Bristol. For the daf-2 experiments, 15˚C and 25˚C were used as the permissive and restric-

tive temperatures, respectively. For the pha-4(zu225) experiments, 24˚C and 15˚C were used

as the permissive and restrictive temperatures, respectively. Heterozygous EU31 skn-1(zu135)
animals segregate as Unc and WT: Unc individuals were picked for maintenance, and WT

individuals laid eggs that did not hatch. For the fog-1(q253) experiments, 15˚C and 25˚C were

used as the permissive and restrictive temperatures, respectively. fog-1(q253) worms were

maintained at 15˚C and upshifted to 25˚C to feminize their germline. The alleles used were as

follows: JK560 fog-1(q253), CB4108 fog-2(q71), MD701 ced-1::gfp(bcIs39), cep-1(gk138);ced-1::

gfp(bcIs39), MT3002 ced-3(n1286), RB2071 ced-3(ok2734), MT1522 ced-3(n717), CB1370 daf-2
(e1370), DR1309 daf-16(m26);daf-2(e1370), MT10430 lin-35(n745), GR1307 daf-16(mgDf50),
EU31 skn-1(zu135), SM190 pha-4(zu225), VC446 alg-1(gk214), RB1206 rsks-1(ok1255), SS712

ife-1(bn127), WS2973 gla-3(op212), RN083 daf-2(e1370);ced-1::gfp, and RN084 lin-35(n745);
ced-1::gfp. All the strains were obtained from the Caenorhabditis Genetics Center (CGC).

Image acquisition

Animals were mounted with 10 μl of 0.01% tetramisole in M9 on 2% agarose pads and

observed using a Nikon Eclipse E600 microscope equipped with an AxioCam MRc camera

(Zeiss). Images were obtained using Axio Vision software (Zeiss) and processed with ImageJ

software.

Starvation protocol

We performed the starvation protocol described by Seidel and Kimble (2011) [8]. Synchronous

L1 populations were obtained by bleaching gravid hermaphrodites. The resulting embryos

were washed in M9, transferred to conical tubes and incubated for 18 h at 20˚C in a gyratory

rocker. Hatched L1s were collected and placed in 10 cm plates seeded with OP50 at a density

of ~1,200 L1s per plate until they reached the mid-L4 stage. To initiate starvation, the animals

were collected with M9 medium and washed up to 6 times until no turbidity was observed;

they were then placed in 10 cm plates with or without food at a density of ~10,000 animals per

plate.

Apoptosis assay

Cell corpses were counted using the MD701 bcIs39 [Plim-7::ced-1::gfp;lin-15(+)] transgenic

strain. After the starvation protocol, animals were placed in seeded plates as the control condi-

tion or in unseeded plates as the starvation condition. Animals were transferred daily until

they ceased laying eggs and were then picked, anesthetized, mounted and visualized under an

epifluorescence microscope.

Apoptosis partially protects germ cells from starvation during ARD
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Germ cell quantification

We used DAPI staining to quantify the germ cells in each gonad arm as described by Silva-

Garcı́a and Navarro (2013) with some modifications [12]. Animals were dissected on glass cov-

erslips, which were then inverted and placed on a polylysine-treated slide. The samples were

freeze-cracked, fixed, stained with DAPI, mounted using 10 μl of Vectashield (Vector Lab) and

visualized through fluorescence microscopy.

Fertility assay

We determined the brood size and embryonic lethality, resulting from self-fertilization and

mating as described by Bukhari et al., 2012 [13]. Single mid-L4 hermaphrodites were trans-

ferred to seeded NGM plates and maintained at 20˚C. Animals were transferred to fresh plates

each day until they ceased laying eggs. For the recovery of self-fertilizing animals following

starvation, single hermaphrodites that had spent 5 days under starvation were transferred to

seeded NGM plates and then to fresh plates each day until they ceased laying eggs. For mating

animals, either mid-L4, well-fed 6-day-old or recovered fog-(q253) or fog-2(q71) animals were

individually transferred to seeded NGM plates and crossed with 4 well-fed 1-day-old wild-type

males. Twenty-four hours after the transfer of hermaphrodites, the embryos that did not hatch

were scored as dead embryos. Forty-eight hours after the transfer of hermaphrodites, the num-

ber of larvae was scored.

Long-term immobilization

We determined the temporal progression of germ cell corpse clearance using a method

described by Kim et al., 2013 [14]. Briefly, animals were immobilized using 0.5 μl of a suspen-

sion of polystyrene beads (Polysciences, 2.5% by volume, 0.1 μm diameter) on 10% agarose

pads. Germ cell corpses were visualized and imaged at 60X magnification until they were

completely cleared.

Ovulation rate

We followed the methodology described by Huang et al., 2012 [15]. Animals were individually

scored for the number of embryos within the uterus using Nomarski microscopy, then trans-

ferred to fresh plates with food for 4 h and finally scored for the number of embryos within the

uterus and those laid on the plate. More than 30 animals were observed for each genotype. The

ovulation rate per gonad arm per hour = (embryos at the end of a time interval—embryos at

the beginning) / (2 x number of animals x time interval).

Statistical comparisons

The t-test or Mann-Whitney U test was used for comparisons with controls in fertility assays.

For multiple comparisons in apoptosis, fertility assays and germ cell corpse clearance assays,

the data were analyzed using one way ANOVA and Dunn’s test for multiple comparisons.

Results

Animals that undergo ARD do not recover their full fertility because this

condition affects germ cell quality

We wanted to study how fertility and germ cell quality are affected after exposing animals to

ARD. Although it has been reported that wild-type animals survive up to 30 days in ARD,

their self-fertility is severely impaired after 15 days of starvation [7]. Therefore, we decided to
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study the effect of ARD when animals are exposed to 5 days of starvation because this period is

sufficient to reduce hermaphrodite self-fertility by up to 50% [7]. To conduct our experiments,

we used synchronized populations of mid-L4 larvae that were fed (control) or starved (no bac-

teria) for 5 days and then refed. For simplicity we will refer to starved/refed nematodes as

recovered animals. We quantified the brood size of self-fertilizing recovered wild-type her-

maphrodites and compared it to that of well-fed nematodes. We found that the recovered

wild-type hermaphrodites produced smaller broods than those that grew under control condi-

tions (29% of the wild-type brood size; Table 1, Fig 2A).

When we analyzed the progeny produced by the control and recovered animals by day, we

observed that recovered animals produced fewer offspring during the first two days after

refeeding, after which progeny production peaked at the third day and ceased at the fifth day

(Fig 2B). It is likely that the delay in offspring production in recovered animals was due to the

gonad regeneration process, which usually takes two days.

One explanation for the low fertility after ARD is that because the starvation experiments

started at the mid-L4 larval stage (approx. 4 h after L4 molting), when spermatogenesis has not

yet been completed, insufficient sperm production could occur. To discard this possibility, we

quantified sperm production in starved animals once they were close to completing the L4 lar-

val stage (approx. 8 h after L4 molting) by DAPI staining. Control wild-type animals produced

an average of 105.11± 1.1 sperm (N = 36, Fig 2C) and starved wild-type animals produced a

similar number of 101.89 ± 2.5 (N = 37). After 5 days of L4 larval molting, the control wild-

type animals did not have any more sperm in their spermatheca, while 5-day-starved wild-type

animals still harbored an average of 102.5 ± 0.68 sperm (N = 28, Fig 2C). We conclude that

even during prolonged starvation sufficient sperm are produced, therefore this is not a factor

that explains low progeny numbers after ARD.

We also quantified the embryonic lethality of self-fertilizing recovered hermaphrodites

after ARD and found that recovered animals exhibited significantly higher embryonic lethality

than control animals (3.8 ± 0.3 dead embryos/worm in recovered animals vs. 2.1 ± 0.1 dead

embryos/worm in control animals, i.e., 1.8-fold; Table 1, Fig 2D).

To counteract the effect of ARD on sperm, we quantified the brood size and embryonic

lethality of wild-type hermaphrodites that were exposed to ARD and later crossed with well-

fed wild-type males. Under control conditions, mid-L4 wild-type hermaphrodites were

crossed with 4 wild-type males overnight and then transferred daily to new Petri dishes until

they ceased laying embryos. For ARD, mid-L4 wild-type animals were deprived of bacteria for

5 days, then transferred to plates with food and immediately crossed with 4 well-fed wild-type

males. We observed that the fertility of recovered wild-type animals crossed with well-fed

males improved considerably (81% of that in control wild-type animals) even though their

brood size never reached that of the control (Fig 2E). Additionally, we did not observe signifi-

cant differences in embryonic lethality between these two groups of animals (2.6 ± 0.3 dead

embryos in control mated animals vs. 2.8 ± 0.6 dead embryos in recovered mated animals;

Table 1, Fig 2F). Our results suggest that ARD affects fertility and embryonic survival due to

defects in oogenic germ cells; however, we were not able to rule out the possibility that sperm

quality is impaired under starvation conditions.

Feminized germlines are more sensitive to ARD than those of wild-type

animals

To test the effect of ARD exclusively on oogenic germ cells, we used fog-1(q253) and fog-2(q71)
mutant animals, which have feminized germlines. Female fog-2(q71) animals are unable to

produce sperm and only reproduce when they are crossed with males [16]. fog-1(q253)

Apoptosis partially protects germ cells from starvation during ARD
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hermaphrodites are temperature sensitive and at the restrictive temperature (25˚C) they

exhibit feminized gonads [17]. Under control conditions, single mid-L4 virgin fog-2(q71)
females were crossed with 4 wild-type males overnight and then transferred daily to new Petri

dishes until they ceased laying embryos. For ARD, virgin mid-L4 fog-2(q71) females were

deprived of bacteria for 5 days, then recovered on food for 24 h and crossed with 4 wild-type

males overnight. We compared the brood size and embryonic lethality of control and recov-

ered fog-2 mutant animals. We observed that recovered fog-2(q71) animals produced smaller

broods than control fog-2(q71) animals (56.5% of the brood size of control animals, Table 1,

Table 1. Fertility assays in diverse genetic backgrounds used in this study.

Genotype Brood Size Dead Embryos N

WT 231.8 ± 2.3 2.1 ± 0.1 144

Recovered WT 67.0 ± 2.9 ��� 3.8 ± 0.3 ��� 69

Control WT 424.9 ± 8.3 2.6 ± 0.3 22

x WT males

Recovered WT 344.8 ± 26.3 n.s 2.8 ± 0.6 n.s. 17

x WT males

Control fog-2(q71) 324.5 ± 6.5 2.4 ± 0.3 46

x WT males

Recovered fog-2(q71) 183.2 ± 5.6 � 4.0 ± 0.3 � 42

x WT males

Prolonged diakinesis fog-2(q71) 55.8 ± 2.3 � 4.8 ± 0.2 � 51

x WT males

Control fog-1(q253) 302.3 ± 7.0 2.5 ± 0.1 31

x WT males

Recovered fog-1(q253) 177.1 ± 3.3 � 4.4 ± 0.2 � 35

x WT males

Prolonged diakinesis fog-1(q253) 65.0 ± 1.6 � 5.6 ± 0.1 � 39

x WT males

Control ced-3(n717) 141.0 ± 2.6 8.1 ± 0.7 43

Recovered ced-3(n717) 53.1 ± 1.8 � 7.3 ± 0.5 � 41

Control ced-3(n1286) 143.8 ± 3.2 7.5 ± 0.4 88

Recovered ced-3(n1286) 52.0 ± 2.3 � 12.3 ± 0.8 � 58

Control ced-3(n717) 315.6 ± 8.6 19.8 ± 3.0 11

x WT males

Recovered ced-3(n717) 248.9 ± 12.3 �� 19.3 ± 1.9 n.s. 20

x WT males

Hermaphrodites with the different genetic backgrounds were individually selected at the mid-L4 stage and transferred to new plates every 24 h until they ceased laying

embryos. Recovered wild-type hermaphrodites were selected at the mid-L4 stage, starved for 5 days and transferred to new plates every 24 h until they ceased laying

embryos. t-test (control vs. recovered). Control fog-1(q253) and fog-2(q71) animals were individually selected in the mid-L4 stage, mated with well-fed males and

transferred to fresh plates daily until they ceased laying embryos. Recovered virgin fog-1(q253) and fog-2(q71) animals were selected in the mid-L4 stage and starved for

5 days, then individually refed for 1 day, mated with well-fed males and transferred to fresh plates daily until they ceased laying embryos. Virgin fog-1(q253) and fog-2
(q71) animals were selected in the mid-L4 stage and placed on food for 6 days, then mated with well-fed males and transferred to fresh plates daily until they ceased

laying embryos. Plates were scored for dead embryos and total progeny. Embryos that did not hatch within 24 h after being laid were scored as dead. Dunn’s test (wild-

type values as control). n.s. non significant.

� P � 0.05

�� P � 0.01

��� P� 0.001

https://doi.org/10.1371/journal.pone.0218265.t001
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Fig 2. Animals subjected to ARD do not recover their fertility due to defects in germ cells. (A) The graph represents the brood size produced by self-

fertilizing control (black) and recovered (red) wild-type animals. Mid-L4 hermaphrodites were allowed to self-fertilize (black) or were starved for 5 days and

then refed (red). The data represent the mean brood size (±SEM) per animal. Statistical significance was determined by the Student’s t-test (P� 0.001). (B)

Quantification of the progeny produced on each day by self-fertilizing control (black line) and recovered (red line) wild-type animals. Time-course data are

displayed as the mean (±SEM) number of progeny per time point. (C) Quantification of sperm produced by wild-type animals under control conditions (black

Apoptosis partially protects germ cells from starvation during ARD
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Fig 3A) and showed higher embryonic lethality (1.7-fold; 2.4 ± 0.3 dead embryos/worm in fog-
2 control animals vs. 4 ± 0.3 dead embryos/worm in fog-2 recovered animals; Table 1, Fig 3B).

To confirm our findings we compared the brood size and embryonic lethality of control

and recovered fog-1(q253) mutant animals. To do so, a group of synchronized hermaphrodite

fog-1(q253) animals were grown from L1-mid-L4 at 25˚C and then individually transferred to

a plate with bacteria and 4 wild-type males overnight as a control. Another group of fog-1
(q253) animals was transferred to plates without bacteria and incubated for 5 days at 25˚C. On

the fifth day, the animals were recovered for 24 h in a plate with bacteria and then individually

transferred to plates with bacteria and crossed with 4 wild-type males overnight. Recovered

fog-1(q253) mutant animals showed significantly fewer progeny than control animals (Fig 3A

and Table 1). Additionally, recovered fog-1(q253) mutant animals showed higher embryonic

lethality (1.7-fold; 2.5 ± 0.1 dead embryos/worm in fog-1 control animals vs. 4.4 ± 0.2 dead

embryos/worm in fog-1 recovered animals; Table 1, Fig 3B). Our results demonstrate that

ARD affects oogenic germ cells to an extent that could interfere with embryo survival long

after starvation has been ended. Since we observed that the effect of ARD was stronger in femi-

nized mutants, we conclude that some genetic backgrounds could be more sensitive than

others.

Oogenic germline starvation response prevents germ cells from entering

oogenesis arrest

Well-fed virgin fog-2 mutant animals’ do not produce sperm; instead, all of their germ cells

develop as oocytes, and the most proximal remain arrested in diakinesis within the gonad [16].

When fog-2 mutant animals are mated after prolonged diakinesis arrest, their fertility and

embryonic viability are severely affected [3]. By the fifth day after L4 molting, well-fed wild-

type hermaphrodites have exhausted their sperm supply and arrested oocytes in diakinesis can

be observed in the gonad (approx. 9) (Fig 4A). During the oogenic germline starvation

response in wild-type animals, oogenesis is delayed but does not seem to be arrested (at least

for the first 3 days after fasting); no stacking oocytes are observed and it is possible to distin-

guish only one developing oocyte per gonad arm ([8] and Fig 4B). In contrast, we observed

stacked oocytes in 5-day-old ARD virgin fog-2 mutant animals (approx. 7, Fig 4D) although

they exhibited fewer stacked oocytes than well-fed 5-day-old virgin fog-2 animals (approx. 11,

Fig 4C). We also observed that fog-1(q253) mutant animals that were starved for 5 days at the

restrictive temperature showed stacked oocytes within their gonads (approx. 4, Fig 4F)

although they presented fewer stacked oocytes than well-fed 5-day-old virgin fog-1 animals

(approx. 8, Fig 4E).

To continue testing whether the oogenic germline starvation response during ARD exerts a

protective effect on germ cells, we compared the quality of germ cells when they were exposed

to prolonged arrest in meiosis under well-fed conditions vs. ARD. We crossed well-fed 6-day-

line) or subjected to ARD (red line) at several time points: the late-L4 larval stage and 1, 3 and 5 days after the mid-L4 larval stage. The data are displayed as the

mean (±SEM) number of sperm per time point. (D) The number of dead embryos within the progeny of self-fertilizing wild-type animals under control (black)

and recovered conditions (red) was calculated. Data represent the mean number of dead embryos (±SEM) per animal. Statistical significance was determined by

the Mann-Whitney rank sum test (P� 0.001). (E) The graph represents the brood size produced by mating control (black) and recovered (red) wild-type

animals. Well-fed mid-L4 hermaphrodites were individually mated to 4 well-fed wild-type males overnight and were then transferred individually to fresh plates

until they ceased laying eggs (black). For the recovered animals, mid-L4 hermaphrodites were starved for 5 days, then recovered on food and mated to 4 well-fed

1-day-old wild-type males overnight, then transferred individually to fresh plates until they ceased laying eggs (red). The data represent the mean brood size

(±SEM) per animal. Statistical significance was determined by the Mann-Whitney rank sum test (P� 0.024). (F) The number of dead embryos within the

progeny produced by mating wild-type animals under control (black) and recovered conditions (red) to well-fed wild-type males was calculated. Data represent

the mean number of dead embryos (±SEM) per animal. Statistical significance was determined by the Mann-Whitney rank sum test, and the difference was not

significant (n.s.).

https://doi.org/10.1371/journal.pone.0218265.g002
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Fig 3. Germlines from feminized mutant backgrounds are more sensitive to ARD that those of wild-type animals. (A) The graph represents the brood size

produced by mating virgin fog-2(q71) and fog-1(q253) mutant animals to well-fed wild-type males. Mid-L4 virgin animals from different genetic backgrounds

were mated to 4 well-fed wild-type males overnight, then transferred individually to fresh plates until they ceased laying eggs (black). Mid-L4 virgin mutant

animals were starved for 5 days, recovered on food for 24 h and then mated with 4 well-fed 1-day-old wild-type males overnight, after which they were

transferred individually to fresh plates until they ceased laying eggs (red). Well-fed 6-day-old virgin mutant animals, which exhibited stacked oocytes arrested in

prolonged diakinesis within the gonad, were mated with 4 well-fed 1-day-old wild-type males overnight and then transferred individually to fresh plates until

they ceased laying eggs (green). The data represent the mean brood size (±SEM) per animal. Statistical significance was determined by one-way ANOVA on

ranks, followed by Dunn’s test (P<0.05). (B) The graph shows the number of dead embryos within the progeny produced by mating with well-fed wild-type

males under control conditions (black), recovered conditions (red) and prolonged arrest in diakinesis (green). The data represent the mean number of dead

embryos (±SEM) per animal. Statistical significance was determined by one-way ANOVA on ranks, followed by Dunn’s test (P<0.05). (C) Quantification of

dead embryos within the progeny produced each day by mating with wild-type males under control (black line) and recovered (red line) conditions and

prolonged arrest in diakinesis (green line). Time course data are displayed as the mean (±SEM) number of dead embryos per time point. (D) Number of germ

cells per gonad arm in wild-type and fog-2 (q71) and fog-1(q253) mutant animals. The graph represents the average number of germ cells scored using DAPI

staining in dissected gonads during the mid-L4 stage (0) and 5 days after the mid-L4 stage under starvation conditions.

https://doi.org/10.1371/journal.pone.0218265.g003

Apoptosis partially protects germ cells from starvation during ARD

PLOS ONE | https://doi.org/10.1371/journal.pone.0218265 June 13, 2019 10 / 30

https://doi.org/10.1371/journal.pone.0218265.g003
https://doi.org/10.1371/journal.pone.0218265


old virgin fog-2 and fog-1 mutant animals with well-fed wild-type males and determined their

brood size and embryonic lethality, which were compared to those of fog-2(q71) and fog-1
(q253) mutant animals crossed under control and recovered conditions. We found that well-

fed 6-day-old fog-2 and fog-1 mutant animals produced smaller broods (by 17% and 22%,

respectively) than the controls and even smaller broods (by 30.5% and 36.7%, respectively)

than animals recovered after 5 days of ARD (Fig 3A, Table 1).

Additionally, well-fed 6-day-old fog-2 and fog-1 mutant animals exhibited higher embry-

onic lethality than control (by 2- and 2.2-fold, respectively) and recovered animals (1.2- and

1.3-fold, respectively) (Fig 3B and Table 1). We observed that dead embryos were present

mainly during the first day in well-fed 6-day-old fog-2 and fog-1 mutant animals (Fig 3C). Sim-

ilarly, in fog-2 and fog-1 mutant recovered animals, the main peak of dead embryos was

Fig 4. The gonads of feminized germline mutant animals do not shrink during ARD. Nomarski gonad images of

the indicated genetic backgrounds and conditions. (A) Representative Nomarski image of a well-fed 5-day-old wild-

type hermaphrodite. (B) Nomarski image of a wild-type hermaphrodite that had spent 5 days in ARD. (C) A well-fed

5-day-old virgin fog-2(q71) mutant animal. (D) A virgin fog-2(q71) animal that had been starved for 5 days. (E) A well-

fed 5-day-old virgin fog-1(q253) mutant animal. (F) A virgin fog-1(q253) animal that had been starved for 5 days. In all

images one gonad arm and the oocytes within it are outlined in white; the distal gonad is marked with an asterisk (�);

the arrow points to the proximal gonad. Scale bar = 20 μm.

https://doi.org/10.1371/journal.pone.0218265.g004

Apoptosis partially protects germ cells from starvation during ARD

PLOS ONE | https://doi.org/10.1371/journal.pone.0218265 June 13, 2019 11 / 30

https://doi.org/10.1371/journal.pone.0218265.g004
https://doi.org/10.1371/journal.pone.0218265


observed on the first day after the cross (Fig 3C). Apparently, the dead embryos were produced

from the oocytes that were arrested in diakinesis for the longest period during ARD. We

observed that embryonic lethality in fog-2(q71) and fog-1(q253) mutant animals was mainly

caused by embryos that resulted from the fertilization of the oocytes that were already present

or produced during ARD and presumably were arrested for a long period of time. We con-

clude that because the oogenic germline starvation response during ARD slows oocyte produc-

tion, oogenic germ cells are prevented from undergoing diakinesis arrest, which preserves

oocyte quality. We suggest that this could explain why feminized germline mutant animals are

more sensitive to ARD than wild-type animals.

During the course of these experiments, we observed that the gonads of fog-2 and fog-1 ani-

mals did not shrink during ARD (Fig 4D and 4F). Our results, as well as those of other similar

approaches reported previously [18], show that feminized mutant animals’ gonads do not

decrease in size, suggesting that ovulation is one of the causes of gonad shrinking during ARD.

To verify that feminized gonads do not shrink during ARD, we quantified the germ cell num-

ber per gonad arm using DAPI staining in control animals and in animals that spent 5 days in

ARD. In well-fed conditions, wild-type animals showed an increase in the number of germ

cells per gonad arm from 141.9 ± 1.8 (at mid-L4) to 468.23 ± 2.0 (at the fifth day post mid-L4)

(Table 2). Additionally, the number of germ cells per gonad arm decreased progressively dur-

ing starvation from 141.9 ± 1.8 (at the mid-L4) to 36.0 ± 0.5 (at the fifth day post mid-L4) (Fig

3D and Table 2). We found that the number of germ cells in fog-2 mutant animals that were

starved for 5 days remained unchanged compared to the number of germ cells per gonad arm

at the mid-L4 stage (143.1 ± 2.0 vs. 141.0 ± 1.5; Fig 3D and Table 2). We confirmed this result

using fog-1(q253) mutant animals (Fig 3D and Table 2). Moreover, when fog-1(q253) animals

were maintained at the permissive temperature (15˚C) from L1 to adulthood and subjected to

ARD, their gonads were able to shrink similarly to those of the wild-type (Fig 3D and Table 2).

Our results suggested that gonad shrinking during ARD is partially due to ovulation.

Germ cell apoptosis is not required to reduce gonad size during prolonged

starvation

Caspase CED-3 is required for germ cell apoptosis under control and starvation conditions

[19, 20]. Angelo and van Gilst, (2009) previously showed that during ARD, the gonads of ced-3

Table 2. Germ cell quantification per gonad arm in different genetic backgrounds under control and starvation conditions.

5 Days post mid-L4

mid-L4 N Control N Starvation N

WT 141.9 ± 1.8 49 468.2 ± 2.0 38 �� 36.0 ± 0.5 54 ��

20˚C

fog-2(q71) 143.1 ± 2.0 42 315.9 ± 2.6 47 �� 141.0 ± 1.5 48 ��

WT 144.7 ± 2.2 30 386.9 ± 1.6 20 �� 35.5 ± 0.8 24 ��

15˚C

fog-1(q253) 143.5 ± 1.8 30 386.2 ± 1.6 30 �� 36.0 ± 0.6 25 ��

WT 135.3 ± 1.5 20 388.5 ± 1.8 25 �� 34.2 ± 0.7 25 ��

25˚C

fog-1(q253) 133.5 ± 0.8 30 338.5 ± 1.8 30 �� 141.8 ± 1.6 25 n.s.

The gonads of animals under control conditions or starvation were dissected, stained and scored for the number of germ cells using epifluorescence microscopy.

Control animals remained on NGM plates seeded with OP50. For starvation conditions, animals were grown on food from L1 to the mid-L4 larval stage and then

starved for 5 days. Animals were subsequently picked and dissected. The dissected gonads were stained with DAPI and the number of germ cells per gonad arm was

scored under fluorescence microscopy.

https://doi.org/10.1371/journal.pone.0218265.t002
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(n1286) mutant animals are not able to shrink and they suggested that apoptosis is required

for this process [7]. However, we obtained different results. We exposed mid-L4 ced-3 mutant

animals (alleles n1286, n717 or ok2734) to prolonged-starvation and we observed that the

gonads of animals harboring all of these alleles were able to shrink during fasting (Fig 5D, 5E,

5G, 5H, 5J and 5K) similarly to those of the wild-type (Fig 5A and 5B).

To verify that the gonads of ced-3 mutant animals shrink similarly to those of wild-type ani-

mals, we quantified the number of germ cells per gonad arm by DAPI staining from the mid-

L4 stage over the next 5 days under control and starvation conditions in animals with the wild-

type and ced-3(n717) and (1286) mutant alleles. We found that ced-3 mutant animals indeed

showed a progressive reduction of the germ cell number per gonad arm during starvation sim-

ilar to that in wild-type animals (Fig 5M and Table 3). Moreover, the gonad size of ced-3
mutant animals recovered when they were refed as efficiently as that of wild-type animals, as

judged by Nomarski microscopy (Fig 5C, 5F, 5I and 5L) and DAPI staining (Table 3). Our

data demonstrate that germ cell apoptosis is not required for gonad shrinking during pro-

longed starvation or gonad regeneration after fasting.

Angelo and van Gilst (2009) also reported that ced-3(n1286) caspase mutant animals were

unable to produce progeny after 15 days of prolonged starvation and suggested that apoptosis

was essential to maintain fertility after fasting [7]. We observed that neither wild-type nor ced-
3(n717 and n1286) mutant animals produced any progeny after spending 15 days in ARD

(N = 37, 39 and 42, respectively), even after they were crossed with wild-type males (N = 27, 29

and 30, respectively).

We quantified the progeny produced by well-fed and recovered ced-3 animals (alleles n717
and n1286) and compared the number to that in wild-type animals after spending 5 days in

ARD. Andux and Ellis (2008) previously reported that ced-3 mutant animals (with the n718,

n2439, n2921 alleles) produce fewer progeny and exhibit higher embryonic lethality than wild-

type animals in control conditions [3]. Accordingly, we observed that the animals harboring

the ced-3 mutant alleles n717 and n1286 exhibited 40% fewer offspring on average than wild-

type animals under control conditions (Fig 6A and Table 1). When we compared the number

of progeny produced by recovered wild-type animals to that produced by recovered ced-3
mutant animals, we observed that ced-3 mutant animals produced 20–24% fewer progeny on

average than recovered wild-type animals (Fig 6A and Table 1).

As reported by Andux and Ellis (2008), the embryonic lethality of ced-3 mutant animals

under normal conditions was higher than that of the wild-type (3.9-fold higher than the wild-

type for the ced-3(n717) allele and 3.6-fold higher for ced-3(n1286)) ([3]; Fig 6B and Table 1).

After ARD, ced-3(n717) mutant animals exhibited 1.9-fold higher embryonic lethality than

recovered wild-type animals while ced-3(n1286) mutant animals presented 3.2-fold higher

embryonic lethality than recovered wild-type animals (Fig 6B and Table 1).

To counteract the effect of ARD on sperm, we quantified the brood size and embryonic

lethality of ced-3(n717) mutant animals exposed to ARD and subsequently crossed with well-

fed wild-type males. We found that the fertility of recovered ced-3(n717) mutant animals

crossed with well-fed males improved considerably (79% of that in the corresponding control)

even though they did not reach the control brood size (Fig 6C). In control conditions, mated

ced-3(n717) mutant animals exhibited higher embryonic lethality than mated wild-type ani-

mals (7-fold) but their embryonic lethality did not increase further after ARD (8-fold) (Fig 6D

and Table 1). Our results confirmed that apoptosis is important to maintain oocyte quality

under control conditions ([3] and this work). We also observed that apoptosis is important for

fertility and to preserve oocyte quality during ARD; however, it is not essential, as previously

claimed by Angelo and van Gilst (2009) [7].
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Fig 5. Apoptosis is not required to reduce gonad size during the oogenic germline starvation response. Nomarski

images of gonads of mid-L4 wild-type animal and animals with the three different alleles of ced-3 (A, D, G and J).
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High germ cell apoptosis continues during ARD

We investigated germ cell apoptosis dynamics during ARD. To quantify apoptosis, we used a

germ cell apoptosis reporter Plim-7ced-1::gfp, which is expressed in the sheath cells and sur-

rounding germ cell corpses [21]. In well-fed ced-1::gfp animals, the number of corpses per

gonad arm increased with age and peaked at day 4 post-mid-L4 (16.3 ± 0.55 germ cell corpses

per gonad arm), with an average of 9.65 ± 0.98 germ cell corpses per gonad over the following

Nomarski images of gonads of wild-type and ced-3 mutant animals starved for 5 days (B, E, H and K). Nomarski images of

gonads of wild-type and ced-3 animals that spent 5 days under starvation and were recovered on food for 3 days (C, F, I

and L). In all images one gonad arm is outlined in white; the distal gonad is marked with an asterisk (�); the arrow points to

the proximal gonad. Scale bar = 20 μm. (M) Germ cell nuclei per gonad arm scored in wild-type animals and two ced-3
defective mutants by DAPI staining. The graph shows the average number of germ cell nuclei per gonad arm in control

conditions (solid lines) and during starvation (dotted lines) ±SEM at each point.

https://doi.org/10.1371/journal.pone.0218265.g005

Table 3. Germ cells per gonad arm under control, starvation and recovered conditions.

WT

Days post mid-

L4

Control N Starvation N Recovering N

0 150.4 ± 2.5 36 150.4 ± 2.5 36 339.2 ± 3.5 25

1 346.1 ± 2.0 35 95.1 ± 1.0 36

2 431.3 ± 1.9 35 74.5 ± 0.9 36

3 475.6 ± 2.7 25 45.6 ± 0.7 35

4 485.3 ± 1.4 30 35.0 ± 0.6 36

5 463.7 ± 4.7 24 35.5 ± 0.9 35

ced-3(n717)
Days post mid-

L4

Control N Starvation N Recovering N

0 145.5 ± 4.6 35 145.5 ± 4.6 35 342.9 ± 2.8 30

1 340.9 ± 1.9 36 93.7 ± 1.9 35

2 427.8 ± 1.7 36 78.9 ± 1.2 35

3 475.8 ± 2.7 24 46.1 ± 0.8 35

4 484.6 ± 2.4 25 38.6 ± 0.8 36

5 454.7 ± 3.7 25 38.1 ± 0.8 35

ced-3(n1286)
Days post mid-

L4

Control N Starvation N Recovering N

0 153.7 ± 2.1 36 153.7 ± 2.1 36 342.6 ± 2.7 30

1 351.8 ± 1.8 25 96.8 ± 1.3 35

2 427.1 ± 3.3 26 78.8 ± 0.9 36

3 471.2 ± 3.9 25 46.1 ± 0.6 35

4 479.7 ± 2.2 25 37.7 ± 1.0 36

5 459.2 ± 2.9 25 36.7 ± 0.8 35

The gonads of animals under control conditions, starvation and recovery were dissected, stained and scored for the number of germ cells using epifluorescence

microscopy. Control animals were placed in NGM plates seeded with OP50 and transferred to fresh plates daily until they ceased laying eggs. For starvation conditions,

animals were placed in NGM plates unseeded and transferred to fresh plates daily, similar to the control animals. Animals were picked and dissected. The dissected

gonads were stained with DAPI, and the number of germ cells per gonad arm was scored under fluorescence microscopy. For recovery, animals that had spent 5 days in

ARD were transferred to plates seeded with OP50 for 3 days. Animals were then picked and dissected.

https://doi.org/10.1371/journal.pone.0218265.t003
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Fig 6. Apoptosis is as important to preserve oocyte quality after ARD as in control conditions but it is not essential for recovering fertility after ARD. (A)

The graph represents the brood size produced by control (black) and recovered (red) wild-type and ced-3 mutant animals. Mid-L4 hermaphrodites of the

different genetic backgrounds were allowed to self-fertilize (black) or were starved for 5 days and then refed (red). The data represent the mean brood size

(±SEM) per animal. Statistical significance was determined by the t-test (WT control vs. recovered) or by ANOVA on ranks and Dunn’s test for multiple

comparisons. (B) The number of dead embryos within the progeny of self-fertilizing wild-type and ced-3 mutant animals under control (black) and recovered

conditions (red) was calculated. The data represent the mean number of dead embryos (±SEM) per animal. Statistical significance was determined by the

Mann-Whitney rank sum test (P� 0.001) (WT control vs. recovered) or by ANOVA on ranks and Dunn’s test for multiple comparisons. (C) The graph

represents the brood size produced by mating control (black) and recovered (red) animals of the different genetic backgrounds. Well-fed mid-L4

hermaphrodites were individually mated with 4 well-fed wild-type males overnight, then transferred individually to fresh plates until they ceased laying eggs

(black). For the recovered animals, mid-L4 hermaphrodites were starved for 5 days, then recovered on food and immediately mated with 4 well-fed 1-day-old

wild-type males overnight and transferred individually to fresh plates until they ceased laying eggs (red). The data represent the mean brood size (±SEM) per

animal. Statistical significance was determined by the Mann-Whitney rank sum test (P� 0.024) in wild-type populations and by the Student’s t-test (P� 0.001)

in ced-3(n717) populations. (D) The number of dead embryos within the progeny produced by mating animals of the different genetic backgrounds under

control (black) and recovered conditions (red) to well-fed wild-type males was calculated. Data represent the mean number of dead embryos (±SEM) per

animal. Statistical significance was determined by the Mann-Whitney rank sum test.

https://doi.org/10.1371/journal.pone.0218265.g006
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days (Table 4). After one day of starvation, we observed an increase of 1.6-fold in apoptosis

compared to control conditions, with an average of 4.9 germ cell corpses per gonad arm over

the following days (Fig 7A and Table 4).

It is remarkable that germ cell apoptosis continues and is very active during prolonged star-

vation particularly because germ cell proliferation stops after 30 minutes of fasting [9] and the

gonad is completely shrunken after the fifth day. To quantify the proportion of germ cells that

were being eliminated by apoptosis during starvation versus those that remained in the starved

gonad, we determined the number of germ cells per gonad arm in dissected gonads under con-

trol and fasting conditions, using DAPI (4’,6’-diamino-2-phenylindole) staining. We found

that under control conditions the number of germ cells per gonad arm increased gradually

with age until day 4 post-mid-L4, after which the numbers of germ cells per gonad arm were

similar (approx. 534.2 germ cells/gonad arm) (Fig 7B and Table 5). During prolonged-starva-

tion, the germ cell number decreased gradually until reaching the minimal number at day 6

post-mid-L4, then remained almost unchanged over the course of the experiments (38.1 germ

cells/gonad arm on average) (Fig 7B and Table 5).

We quantified the percentage of germ cells eliminated by apoptosis (Table 4) and compared

it to the number of germ cells present in the gonad (Table 5) under control conditions and

during starvation. We found that under control conditions, approximately 1.91% of the total

number of germ cells appeared as germ cell corpses at each time point. However, during star-

vation the percentage of germ cell corpses was considerably higher at each point compared to

the control conditions (average of 9.27% of the total number of germ cells) (Fig 7C). Our data

show that germ cell apoptosis increases up to 4.8-fold during the oogenic germline starvation

response and continues under these conditions.

To test whether germ cell corpse clearance is affected during starvation, we quantified germ

cell corpse engulfment in animals exposed to 1–5 days of starvation by time-lapse microscopy

(see methods). We found that the timing of germ cell corpse clearance was not extended dur-

ing the first 5 days of prolonged starvation compared to the control (approx. 55 minutes (pro-

longed starvation), similar to the control time of 58 minutes) (Fig 7D, Table 6). Our results

demonstrate that the process of germ cell corpse engulfment remains active during prolonged

starvation.

Germ cell apoptosis can be triggered by DNA damage or meiosis defects via CEP-1, the C.

elegans p53 homologue [21–24]. cep-1 mutant animals do not show increased germ cell apo-

ptosis after DNA damage or meiosis defects. To test whether the germ cell apoptosis during

prolonged starvation is regulated by DNA damage or meiosis defects, we quantified germ cell

apoptosis in a cep-1 mutant background [25]. We starved mid-L4 ced-1:gfp and cep-1(gk138);
ced-1:gfp animals for 5 days and scored the number of germ cell corpses and the number of

germ cell nuclei per gonad arm daily (see Methods). ced-1:gfp and cep-1(gk138);ced-1:gfp ani-

mals showed similar germ cell apoptosis levels in control and starvation conditions (Fig 8A),

and the number of germ cell nuclei was progressively reduced during starvation (Fig 8C). Our

results indicate that the proportion of germ cells eliminated by cell death was similar in the

two genetic backgrounds (Fig 8E) suggesting that the increased germ cell apoptosis observed

during ARD is not a consequence of DNA damage or defects during meiosis.

In our previous work, we found that lin-35/Rb is essential for inducing germ cell apoptosis

during starvation [26]. Hence, we asked whether the high germ cell death triggered during

ARD depended on lin-35 and we found that it partially did. To demonstrate this, we subjected

ced-1::gfp (control) and lin-35(n745);ced-1::gfp animals to 5 days of starvation beginning in the

mid-L4 stage and determined germ cell apoptosis dynamics during ARD (Fig 8B). As previ-

ously reported [27], we found that lin-35(n745);ced-1::gfp mutant animals showed lower germ

cell apoptosis compared to ced-1:gfp animals in well-fed conditions (Fig 8B). As previously
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reported [26], we also observed that after 24h of starvation, lin-35(n745);ced-1::gfp animals do

not increase their number of germ cell corpses (Fig 8B). However, it is important to remember

that during prolonged starvation the number of germ cells progressively decreased (Fig 8D),

which could explain why we observed lower apoptosis levels in the lin-35 mutant background

on subsequent days (Fig 8B). We calculated the proportion of germ cells eliminated by apopto-

sis versus the germ cell number as we did previously (Fig 7C) and observed that germ cell apo-

ptosis increased in the lin-35 mutant background although it never reach control levels (Fig

8F). We concluded that lin-35 is partially responsible for germ cell apoptosis induction during

ARD, but there is an unknown mechanism that also triggers germ cell apoptosis under these

conditions.

The gonads of daf-2 deficient animals shrink in the presence of food similar

to the oogenic germline starvation response

In an attempt to reveal the molecular mechanisms that govern the oogenic germline starvation

response, we subjected mid-L4 hermaphrodites of different genetic backgrounds to starvation

for 5 days, followed by refeeding for 3 days, to test the capacity of their gonad to shrink and

regenerate. We chose the gene candidates based on their known roles in the stress response or

in germ cell proliferation. We tested the C. elegans retinoblastoma ortholog lin-35/Rb because

it is essential for inducing apoptosis in short-term starvation [26] and partially required for

inducing germ cell apoptosis in ARD (this work). We tested the daf-16/FoxO transcription fac-

tor due to its implication in the regulation of dauer diapause [28, 29]; the skn-1/NrF and pha-
4/FoxA transcription factors due to their roles in dietary restriction and other types of stress

responses [30]; the alg-1 Argonaut ortholog due to its role in microRNAs pathway regulation

and germ cell proliferation [13]; the rsks-1 putative ribosomal protein S6 kinase, which has

been implicated in resistance to starvation and, together with the eIF4E/ife-1, which regulates

the germline cell cycle progression during development [31, 32]; the gene encoding the

Table 4. Germ cell apoptosis dynamics under control and starvation conditions.

ced-1::gfp
Days post mid-L4 Control N Starvation N

0 0.0 ± 0.00 141 0.0 ± 0.01 n.s. 140

1 5.4 ± 0.21 139 8.8 ± 0.20 �� 140

2 11.4 ± 0.26 129 6.5 ± 0.15 �� 141

3 13.6 ± 0.34 111 6.3 ± 0.24 �� 129

4 16.3 ± 0.55 103 5.6 ± 0.18 �� 123

5 13.7 ± 0.40 111 5.2 ± 0.16 �� 143

6 11.6 ± 0.26 121 4.5 ± 0.10 �� 135

7 8.5 ± 0.22 110 4.2 ± 0.11 �� 129

8 8.2 ± 0.25 119 4.1 ± 0.10 �� 144

9 7.9 ± 0.30 76 3.9 ± 0.11 �� 124

10 8.0 ± 0.21 72 3.6 ± 0.08 �� 105

The number of germ cell corpses was scored using ced-1::gfp animals under epifluorescence microscopy. Control mid-L4 hermaphrodites were placed in NGM plates

seeded with OP50 and transferred to fresh plates daily until they ceased laying eggs; the animals were picked daily for up to 10 days and mounted with 20 μl of 0.01%

tetramisole in M9 on 2% agarose pads. For starvation conditions, mid-L4 animals were placed in unseeded NGM plates and transferred to fresh plates daily similar to

the control animals; the animals were picked daily for up to 10 days and mounted with 20 μl of 0.01% tetramisole in M9 on 2% agarose pads. n.s. non significant

� P � 0.05

�� P � 0.01,.

https://doi.org/10.1371/journal.pone.0218265.t004
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TIS11-like zinc-finger-containing protein gla-3 mutant, which exhibits increased germline

apoptosis [33]; and the p53 C. elegans ortholog cep-1, which is required for the DNA damage

response [34]. None of the tested genes were required to shrink the gonad during the oogenic

germline starvation response or to regenerate upon refeeding (Table 7).

The insulin/insulin receptor signaling (IIS) pathway has been established as a link between

nutrient availability and homeostasis in species ranging from worms to humans. This pathway

is maintained through the activity of insulin-like molecules that bind to the insulin receptor.

In C. elegans, more than 40 peptides related to insulin bind to the insulin receptor/DAF-2 to

negatively regulate the DAF-16/FoxO transcription factor. Thus, mutations in the insulin

receptor/DAF-2 promote the transcription of target genes through the activity of DAF-16/

Fig 7. Germ cell apoptosis is increased and continues during ARD. (A) The ced-1::gfp transgene was used to visualize the number of germ cell corpses per

gonad arm (see Materials and methods) for 10 days in control (black line) and starvation conditions (red line). The average number of germ cell corpses per gonad

arm is shown with SEM. (B) DAPI staining was used to quantify the number of germ cells per gonad arm (see Materials and methods) for 10 days in control

(black line) and starvation (red line) conditions. The average number of germ cells per gonad arm is shown with SEM. (C) The percentage of germ cell corpses

among the total germ cells per gonad arm in fed animals (black line) and during starvation (red line) was calculated. (D) The time of germ cell corpse clearance

was recorded every day after 1–5 days post-mid-L4 (see Materials and methods) in control (black bars) and starvation (red bars) conditions.

https://doi.org/10.1371/journal.pone.0218265.g007
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FoxO to cope with nutrient scarcity and other types of stress [35]. This pathway regulates

entry to dauer diapause, a well-studied diapause stage in C. elegans that occurs between larval

stages L1-L2 in response to different cues, including a lack of food [36].

To test the role of daf-2 in the oogenic germline starvation response, we used the tempera-

ture-sensitive mutant daf-2(e1370) [37]. Synchronous populations of wild-type or daf-2(e1370)
animals were grown from hatching to mid-L4 at the permissive temperature (15˚C) (Fig 9A

and 9D, respectively) and then transferred to the restrictive temperature (25˚C) for 5 days in

the absence of food. We found that the gonads of daf-2(e1370) mutant animals grown at the

restrictive temperature (25˚C) and starved for 5 days were able to shrink similarly to those of

the wild-type animals (Fig 9E and 9B; Table 7) suggesting that daf-2 is not required for the

oogenic germline starvation response.

Table 5. The number of germ cells per gonad arm under control and starvation conditions.

ced-1::gfp
Days post mid-L4 Control N Starvation N

0 172.2 ± 4.57 45 172.2 ± 4.57 45

1 359.6 ± 21.88 15 138.4 ± 4.72 42

2 406.1 ± 21.23 15 89.4 ± 3.04 30

3 487.3 ± 20.82 17 56.0 ± 1.83 31

4 506.8 ± 10.94 15 48.4 ± 3.02 27

5 505.1 ± 19.53 18 43.6 ± 1.37 35

6 521.3 ± 14.82 18 37.2 ± 1.18 30

7 509.6 ± 11.76 16 37.8 ± 0.75 24

8 545.9 ± 13.44 17 37.8 ± 1.04 38

9 548.6 ± 8.19 17 38.4 ± 1.19 34

10 574.7 ± 6.56 15 38.4 ± 1.19 38

The gonads of animals under control conditions and starvation were dissected, stained and scored for the number of germ cells using epifluorescence microscopy.

Control animals were placed in NGM plates seeded with OP50 and transferred to fresh plates daily until they ceased laying eggs. For starvation conditions, animals were

placed in unseeded NGM plates and transferred to fresh plates daily, similar to the control animals. Animals were picked and dissected. The dissected gonads were

stained with DAPI and the number of germ cells per gonad arm was scored under fluorescence microscopy.

https://doi.org/10.1371/journal.pone.0218265.t005

Table 6. Germ cell corpse clearance under control and starvation conditions.

WT

Days post mid-L4 Control N Starvation N

0 No corpses detected 25 No corpses detected 25

1 60.7 ± 1.51 9 54.6 ± 1.47 � 9

2 57.4 ± 1.89 9 58.7 ± 1.74 n.s. 9

3 57.3 ± 2.63 9 52.9 ± 1.61 � 9

4 59.4 ± 1.74 8 55.6 ± 2.15 n.s. 8

5 59.9 ± 1.97 8 52.0 ± 2.50 � 8

The timing of germ cell corpse clearance under control and starvation conditions was scored using a long-term immobilization technique and Nomarski microscopy at

60x magnification. Control mid-L4 hermaphrodites were placed in NGM plates seeded with OP50, picked daily for up to 5 days and immobilized with 0.5 μl of a

polystyrene bead suspension on 10% agarose pads to observe an individual germ cell corpse and determine its clearance time in minutes. For starvation conditions, mid-

L4 hermaphrodites were placed in unseeded NGM plates, picked daily for up to 5 days and then immobilized with 0.5 μl of a polystyrene bead suspension on 10%

agarose pads to observe an individual germ cell corpse and determine its clearance time in minutes. The Holm-Sidak test for comparisons within groups was used. n.s. =

non significant

� P < 0.05.

https://doi.org/10.1371/journal.pone.0218265.t006
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Fig 8. Germ cell apoptosis is p53 independent and partially regulated by lin-35/Rb during ARD. (A-B) cep-1(gk38);ced-1::gfp, lin-35(n745);ced-1::gfp and ced-1::

gfp animals were used to visualize the number of germ cell corpses per gonad arm (see Materials and methods) for 5 days in control (solid lines) and starvation

conditions (dotted lines). The average number of germ cell corpses per gonad arm is shown with the SEM. (C-D) DAPI staining was used to quantify the number of
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Unexpectedly, we observed that the well-fed control mid-L4 daf-2 mutant animals grown at

the restrictive temperature for 5 days exhibited shrunken gonads in the presence of food (Fig

9F) when their gonads were compared to those of the wild-type animals (Fig 9C). We decided

to quantify the germ cell number per gonad arm at the mid-L4 stage and 5 days after IIS path-

way inactivation in the presence of food using daf-2(e1370) mutant animals and the wild-type

as a control. We found that in wild-type animals, the germ cell number increased from

140.6 ± 1.2 at mid-L4 to 380.8 ± 3.4 5 days post-mid-L4. However, daf-2(e1370) mutant ani-

mals did not show the same increase; instead, the number of germ cell nuclei per gonad arm

was reduced from 137.6 ± 1.0 at mid-L4 to 77.2 ± 1.5 5 days post-mid-L4 (Fig 9I and Table 8).

The transcription factor daf-16/FoxO is activated when the daf-2 signal is absent [38]. As

we previously showed, daf-16 is not required to shrink the gonad during ARD, but we tested

whether gonad shrinking induced in the absence of daf-2 in the presence of food requires daf-
16. To test this, daf-16(m26);daf-2(e1370) double mutant animals were grown from hatching

to mid-L4 on food at the permissive temperature and then shifted to 25˚C for 5 days (Fig 9G

and 9H). We observed that the gonads of animals lacking daf-2 did not shrink in the presence

of food when daf-16 was not present. We quantified the germ cell number in this double

mutant genetic background and found that the number of germ cells increased from

136.4 ± 0.7 at mid-L4 to 382.2 ± 2.5 5 days after IIS pathway inactivation in the presence of

food (Fig 9I and Table 8). These results suggest that inactivation of daf-2 in well-fed animals

might trigger a mechanism similar to ARD that requires daf-16/FoxO.

germ cells per gonad arm (see Materials and methods) for 5 days in control (solid lines) and starvation conditions (dotted lines). The average number of germ cells

per gonad arm is shown with the SEM. (E-F) The percentage of germ cell corpses among the total germ cells per gonad arm in fed animals (solid lines) and during

starvation (red lines) conditions was calculated.

https://doi.org/10.1371/journal.pone.0218265.g008

Table 7. The oogenic germline starvation response in different genetic backgrounds.

Genotype Relevant function for this study References Human ortholog Starvation response Re-feeding

WT Control [7, 8] - Shrunken gonad Completely

recovered

ced-3(n1286) The only effector caspase [7, 20] Isoform 1 Caspase-2 Shrunken gonad Completely

recovered

Not required Not required

ced-3(n717) The only effector caspase [7, 20] Isoform 1 Caspase-2 Not required Not required

ced-3(ok2734) The only effector caspase Isoform 1 Caspase-2 Not required Not required

lin-35(n745) Causes starvation-induced germline apoptosis [26] Rb Not required Not required

daf-16(mgDf50) Regulates dauer diapause [28] FoxO Not required Not required

skn-1(zu135) Dietary restriction and other stresses response [30] Nrf Not required Not required

pha-4(zu225) Dietary restriction and other stresses response [30] FoxA Not required Not required

alg-1(gk214) miRNA pathway and proliferation [13] Argonaut Not required Not required

rsks-1(ok1255) Increases resistance to starvation [31] Putative ribosomal protein

S6K

Not required Not required

ife-1(bn127) Regulates germline progenitor number [32] eIF4e Not required Not required

gla-3(op212) Increased germline apoptosis [33] - Not required Not required

cep-1(gk138);ced-1::

gfp
Regulates DNA-damage-induced germline

apoptosis

[34] p53 transcription factor Not required Not required

Hermaphrodites from the different backgrounds were selected at the mid L4, starved for 5 days and observed daily under Nomarski microscopy to compare their gonad

size to that under the oogenic germline starvation response using WT hermaphrodites as a control. At day 5, the hermaphrodites were refed for 3 days and observed

daily under Nomarski microscopy to determine their gonad recovery, using WT hermaphrodites as a control.

https://doi.org/10.1371/journal.pone.0218265.t007
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To test whether IIS pathway inactivation could mimic entry to ARD even in the presence of

food, we determined the ovulation rate in 1-day-old wild-type and daf-2(e1370) and daf-16
(m26);daf-2(e1370) mutant animals grown from L1 to mid-L4 at 15˚C that were late upshifted

to 25˚C in the presence of food. It has been reported that ARD causes a delay in the ovulation

rate [8]. Wild-type animals ovulate more frequently when upshifted to 25˚C (N = 30) (Fig 9J).

In contrast, daf-2(e1370) animals showed no increase in the ovulation rate when upshifted to

25˚C (N = 33). However, daf-16(m26);daf-2(e1370) mutant animals continued to exhibit a slo-

wed ovulation rate (N = 33) (Fig 9J).

Another feature of the oogenic germline starvation response is that the ovulation rate is lim-

ited by the rate of oocyte growth [8]. Starved animals almost always form only a single oocyte

at a time in each gonad arm ([8], Figs 1F and 9B). However, gonads from daf-2(e1370) animals

grown at 25˚C in the presence of food did not exhibit this phenotype (Fig 9E). We concluded

that DAF-2 might participate in the oogenic germline response but that it is not the only signal

that participates in this phenomenon. It is also possible that because the daf-2 mutation results

in pleiotropic phenotypes, it is not easy to study its role in the oogenic germline response.

Discussion

Angelo and van Gilst (2009) reported a novel type of adult reproductive diapause for the first

time while studying reproduction when nutrients are limited. They showed that crowded pop-

ulations of mid-L4 larval stage animals subjected to starvation delay their reproductive cycle

and are able to live for up to 30 days without food. Furthermore, when conditions are restored,

these animals resume their reproductive cycle and live out a normal lifespan. During ARD, the

gonad experiences reversible germ cell loss and size reduction; when animals are returned to

food, the gonad regenerates in terms of both germ cell number and size [7].

Later, Seidel and Kimble (2011) studied ARD in depth. They showed that germline shrink-

age occurs in all oogenic germlines, from the mid-L4 to adult stages, and practically all

shrunken gonads regenerate upon refeeding if bagging is prevented. Seidel and Kimble (2011)

Fig 9. Long-term IIS pathway inactivation mimics the entry to ARD in the presence of food. Mid-L4 wild-type, daf-2(e1370) and daf-16(m26); daf-2(e1370)
larvae were fed until mid-L4 at 15˚C (A, D and G, respectively). Wild-type and daf-2(e1370) mid-L4 larvae starved for 5 days at 25˚C (B, E). Nomarski images of

well-fed wild-type, daf-2(e1370) and daf-16(m26); daf-2(e1370) animals grown until mid-L4 at 15˚C, then upshifted to 25˚C for 5 days (C, F and H). In all images

one gonad arm is outlined in white; the distal gonad is marked with an asterisk (�); and the arrow points to the proximal gonad. Scale bar = 20 μm. (I)

Quantification of the number of germ cell nuclei per gonad arm during prolonged IIS pathway inactivation. Animals were grown from L1 to the mid-L4 stage at the

permissive temperature and then upshifted to the restrictive temperature for 5 days. Dissected gonads were stained using DAPI in each condition. The graph shows

the average number of germ cell nuclei per gonad arm (±SEM). (J) Ovulation rate determination during IIS pathway inactivation. Animals were grown from L1 to

the mid-L4 stage at the permissive temperature and then either upshifted to the restrictive temperature or maintained in the permissive temperature for 1 day.

Animals were individually picked and scored for the number of embryos in utero, then placed in plates for 4 h and finally scored for the number of embryos in utero.

The ovulation rate was calculated as follows: (final number of embryos—initial number) / (2 � 4 h). The graph shows the average number of ovulations per gonad

arm per hour (±SEM).

https://doi.org/10.1371/journal.pone.0218265.g009

Table 8. Quantification of germ cell number per gonad arm in different genetic backgrounds on food.

5 Days post mid-L4

mid-L4 N 15˚C N 25˚C N

WT 140.6 ± 1.2 37 339.0 ± 2.0 35 380.8 ± 3.4 20

daf-2(e1370) 137.6 ± 1.0 42 337.0 ± 1.4 44 77.2 ± 1.5 41

daf-16(m26);daf-2(e1370) 136.4 ± 0.7 43 342.3 ± 1.7 43 382.2 ± 2.5 22

The gonads of animals were dissected, stained and scored for the number of germ cells using epifluorescence microscopy. Animals were grown in NGM plates seeded

with OP50 from hatching to mid-L4 at 15˚C and then incubated on food at 15˚C or 25˚C for 5 days. Animals were picked and dissected. The dissected gonads were

stained with DAPI and the number of germ cells per gonad arm was scored under fluorescence microscopy.

https://doi.org/10.1371/journal.pone.0218265.t008
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showed that embryo production continues during prolonged starvation, and it is possible to

distinguish one or two viable-looking embryos within the uterus, which are a product of recent

fertilizations, indicating that oocyte production and fertilization are active but considerably

delayed in starved animals; however, embryo viability is severely impaired during starvation.

They also showed that population density is not a prerequisite for inducing or maintaining the

starvation response in starved animals and suggested that this phenomenon is not a form of

diapause [8].

Despite not supporting the existence of the ARD proposed by Angelo and van Gilst (2009),

Seidel and Kimble (2011) coined the term “oogenic germline starvation response” referring to

the germline plasticity controlled by nutritional cues [8]. They also reported that starvation

causes reversible cell-cycle quiescence in adult germline stem cells, reducing the number of M-

phase cells under 30 minutes of starvation and rapidly re-establishing their number upon

refeeding [9].

Our results support the following conclusions: Long-term exposure to fasting compromises

the animals’ reproductive capacity, and the oogenic germline starvation response prevents

oogenic germ cells from undergoing prolonged arrest in diakinesis by slowing oocyte produc-

tion. In contrast to Angelo and van Gilst (2009), we demonstrated that apoptosis is not the

cause of gonad shrinkage during ARD and that it is not essential for fertility recovery after

ARD. Instead, we propose that once germ cell proliferation stops, ovulation contributes to

gonad shrinking during the oogenic germline starvation response. Germ cell apoptosis is

increased during ARD and continues during prolonged starvation. Germ cell apoptosis during

ARD is not induced by DNA damage or chromosome segregation errors during meiosis but is

partially regulated by lin-35/Rb. We also found that during ARD an unknown mechanism trig-

gers germ cell apoptosis. Finally, we suggest that inactivation of the IIS signaling pathway trig-

gers gonad shrinking in the presence of food that might resemble the oogenic germline

response.

ARD compromises fertility by affecting oogenic germ cells

In the present work, we showed that fertility is affected after ARD (Figs 2, 3 and 6). Although

recovered animals exhibit restoration of fertility upon refeeding, none of the genetic back-

grounds tested (N2, fog-1, fog-2 and ced-3) produced broods that were as large as those of the

controls by self-fertilization or mating. Angelo and van Gilst (2009) proposed that the fecun-

dity of self-fertilizing animals depended on the survival of functional sperm during starvation

[7]. However, we observed that, at least during the first 5 days of starvation, the sperm number

remained unchanged.

Several authors have used embryonic lethality to reflect oocyte quality [3, 39]. Our results

showed that animals produce more dead embryos when they use their self-sperm to fertilize

oocytes after recovery from 5 days of starvation than their respective controls (Figs 2 and 6).

We showed that recovered self-fertilizing hermaphrodites produce dead embryos during the

entire reproductive period (Fig 2). However, recovered fog-1(q253) and fog-2(q71) females

produced the majority of dead embryos during the first two days after mating (Fig 3), which

suggests that the self-sperm exposed to starvation and used to fertilize oocytes in wild-type ani-

mals had been compromised. Moreover, when well-fed male sperm were provided, the

oogenic germ cells produced during starvation were prone to produce dead embryos after fer-

tilization. Our results suggest that the self-fertilizing capacity of hermaphrodites is not only

compromised by the sperm number, but also by oogenic germ cell exhaustion after ARD. It is

worth noting that the effects of ARD on sperm capacity remain unclear. Further studies are

needed to determine the effect of ARD on sperm quality.
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Oogenesis arrest is prevented by the oogenic germline starvation response

In the C. elegans germline, the presence of food and sperm promotes meiotic progression and

oogenesis. Sperm depletion causes prolonged diakinesis arrest in the proximal gonad due to

oocyte stacking, and starvation halts meiotic progression in the pachytene region [40]. In

replete conditions and the presence of sperm, hermaphrodites ovulate every ~20 minutes per

gonad arm, while during ARD, hermaphrodites exhibit slowed oogenesis and produce one

oocyte at a time, and the next oocyte production starts once the fully grown oocyte is ovulated,

which occurs approx. every ~8 h per gonad arm, regardless of the presence of sperm [8]. The

oocytes that experience longer arrest in diakinesis are more likely to produce dead embryos

[3]. We demonstrated that at day 5 post-mid-L4, in the presence of food, fog-1 and fog-2 ani-

mals actively produced and stacked as many oocytes as possible, while under starvation condi-

tions fog-1 and fog-2 animals produced and stacked fewer oocytes within their gonads (Fig 4).

When mated, well-fed 6-day-old fog-1 and fog-2 animals produced smaller broods and more

dead embryos than fog-1 and fog-2 animals recovered from starvation, suggesting that slowing

oogenesis during starvation is a beneficial mechanism for preserving the reproductive capacity

and oocyte quality.

Apoptosis is important to preserve oocyte quality during ARD; however, it

is not essential for fertility and gonad shrinking

In this study, we demonstrated that ced-3 mutant animals respond to starvation by shrinking

their gonads during ARD and partially recover their fertility upon refeeding (Figs 5 and 6). In

contrast to Angelo and van Gilst (2009), who reported that apoptosis-deficient ced-3(n1286)
animals subjected to 15 days of starvation did not show loss of germ cell nuclei or gonad

shrinkage, and did not produce progeny after ARD [7]. In fact, we observed that wild-type ani-

mals and ced-3 deficient mutants are unable to produce progeny after spending 15 days under

starvation, either by self-fertilization or mating with well-fed wild-type males.

As previously reported [3], we observed that apoptosis-deficient mutants produced fewer

offspring and exhibited higher embryonic lethality under control conditions compared to the

wild-type animals. In this paper, we show that the apoptosis-deficient animals that were recov-

ered from 5 days of starvation produced even fewer offspring and exhibited higher embryonic

lethality than the wild-type animals. Our results suggest that apoptosis is important to preserve

oocyte quality in control or prolonged starvation conditions.

Germ cell apoptosis continues during ARD

Our work shows that apoptosis is increased during prolonged starvation and continues to be

high during ARD. Germ cell apoptosis is required during oogenesis for properly allocating

resources within the gonad and ensuring oocyte quality [3, 41]. Apoptosis increases with age

under control conditions and continues in later life contributing to gonad degeneration [41,

42]. We found that increased germ cell apoptosis during ARD is not triggered by cep-1/p53,

suggesting that it is not caused by DNA damage or meiotic defects.

Furthermore, germ cell apoptosis can be triggered when animals face different types of

stress [19]. Previously, we reported that one-day-old animals exposed to 6 h of starvation pre-

sented a 2-fold increase in the number of germ cell corpses, for which lin-35/Rb is responsible

[19, 26]. Unexpectedly, we found that apoptosis seems to be induced during ARD by lin-35/Rb

and an unknown mechanism.

Why is germ cell apoptosis elevated during ARD? Our results support the notion proposed

by Andux and Ellis (2008) that germ cell death serves as a mechanism to redistribute resources
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in the gonad [3]. The biological significance of this mechanism might be that it ensures oocyte

production only under suitable conditions. At the mid-L4 stage when ARD entry is promoted,

some germ cells have already committed to the meiotic oogenic cell fate, which is irreversible;

however, completion of meiosis and development into a mature oocyte takes several hours.

Thus, we think that the germ cell apoptosis observed during ARD might arise from the germ

cells that escape the mitotic cell fate but, due to lack of resources, are eliminated by apoptosis.

DAF-2 inactivation causes gonad size reduction in the presence of food

We sought to investigate the molecular mechanism that governs the oogenic germline starva-

tion response during ARD. We tested some genes involved in the regulation of dauer diapause,

L1 arrest and other genes implicated in germ cell apoptosis and proliferation and demon-

strated that only IIS in the mid-L4 larval stage caused a reduction in gonad size even in the

presence of food (Table 8 and Fig 9). We propose that IIS pathway inactivation might trigger a

response that mimics the entry into ARD in well-fed conditions, since animals show a reduced

gonad size (Fig 9). Similarly, daf-2 animals slow ovulation when they reduced their gonad size

suggesting that daf-2 might participate in ARD signaling; however, the shrunken gonads of

daf-2 animals do not form one single oocyte at a time as that of the ARD gonads, and daf-2 is

not essential for the gonad shrinking during ARD. Although our results provide some evi-

dence of the pathway that governs the oogenic germline starvation response, further informa-

tion is still needed for a better understanding of the precise molecular mechanism that

controls reproduction under starvation conditions.
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Neurodegenerative diseases are among the leading causes of disability and death
worldwide. The disease-related socioeconomic burden is expected to increase with the
steadily increasing life expectancy. In spite of decades of clinical and basic research,
most strategies designed to manage degenerative brain diseases are palliative.
This is not surprising as neurodegeneration progresses “silently” for decades before
symptoms are noticed. Importantly, conceptual models with heuristic value used to
study neurodegeneration have been constructed retrospectively, based on signs and
symptoms already present in affected patients; a circumstance that may confound
causes and consequences. Hence, innovative, paradigm-shifting views of the etiology
of these diseases are necessary to enable their timely prevention and treatment. Here,
we outline four alternative views, not mutually exclusive, on different etiological paths
toward neurodegeneration. First, we propose neurodegeneration as being a secondary
outcome of a primary cardiovascular cause with vascular pathology disrupting the
vital homeostatic interactions between the vasculature and the brain, resulting in
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cognitive impairment, dementia, and cerebrovascular events such as stroke. Second,
we suggest that the persistence of senescent cells in neuronal circuits may favor,
together with systemic metabolic diseases, neurodegeneration to occur. Third, we
argue that neurodegeneration may start in response to altered body and brain trophic
interactions established via the hardwire that connects peripheral targets with central
neuronal structures or by means of extracellular vesicle (EV)-mediated communication.
Lastly, we elaborate on how lifespan body dysbiosis may be linked to the origin of
neurodegeneration. We highlight the existence of bacterial products that modulate the
gut-brain axis causing neuroinflammation and neuronal dysfunction. As a concluding
section, we end by recommending research avenues to investigate these etiological
paths in the future. We think that this requires an integrated, interdisciplinary conceptual
research approach based on the investigation of the multimodal aspects of physiology
and pathophysiology. It involves utilizing proper conceptual models, experimental animal
units, and identifying currently unused opportunities derived from human data. Overall,
the proposed etiological paths and experimental recommendations will be important
guidelines for future cross-discipline research to overcome the translational roadblock
and to develop causative treatments for neurodegenerative diseases.

Keywords: lifespan, vascular pathology, senescence, body–brain trophism, dysbiosis

INTRODUCTION

Neurological disorders are the leading cause of disability-adjusted
life-years and the second-leading cause of deaths worldwide.
This burden has increased substantially over the past 25 years
because of expanding population numbers and aging (GBD
2015 Neurological Disorders Collaborator Group, 2017) and will
continue to grow in the coming decades due to the further
increase in life expectancy.

At intermediate and advanced stages, frequently by the time
a diagnosis is made, neurodegeneration has affected higher
brain areas that control cognitive, sensory, and motor functions.
Because the majority of cases are seen by the age of 50
or older in both men and women, many scientists think of
neurodegenerative diseases as processes that reflect abnormal
aging. Likewise, since neurodegeneration involves the loss of
neuronal populations brain-wide, many researchers believe
that neuronal death results from altered processes intrinsic
to the nervous system, such as neuroinflammation, abnormal
accumulation or deteriorated clearance of toxic proteins, and
reduced anti-oxidative defenses.

Hence, current explicative models of neurodegenerative
diseases account for signs and symptoms already seen in affected
patients. In fact, the majority of these causative models have
been formulated in retrospect, based on what is already present
in the patient’s brain. Given the nature of these models, it
is difficult to identify real causes from mere consequences
and epiphenomena. This is even more puzzling given that
neurodegenerative diseases are life-spanning processes that start
silently at least 20 to 30 years before the pathological signs
and symptoms are recognized by patients and diagnosed by
physicians. In addition, accumulating information suggests an
extraneural origin of neurodegeneration.

Clearly, the essential premises guiding research on
neurodegenerative diseases seem at least partly incorrect
and somewhat misleading. This may explain why, despite
researchers’ best efforts, neurodegeneration is still a growing
health concern and the reason why therapeutic measures are
currently palliative, while preventive approaches are often
ineffective (Crous-Bou et al., 2017; Hsu and Marshall, 2017;
Klein and Tyrlikova, 2017).

Here, we outline four different paths as the basis for a
paradigm shift toward an etiologic view on neurodegeneration:
(1) the vascular origin of neurodegeneration, (2) cellular
senescence as the origin of neurodegeneration, (3) body–brain
trophic interactions as the origin of neurodegeneration, and
(4) lifespan gut dysbiosis as the origin of neurodegeneration.
We did not cover here genetic components as risk factors
for neurodegeneration, a comprehensive analysis of which can
be found elsewhere (Brainstorm et al., 2018). We provide
concrete recommendations on how to investigate the discussed
etiological paths experimentally in future studies. This work is
the result of the discussions that took place during the German-
Mexican Roundtable Exploring New Etiological Paths Towards
Neurodegeneration in October 2018.

THE VASCULAR ORIGIN OF
NEURODEGENERATION

Neurons depend on blood vessels to deliver oxygen and nutrients,
for the removal of carbon dioxide and other by-products of
metabolism from the brain’s interstitial space, which helps to
maintain the homeostasis of the cerebral microenvironment.
Therefore, to function properly, it is thought that the cerebral
circulation has developed adaptive mechanisms to provide the
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trophic molecules and energy substrates needed for neuronal
cells at different times and regions, depending on neural activity
(Girouard and Iadecola, 2006).

The recognition of these mechanisms led to the concept
of neurovascular coupling (Roy and Sherrington, 1890), which
refers to the dynamic functional change in cerebral blood flow
that occurs in response to local neuronal activity (Dirnagl, 1997;
Kisler et al., 2017; Villringer, 1997). This response increases
cerebral blood flow within the activated brain regions to fulfill
energy demands in a process known as functional hyperemia.

The main players of these dynamic adjustments in the cerebral
blood flow are neurons, glia, and vascular cells. All of them
come together in a functional morphological entity termed the
“neurovascular unit”. This view explains why cerebrovascular
diseases linked to neurodegeneration are considered as stand-
alone etiopathological states (Przedborski et al., 2003; Brown
et al., 2005). Vascular diseases, however, may be the forerunners
of neurodegeneration. In support of this, it has been shown that
shifts in blood pressure lead neurons to adjust the excitability
thresholds according to brain perfusion levels, safeguarding
their homeostasis. Hence, vascular diseases may occur first and
then later neurodegeneration may follow, if the process of
neurovascular coupling proceeds ineffectively (Moore and Cao,
2008; Kim et al., 2016).

Cerebral blood vessels originate from large cerebral arteries
arising from the circle of Willis. As they find the way through
the brain, large cerebral arteries divide into pial arteries and
arterioles, which grow gradually deeper and form the penetrating
arteries and arterioles that become progressively smaller until
they turn into cerebral capillaries (Wittko-Schneider et al.,
2014). The development of nerves and astrocytes originating
from central and peripheral sources is closely associated with
cerebral arteries, arterioles, and capillaries as demonstrated
by the observation that the inhibition of angiogenesis during
development is accompanied by severe developmental defects in
specific regions of the central nervous system (CNS) (Hallene
et al., 2006). This highlights the importance of blood vessels
during brain formation.

There are different steps and mediators underlying
neurovascular coupling. Briefly, neurons and interneurons
are responsible for the initiation and modulation of the vascular
response by the activation of NMDA and AMPA receptors,
which leads to an increase of intracellular Ca2+ and calcium-
dependent enzymes that exert effects on the endothelium,
astrocytes, and pericytes. Because of their close association
with synapses and microvessels, astrocytes are in charge of the
neurovascular transmission of signals to the capillaries and
arterioles while endothelial cells exert a retrograde propagation
of vasomotor responses to regulate cerebral blood flow (Iadecola,
2017). The endothelium also regulates the vascular tone by
releasing potent relaxing and contracting factors that readjust
the vascular musculature and maintain a healthy homeostasis of
the vascular wall.

Nitric oxide (NO), prostacyclins, endothelial-derived
hyperpolarizing factor (EDHF), and endothelin have been
proposed as the main vasoactive factors related to the endothelial
response to neural activity. NO promotes the vasodilation of

cerebral blood vessels by stimulating soluble guanylate cyclase
in the vascular muscle, leading to an intracellular increase
of cGMP and relaxation (Schmidt and Walter, 1994). NO
is generated by three different isoforms of the enzyme NO
synthase (NOS): neuronal (nNOS), inducible (iNOS), and
endothelial NOS (eNOS).

In the CNS, nNOS is mainly located in neurons, astrocytes,
and neuronal stem cells and has been implicated in synaptic
plasticity and in the central control of blood pressure.
Abnormal NO signaling is likely to contribute to a variety of
neurodegenerative pathologies such as excitotoxicity following
stroke, multiple sclerosis (MS), Alzheimer’s disease (AD), and
Parkinson’s disease (PD) (Calabrese et al., 2007).

iNOS expression had initially been shown for macrophages,
but it is now clear that it can be induced by cytokines in a variety
of cell types in the context of inflammation (Li et al., 1991).
During episodes of acute inflammation, the role of NO appears
to be protective, while chronic iNOS expression is detrimental.
The high levels of NO produced by activated macrophages and
other cells may not only be toxic to microbes, parasites, or tumor
cells, but may also harm healthy cells (Wong and Billiar, 1995).

Endothelial NOS is mostly expressed in endothelial cells,
although the isozyme has been detected in certain neurons of the
brain (Caviedes et al., 2017). eNOS-derived NO is a well-known
physiological vasodilator and an inhibitor of platelet aggregation
and adhesion, but it also inhibits leukocyte adhesion and vascular
inflammation, controls vascular smooth muscle proliferation,
stimulates angiogenesis, and activates endothelial progenitor cells
(Forstermann and Sessa, 2012).

In addition to the production and release of NO,
cyclooxygenase produces prostacyclin, which induces the
relaxation of cerebral vessels by the activation of adenylate cyclase
with the accumulation of cAMP and the activation of potassium
channels. Similarly, in large cerebral arteries, the production of
EDHF by the cytochrome P-450 monooxygenase metabolism
of arachidonic acid causes relaxation by hyperpolarizing
the underlying vascular muscle through the activation of
potassium channels. The contribution of EDHF increases
as the vessel size decreases, with a predominance of EDHF
activity in resistance vessels and a compensatory upregulation
of hyperpolarization in states characterized by reduced NO
availability (Ozkor and Quyyumi, 2011).

Besides vasodilatory factors, under certain conditions, the
cerebral endothelium produces vasoconstrictive substances such
as endothelins leading to a potent and long-lasting contraction
of cerebral vessels dependent on extracellular calcium and the
activation of protein kinase C (Faraci and Heistad, 1998).

The alterations of any of the cellular players involved in
the neurovascular unit may impair its coupling and functional
hyperemia, resulting in an alteration of homeostasis leading to
brain dysfunction (Iadecola, 2004).

Heart and Vascular Diseases and the
Origin of Neurodegeneration
According to the World Health Organization, cardiovascular
diseases (CVDs) lead to one-third of all annual deaths globally,
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which is about 17.9 million total deaths (Lim et al., 2012).
CVDs are disorders of the heart and blood vessels and include
among others coronary heart disease, cerebrovascular disease,
and rheumatic heart disease. A large number of studies have
reported a strong relationship between indices of vascular
pathology (such as carotid intima-media thickness, arterial
stiffness, and small-artery remodeling) and cognitive impairment
and neurodegeneration (Gorelick et al., 2011).

Because the factors contributing to vascular pathology are
often preventable or treatable, targeting them may prove useful
for preventing or delaying the onset of neurodegenerative
diseases. Epidemiological studies show that treating hypertension
and hyperlipidemia reduces the incidence of neurodegenerative
diseases (Larsson and Markus, 2018) and slows down the rate
of cognitive impairment (Deschaintre et al., 2009). Here, we
will focus on the main CVDs known to promote changes in
the cerebral microvasculature that lead to neurodegeneration
in the long run.

Hypertension
Hypertension – or blood pressure at or beyond 130 mmHg/80
mmHg (systolic/diastolic blood pressure) according to the 2017
American College of Cardiology/American Heart Association
guidelines (Whelton et al., 2018) – affects one billion people
worldwide and leads to nine million deaths every year (Lim
et al., 2012). In normotensive individuals, cerebrovascular
autoregulation counteracts the cerebrovascular effects of the
fluctuations in arterial pressure that occur during normal
activities. Cerebral arteries relax when arterial pressure decreases
and constrict when arterial pressure rises. The role of this vascular
adjustment is the maintenance of a stable cerebral perfusion
despite changes in systemic arterial pressure.

Hypertension alters cerebrovascular autoregulation
(Sadoshima et al., 1983) by impairing endothelium-dependent
relaxation (Faraci and Heistad, 1998). Hypertension promotes
vascular hypertrophy, remodeling, and atherosclerosis in large
cerebral arteries and lipohyalinosis in penetrating arterioles.
These changes are damaging because they reduce the lumen of
the vessel and increase vascular resistance (Dickinson, 2001). In
humans, longstanding hypertension induces the deposition of
collagen and fibronectin as well as elastin fragmentation, leading
to an increased stiffness of the wall of large arteries (Henskens
et al., 2008). Hypertension also affects neurovascular coupling as
shown by a reduction in the normal increase in cerebral blood
flow elicited in the posterior parietal and thalamic areas during
cognitive tasks in patients with chronic untreated hypertension
relative to normotensive individuals (Jennings et al., 2005).

The disruption of the adjustment mechanisms by a sustained
increase in the blood pressure has been linked to different
neurodegenerative diseases such as stroke (MacMahon et al.,
1990). Hypertension is also considered an important modifiable
risk factor for late-life cognitive decline and non-amnestic mild
cognitive impairment in the mid-aged population (Knopman
et al., 2001; Reitz et al., 2007). The Honolulu Asia aging
study demonstrated an association between elevated levels
of blood pressure in middle age and vascular dementia
(Launer et al., 2000).

Atherosclerosis
Atherosclerosis, a progressive disease, characterized by
the accumulation of lipids and fibrous elements in the
large arteries, is a major cause of heart disease and stroke
(Banerjee and Chimowitz, 2017).

The damage leading to atherosclerosis is elicited over years
and is highly influenced by lifestyle. The pathogenic sequence
starts with the recruitment of circulating monocytes into the
intima, where they differentiate into macrophages and internalize
modified lipoproteins to become foam cells (fat-laden M2
macrophages). Then, chemokines and growth factors induce
the proliferation of neighboring smooth muscle cells and the
synthesis of extracellular matrix components within the intimal
compartment, generating a fibromuscular plaque that undergoes
progressive structural remodeling resulting in the formation of
a fibrous cap, overlying a lipid-rich, necrotic core accompanied
by varying degrees of matrix remodeling and calcification (Lusis,
2000). If a rupture of the plaque occurs, the highly thrombogenic
contents of the necrotic core are released to the lumen of the
vessel, promoting atherothrombotic occlusion.

Epidemiological and post-mortem studies have shown that the
atherosclerosis of the arteries that supply the brain is associated
with a two- to threefold increased odds of dementia (Hofman
et al., 1997; van Oijen et al., 2007; Wendell et al., 2012; Dearborn
et al., 2017). Interestingly, this association is independent of the
effects of cerebral infarction (Dolan et al., 2010), which can result
from the atherosclerosis-induced occlusion of vessels.

Cerebral Small-Vessel Disease
Cerebral small-vessel disease comprises white matter lesions
(WMLs), lacunar infarcts, and cerebral microbleeds and is a
frequent neuroimaging finding (best seen on magnetic resonance
images) in elderly people (de Leeuw et al., 2001).

Factors such as arterial stiffness, also related to aging and
hypertension, are considered to expose the small vessels in the
brain to highly pulsatile pressure and flow (Poels et al., 2012).
This causes thickening of the arterial media of these vessels,
which gradually narrows the lumen. In addition, atheroscletoric
plaques in large arteries can encroach on the origins of smaller
arteries, blocking the blood flow to areas supplied by these
arteries. Subcortical white matter is particularly susceptible to
such changes, as its blood supply depends on small arteries that
get progressively smaller as they descend from the cortex to
the deeper parts of the brain. Hypoxia ensues, causing edema,
demyelination, and infarction of the white matter.

Cerebral small-vessel disease is associated with an increased
risk of cognitive decline, dementia, stroke, balance disturbances,
and parkinsonism (Bohnen and Albin, 2011). Individuals with
an identical WML pattern present clinically heterogeneous
complaints in cognitive and motor performance, ranging from
no complaints to dementia and parkinsonism, which means
other factors determine the cognitive or motor outcome (de
Leeuw et al., 2001). Possible explanations for this heterogeneity
are the lack of sensitivity of conventional magnetic resonance
imaging to the early loss of microstructural integrity in the
normal-appearing white matter (Scheltens et al., 1995), the
disagreement on how lesions underlying small-vessel disease
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are classified (Wardlaw et al., 2013), and the efficiency of
compensation mechanisms that prevent further cognitive and
motor deterioration (Mondadori et al., 2006).

Atrial Fibrillation
Atrial fibrillation (AF) is the most common arrhythmia affecting
1 to 2% of the general population (Andrade et al., 2014).
AF is characterized by disturbances that promote ectopic
firing and reentrant mechanisms that lead to impaired atrial
function [for a review on the pathophysiology of AF, refer to
(Andrade et al., 2014)].

AF can lead to reduced cardiac output, intermittent cerebral
hypoperfusion, and transient hypertension in the cerebral
capillaries (Anselmino et al., 2016). Such changes have been
suggested as possible mediators of AF-related brain damage. On
the other hand, AF may be a manifestation of a broader systemic
illness that involves widespread inflammation and platelet
activation, which can also lead to impaired cerebrovascular
function (Dietzel et al., 2018).

AF is associated with increased morbidity and mortality
and has long been known as one of the main risk factors for
embolic stroke (Kamel et al., 2016). It is now also considered
a risk factor for dementia. de Bruijn et al. (2015) analyzed
the association of prevalent and incident AF with incident
dementia in 6514 dementia-free patients, revealing not only
a positive association between AF and the development of
dementia but also that the association was strongest for younger
participants with the longest duration of AF. These findings
have been replicated by several studies (Nishtala et al., 2018),
some of which have shown that the association between AF
and dementia is independent of the occurrence of embolic
stroke (Ryden et al., 2019) and the use of anticoagulants
(Graves et al., 2017). Future investigation will determine if
optimal treatment of AF can prevent or postpone cognitive
decline and dementia.

Vascular Pathology in
Neurodegenerative Diseases
The link between vascular risk factors and neurodegenerative
disease is strengthened by the evidence showing that vascular
and neurodegenerative pathophysiological changes often co-
exist in patients with a diverse spectrum of neurodegenerative
diseases. Several lines of evidence even suggest that vascular
mechanisms are directly involved in the pathophysiology of
neurodegenerative diseases.

The event that triggers the onset of a stroke, such as
the rupture of an atherosclerotic plaque, the embolization
of a blood clot, or the damage to a vessel and subsequent
bleeding, is often preceded by vascular pathophysiological
changes that accumulate over time. One of the earliest changes
is endothelial dysfunction induced by oxidative stress (Roquer
et al., 2009), which occurs as a result of the aforementioned
cerebrovascular risk factors. Immediately after the onset of
stroke, a series of overlapping pathophysiological changes
occur leading to neuronal death within and beyond the initial
area of damage. These include critically low blood flow, the
accumulation of free oxygen radicals, the sustained or spreading

depolarization of neurons, acidosis, tissue inflammation, damage
to the blood–brain barrier (BBB), and regulated cell death
(Mergenthaler et al., 2004).

The same vascular mechanisms that lead to acute stroke can
also lead to cognitive impairment (Popa-Wagner et al., 2010). In
the condition known as vascular dementia (or vascular cognitive
impairment), the consequences of these pathophysiological
changes are the primary cause of neurodegeneration. They
include the development of multiple or strategically located
infarcts, damage to the myelin sheath and axons, small cerebral
hemorrhages, chronic cerebral hypoperfusion, and brain atrophy
(Iadecola, 2013). Each of these represents damaged tissue, and
the accumulation of damage eventually manifests as cognitive
impairment (Gorelick et al., 2011).

Vascular pathology leading to white matter damage,
manifesting as WML, seems to play a particularly important
role in the pathogenesis of vascular dementia (Iadecola, 2013).
Very often, however, both vascular and neurodegenerative
changes contribute to the development of dementia, resulting in
a condition known as “mixed” dementia.

The link between vascular pathology and neurodegeneration
has also been thoroughly studied in AD. Vascular damage,
initiated by vascular and genetic predisposing factors, precedes
the accumulation of beta-amyloid (Aβ), which eventually
leads to neurodegeneration in AD (Nelson et al., 2016).
Neuroimaging studies support this theory, showing that reduced
CBF and abnormal neurovascular coupling occurs in elderly
people at the risk of AD before they show the hallmarks of
the disease such as brain atrophy, cognitive impairment, or
accumulation of Aβ (Smith et al., 1999; Bookheimer et al., 2000;
Ruitenberg et al., 2005).

Vascular damage may facilitate neurodegeneration by altering
a major route through which substances are cleared from the
interstitial space of the brain parenchyma. This route is known
as the glymphatic system, which facilitates the movement of
fluid from perivascular (Virchow-Robin) spaces surrounding
pial arterioles to the interstitium into spaces surrounding the
brain’s deep veins and then to the cervical lymph nodes
(Jessen et al., 2015).

Vascular risk factors cause blockages in and around small
arteries, which can manifest as an enlargement of the perivascular
spaces (Gouw et al., 2011) that are visible on structural magnetic
resonance images (Wardlaw et al., 2013). These enlarged spaces
are a sign of impeded interstitial fluid flow and hence impaired
clearance of substances from the brain parenchyma, and have
been linked to an increased risk of dementia (Buerge et al.,
2011; Ramirez et al., 2015) and stroke (Mills et al., 2007;
Selvarajah et al., 2009).

Interestingly, the spatial distribution of these enlarged
perivascular spaces has been linked to different underlying
pathologies. A predominant distribution in the basal ganglia
indicates vascular disease caused by hypertension (Selvarajah
et al., 2009; Charidimou et al., 2013), while a white matter
distribution is related to cerebral amyloid angiopathy (Martinez-
Ramirez et al., 2013; Charidimou et al., 2014), caused by the
accumulation of Aβ protein in the walls of the cerebral and
meningeal vessels.
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Cerebral amyloid angiopathy, which leads to intracerebral
hemorrhage that aggravates the cognitive impairment
(Cordonnier, 2011), is found in more than 80% of AD
patients (Jellinger, 2010). Aβ itself is a potent vasoconstrictor
(Thomas et al., 1996), worsening the hypoperfusion, which,
if severe enough, directly injures neurons. However, even
milder hypoperfusion alters protein synthesis and plays a role
in neurodegeneration (Iadecola, 2004). The critical role of
hypoperfusion is supported by the evidence that the induction of
chronic global hypoperfusion in animal models causes memory
impairment, the accumulation of Aβ, and synaptic dysfunction
(Walsh et al., 2002; Koike et al., 2010; Wang et al., 2010).

Blood–brain barrier dysfunction, which involves damage to
pericytes and endothelial tight junction molecules, has been
observed in several neurodegenerative diseases, including AD,
PD, amyotrophic lateral sclerosis (ALS), and Huntington’s disease
(Zlokovic, 2008; Chao et al., 2009; Duran-Vilaregut et al.,
2009; Henkel et al., 2009; Kalaria, 2010; Alvarez et al., 2011).
Vascular damage worsens the situation, both by leading to
further BBB dysfunction and because low blood flow traps
potentially neurotoxic proteins such as Aβ that pass through the
leaky barrier. These proteins, which include immunoglobulins,
plasmin, thrombin, and albumin, further reduce blood flow
and cause vasogenic brain edema, oxidative stress, and axonal
demyelination (Chen and Strickland, 1997; Mhatre et al., 2004;
Farrall and Wardlaw, 2009; Chen et al., 2010). In patients,
this BBB dysfunction is detectable using neuroimaging and the
analysis of the biomarkers of neurodegenerative diseases in the
cerebrospinal fluid (Olsson et al., 2016; Sweeney et al., 2018).

The presence and severity of vascular damage occurring
at the cellular and molecular level, affect the clinical course
of neurodegenerative diseases. Large neuropathological
studies show the post-mortem presence of infarcts, lacunes,
leukoencephalopathy, atherosclerosis, or hemorrhages in 80% of

AD patients compared to 67% of similarly aged people without
cognitive impairment (Toledo et al., 2013).

Interestingly, the effects of vascular pathology and
neurodegeneration on cognitive decline seem to be synergistic,
particularly in patients with moderate AD pathology (Zekry
et al., 2002; Choi et al., 2011; Lee et al., 2014). Studies show that
the worse the vascular pathology in patients with AD, the worse
the cognitive impairment (Snowdon et al., 1997; Song et al., 2007;
White, 2009). AD patients with infarcts or microangiopathic
white matter disease also experience faster cognitive decline
(Silvestrini et al., 2006; Helzner et al., 2009).

CELLULAR SENESCENCE AS THE
ORIGIN OF NEURODEGENERATION

Since a main feature of aging is the accumulation of senescent
cells in various tissues (van Deursen, 2014; Calcinotto et al.,
2019), cellular senescence has emerged as a key potential
contributor to neurodegenerative and cerebrovascular diseases
(Baker and Petersen, 2018; Kritsilis et al., 2018).

Cellular senescence is a phenotype characterized by a
durable cell cycle withdrawal (i.e., cells do not respond to
mitogens), associated with the expression of tumor suppressors
p21CIP1/WAF1 (encoded by Cdkn1a) and/or p16INK4A (encoded
by Cdkn2a), as well as by apoptosis resistance (Figure 1).
Senescent cells display a flattened and vacuolated morphology
with abundant stress granules and accumulate lipofuscin. There
is a persistent DNA damage response commonly detected by
the presence of γH2AX foci, while the most common feature is
an increase in the lysosomal activity of the enzyme senescence-
associated beta galactosidase isoform (SA-B-Gal), which has
been widely used for their detection. Some senescent cells
exhibit a formation of senescence-associated heterochromatin

FIGURE 1 | Senescence-mediated neurodegeneration. Cellular senescence can be induced by several stimuli in the different brain cells. Senescence of microglia
and astrocytes results in inflammation and the loss of trophic support. Oligodendrocyte senescence reduces myelin, which affects transmission and the BBB may be
compromised by endothelial cells senescence. These changes have an impact on the integrity and viability of neurons and ultimately brain function [based on Chinta
et al. (2015)]. SASP, senescence-associated secretory phenotype.
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foci (SAHF), which are domains enriched in the transcription-
silencing histone H2A variant, macroH2A.

However, the most important feature of senescent cells is
the secretion of pro-inflammatory cytokines, growth factors,
extracellular enzymes, and metalloproteases, collectively
known as senescence-associated secretory phenotype (SASP)
(Chow and Herrup, 2015; Ask et al., 2018). In early stages,
the secretion of cytokines by senescent cells promotes the
migration and infiltration of effector immune cells and the
secretion of growth factors and proteases, which facilitate
tissue repair and remodeling (Munoz-Espin and Serrano, 2014;
Davaapil et al., 2017).

Yet, persisting cytokine signaling, as occurs in aging,
contributes among other processes to chronic inflammation
(inflammaging), a major contributor to age-related dysfunctions.
SASP molecules also have an autocrine role, fostering the
senescent phenotype, and a paracrine role inducing senescence
in surrounding cells (Coppe et al., 2010). Notably, during
aging, senescent cells accumulate and persist in different organs,
including the brain, and are associated with the onset of several
diseases (Munoz-Espin and Serrano, 2014).

To avoid confusion, it is however important to differentiate
between aging, often termed “senescence” and cellular
senescence. Aging is featured by an accumulation of senescent
cells, but not all aged cells have the unique cellular senescence
phenotype. Further investigations are needed to understand
why senescent cells accumulate with aging, perhaps involving a
combination of immune system malfunction failing to eliminate
them, with changes in senescent cells themselves so that they
become less efficiently recognized.

Senescence in Neurodegenerative
Diseases
More recent in vitro and in vivo evidence strengthens
the hypothesis of cellular senescence as causative of
neurodegeneration. Dysfunctional astrocytes with senescent
hallmarks have been detected in post-mortem human brain
tissue from patients with ALS, PD, and AD (Bhat et al., 2012;
Chinta et al., 2015, 2018; Turnquist et al., 2016). Mouse
models and in vitro studies provide further evidence of
senescence in microglia (Bussian et al., 2018), endothelial
cells (Broadwell, 1989), neural stem cells and possibly
oligodendrocytes (Kritsilis et al., 2018), which may contribute to
neurodegenerative disorders.

Moreover, several senescent features have recently
been described in studies of both physiological aging and
neurodegenerative diseases using different models, including
AD, PD, MS, and stroke (Kritsilis et al., 2018; Walton and
Andersen, 2019), supporting the idea that cellular senescence
may contribute to neurodegeneration and cerebrovascular
disease in a far-reaching way (reviewed by Baker and Petersen,
2018; Walton and Andersen, 2019).

In a recent publication, using weighted gene co-expression
analysis, Mukherjee et al. (2019) found a microglial signature
of 17 genes that are strongly related with both aging and
neurodegenerative diseases, not only in human brains but also

in neurodegenerative murine models. An early study from Bhat
et al. (2012) suggested that p16INK4A-positive astrocytes may
increase the risk for sporadic AD, since the prefrontal cortex of
AD patients harbors a significant increase of senescent astrocytes
expressing p16INK4a and matrix metalloproteinase-1 (MMP-1).

Also, the in vitro exposure of astrocytes to Aβ1−42 triggers
senescence, leading to the secretion of pro-inflammatory
cytokines, including interleukin 6 (Bhat et al., 2012). Chinta and
colleagues also demonstrated an increase of senescent astrocytes
in brain tissue from PD patients, and found that cultured
murine and human astrocytes exposed to paraquat (an herbicide
associated with sporadic PD) become senescent. Interestingly,
the depletion of senescent cells diminished neurodegeneration
(Chinta et al., 2018), suggesting that senescence may be the cause,
not the consequence of neurodegeneration.

Cellular senescence has also been considered as a therapeutic
target in MS (Oost et al., 2018). Although MS is regarded as a
classical autoimmune disease, it has been hypothesized that the
driver of the autoreactive immune response in MS is actually
a primary neurodegenerative process (Trapp and Nave, 2008).
The senescence of microglia, T-cells, astrocytes, endothelial cells,
and oligodendrocytes, among other cell types, is implicated
in MS pathophysiology (Oost et al., 2018). Even though no
study has been conducted for senescent cell detection on post-
mortem tissue of MS patients, there is initial evidence in animal
models about the role of cellular senescence on MS progression
(Oost et al., 2018).

Senescence and Synaptic Plasticity
Another common hallmark of neurodegenerative pathologies is
the alteration in synaptic structure and function during the early
stages of the disease, which is related to subcellular reorganization
preceding cell loss. The mechanisms underlying these pathologies
are not fully understood. In fact, a decline in synaptic plasticity
may be linked to the phenomenon of senescence. Unfortunately,
there are only a few studies that have investigated the effect
of senescence on the synaptic machinery. However, there is
growing evidence of the changes in neuroplasticity caused by
inflammation, oxidative stress, and protein misfolding, that may
be linked to SASP action as well as the influence of senescence
in glial cells, which are associated with an impairment in the
neuroplasticity machinery (Gan et al., 2018).

The hippocampus has been pointed out as a brain structure
with high plasticity and prone to neurodegeneration with
age (Kreutzmann et al., 2015). The neurogenic capacity of
the hippocampal dentate gyrus is reduced during aging. This
reduction correlates with an impairment in memory formation
and is accompanied by other changes, such as an increase
of pro-inflammatory cytokines as well as a reduction of
neurotrophic and vascular factors (Seib and Martin-Villalba,
2015; Fan et al., 2017).

Aging is also associated with changes in the hippocampal
perforant pathway and its synapses, with the dentate gyrus being
particularly affected (Wenk and Barnes, 2000). A decrease of
synapses and changes in the morphology of dendrites and their
spines have been linked to atrophy and a dysfunction of the
aged hippocampus (Rogers et al., 1984). A synapto-proteome
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study in old animals revealed a general decrease in the expression
of neurotransmission regulation proteins, such as post-synaptic
density 95, synaptosomal nerve-associated protein 25, shiga
toxin 1, synapsin 1 and 2, synaptophysin, and vesicle-associated
membrane protein (Wang et al., 2007; VanGuilder et al., 2010;
Orock et al., 2019).

Moreover, a recent breakthrough paper, using a classical
model of neurodegeneration, shows the accumulation of
senescent astrocytes and microglia, but not neurons, in the brains
of mice overexpressing human TauP301S. The genetic clearance
of senescent glial cells prevented neurofibrillary tangle (NFT)
deposition, the degeneration of hippocampal neurons, brain
shrinkage, and the thinning of the dentate gyrus, thus preserving
cognitive function. The transgenic mice that did not undergo
a senescent transformation of microglia cells maintained their
cognitive functions (Bussian et al., 2018).

Interestingly, neurogenesis and learning and memory can
be impaired when blood and plasma from aged animals are
transfused to young animals, showing that systemic factors
can affect brain integrity. This phenomenon may be related
to chemokine levels, especially the C–C Motif Chemokine
Ligand 2 (CCL2), an important SASP component (Villeda et al.,
2011). It is possible that when senescent astrocytes accumulate,
they release SASP factors that lead to NFT deposition and
other neurodegenerative hallmarks in surrounding neurons,
oligodendrocytes, microglia, and endothelial cells (Figure 1).
Investigating senescent cell accumulation in the periphery and
in the nervous system should help to understand the process of
aging of the brain and, more importantly, neurodegeneration in
an integrative way.

Cellular Senescence in Stroke
Cellular senescence accompanying neurological conditions
involves many cell types of the CNS (Walton and Andersen,
2019), which may also be of great importance in the case of
brain injury following stroke (Buga et al., 2013). Most studies
in this field, however, focused on the effects of aging rather
than on cellular senescence. The timing of the cellular and
genetic response to brain tissue injury is dysregulated in aged
animal models due to a premature accumulation of BrdU-
positive microglia and astrocytes, activated oligodendrocytes, and
degenerated neurons (Popa-Wagner et al., 2007).

There is no consensus whether and to what extent age
influences infarct size: several studies reported larger (Popa-
Wagner et al., 2011) or smaller ischemic lesions in aged animals
when compared to young rodents (Manwani et al., 2013; Ritzel
et al., 2018). However, irrespective of the infarct size, aged animals
have worse functional when compared to young ones (Popa-
Wagner et al., 2011; Ritzel et al., 2018). The slow tissue recovery
and rapid development of damage after injuries like stroke in
aged animals may be linked to several factors such as a reduced
expression of genes linked to neuroprotective pathways, high
and accelerated cell death, high oxidative stress by mitochondrial
dysfunction, increased permeability of the BBB, high phagocytic
activity of brain macrophages, autophagic dysfunction, as well
as an imbalanced inflammatory state (Popa-Wagner et al., 2007,
2011; Petcu et al., 2008).

Furthermore, the immune response to ischemic brain injury
differs between aged and young mice. In a recent report,
older mice displayed an increased number of brain-infiltrating
and peripheral neutrophils with decreased phagocytic potential,
increased levels of reactive oxygen species and extracellular
matrix-degrading enzymes (Ritzel et al., 2018). Rawji and
colleagues reported that aging also affects brain-resident immune
cells. Aged microglia express excessive amounts of pro-
inflammatory cytokines and proliferate at increased rates, but
simultaneously display defective phagocytosis and decreased
motility. Interestingly, aged peripheral monocytes seem to share
the features of impaired phagocytosis and reduced motility, but
are less prone to activation and proliferation (Rawji et al., 2016).

Since aging has been linked to the accumulation of senescent
cells (van Deursen, 2014; Calcinotto et al., 2019), we speculate
that cellular senescence may contribute to the outcome after
stroke. However, there is a need for more studies, exploring
specifically the impact of cellular senescence rather than the
global effects of aging. In vitro and in vivo experiments show
that aging influences the state of endothelial cells, pericytes, and
tight junctions, in turn resulting in a compromised function
of the BBB (Yamazaki et al., 2016). Acute stroke leads to
increased permeability and BBB breakdown, associated with
worse outcome in stroke patients (Brouns et al., 2011).

Astrocytes in aged brains display the features of cellular
senescence and SASP (Salminen et al., 2011), possibly impacting
surrounding cells also in the case of acute brain damage. In the
context of senescence hallmarks, human astrocytes are highly
sensitive to oxidative stress and trigger a senescence program
when faced with multiple types of stressors (Crowe et al., 2016;
Liddell, 2017).

Chronic low-grade inflammation contributes to the increased
risk of cerebrovascular disease (Lucas et al., 2006) and was shown
to be a feature of the aging (Buga et al., 2013). The SASP in many
cell types, including peripheral immune cells, astrocytes and
microglia may influence a chronic inflammatory state observed
in aging (Buga et al., 2013).

Taking into consideration the pathogenesis of cerebrovascular
diseases, it is important to mention that cellular senescence
may play a role in comorbidities and conditions known as risk
factors for stroke (Buga et al., 2013). Cellular senescence impacts
the formation and state of atherosclerotic plaques (Ritzel et al.,
2018) and endothelial cells showing the hallmarks of senescence
triggered by stressors like changes in glucose levels, homocysteine
or elevated blood pressure (Tian and Li, 2014) may play a role
in age-related vascular diseases. Since cellular stress induces
senescence, it remains to be experimentally tested whether stroke
itself triggers senescence in brain cells, which may influence the
CNS microenvironment, have long-term consequences and an
impact on the outcome after cerebral insults.

Systemic Metabolic Disease, Cellular
Senescence, and Neurodegeneration
Risk factors in many neurodegenerative disorders include
systemic metabolic diseases (see section “Impact of Peripheral
Metabolic Disorders on Neurodegeneration”), which, in fact,
favor the accumulation of senescent cells by facilitating the
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functional changes of cellular distribution and regulation of
adipose tissue. As mentioned before, cellular senescence in aging
may contribute to a chronic inflammatory state in the brain and
peripheral tissues (Buga et al., 2013).

Interestingly, obesity generates an accelerated state of aging,
pro-oxidant factors as well as glucotoxicity (Hardie et al., 2006;
Eberle and Ament, 2012). It is also associated with an increased
senescent cell burden and a wide range of neurodegenerative and
neuropsychiatric diseases (Gariepy et al., 2011; Hryhorczuk et al.,
2013; Morsi et al., 2018). Ogrodnik and colleagues demonstrated
that, in obese mice, glial cells show increased markers of
cellular senescence in the periventricular region of the lateral
ventricle, a region in close proximity to the neurogenic niche
(Ogrodnik et al., 2019).

Furthermore, the affected glial cells in obese mice display
excessive fat accumulation, which is in agreement with the
role of glial cells on the senescence-mediated induction of
neurodegeneration. Since SASP contributes to inflammation,
metabolic dysregulation, progeria, pulmonary fibrosis, geriatric
syndromes, and the loss of resilience, the clearance of senescent
cells may delay or even alleviate multiple age-related diseases
(Kirkland and Tchkonia, 2017).

Taking into consideration the increasing body of evidence
on the role of cellular senescence in neurodegenerative,
cerebrovascular, and metabolic disorders, we propose to
investigate senescent cell accumulation in the periphery and in
the nervous system as well as the influence of SASP on processes
in the CNS, such as neuroplasticity, specific cellular populations,
and on the brain–body signaling. This will help to understand
the normal process of aging and senescence in an integrative way.

BODY–BRAIN TROPHIC INTERACTIONS
AS THE ORIGIN OF
NEURODEGENERATION

The disruption of the bidirectional interaction between neurons
and the cells they innervate has not been considered as a putative
etiologic mechanism of neurodegeneration. According to the
trophic theory of neural connections, the body is represented
several times within the nervous system along the sensory and
motor pathways (Purves, 1988). Thus, changes in size and
function of the body must be accompanied by changes in their
neural representation at a central level, which may include neurite
remodeling and functional adaptations.

Furthermore, novel requirements of the body affect the
peripheral and central connections of peripheral neurons. In
early phases of metabolic disorders, adipocytes and immune cells
are related to peripheral nerve remodeling of both sympathetic
and sensory fibers (Pellegrinelli et al., 2018; Yamazaki et al., 2018).
In addition, the alteration of the enteric nervous system (ENS)
may be a conduit to induce changes in the CNS. Future studies
oriented to understand the interactions between neurons and
the cells they innervate would help to discover biomarkers for
early diagnosis and to monitor disease progression. Here, we
present a brief summary of the experimental evidence related to
the early events of neurodegeneration in the body and discuss

possible mechanisms of intercellular communication that may be
operating (Figure 2).

Pathological Events in the Peripheral
Nervous System
Various neurodegenerative diseases share common molecular
and cellular mechanisms including the misfolding of proteins
that undergo conformational changes leading to tissue deposition
and the formation of inclusion bodies. Increasing evidence
suggests that these neurodegenerative proteinopathies may
originate in the peripheral nervous system (Wakabayashi et al.,
2010) or even across the body.

In PD and dementia with Lewy bodies (DLBs), the
histopathological hallmark is the occurrence of neuronal
α-synuclein aggregates, also known as Lewy bodies. Lewy bodies
are typically found in the substantia nigra in PD. However,
LBs can also be present in peripheral organs, neural or not,
including the sympathetic ganglia, ENS, cardiac and pelvic
plexuses, submandibular gland, adrenal medulla, and the skin
(Beach et al., 2010; Wakabayashi et al., 2010). Moreover, in
the early pathological stages of PD, α-synuclein pathology is
present first in the dorsal motor nucleus of the glossopharyngeal
and vagal nerves as well as the anterior olfactory nucleus
(Braak et al., 2003a).

In AD, NFTs are observed in the spinal and sympathetic
ganglia. However, it seems that they develop independently of the
cerebral AD pathology (Shankle et al., 1993). In ALS, TDP-43 is a
major component of the ubiquitinated inclusions and also occurs
in the neurons of the spinal ganglia (Nishihira et al., 2008).

Sensory abnormalities have been described in
neurodegenerative diseases including PD and AD. In this
regard, the loss of olfaction represents an important early
clinical symptom frequently preceding motor and cognitive
impairments typically observed in these neurodegenerative
diseases (Driver-Dunckley et al., 2014; Doty, 2017; Marin
et al., 2018; Rey et al., 2018). The olfactory system may be
particularly affected in neurodegenerative diseases as seen by
the accumulation of pathological protein aggregates in olfactory
structures including the anterior olfactory nucleus, the olfactory
bulb, and the olfactory epithelium (OE) (Doty, 2017; Marin et al.,
2018; Rey et al., 2018).

Given that the OE is directly accessible to external factors,
it is vulnerable to environmental insults. Thus, external
agents (toxins, bacteria, viruses, air pollutants) may trigger
neurodegeneration through the OE (Rey et al., 2018). Once
these agents enter the brain via the OE, they may cause protein
misfolding and the spreading of protein aggregates in a prion-like
manner throughout the olfactory pathway to other anatomically
connected brain regions (Doty, 2017).

Moreover, xenobiotics and particles in contact with the OE can
also induce the production of reactive oxygen species triggering
a local inflammatory reaction in a similar way to that induced by
misfolded proteins (Lema Tome et al., 2013). Alternatively, the
enhanced expression of misfolding-prone proteins in olfactory
structures may make those regions prone to develop certain
diseases (Duda et al., 1999; Taguchi et al., 2016; Kim et al., 2018).
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FIGURE 2 | The role of trophic interactions between the brain and the body in the development of neurodegenerative diseases. Under physiologic conditions, there
is a continuous exchange of information between neurons and their targets. Neurons control several aspects of the cells they innervate by the release of
neuropeptides and neurotransmitters. Reciprocally, peripheral cells modulate neuronal physiology by the release of several molecules including neurotrophins and
cytokines. Recently, extracellular vesicles (EVs) have been considered as key players in the development and progression of chronic and degenerative diseases. An
alteration of the homeostatic state of peripheral cells is reflected on the molecular cargo of EVs which, in turn, can affect the functioning of the neurons. Common to
several chronic and neurodegenerative diseases, there is a reduction of peripheral innervation which leads to a disturbance of the trophic relation between the body
and the central nervous system. A continuous alteration of these interactions during maturity of individuals may underlie some of the early events that reflect on
neuronal death during aging. CNS, central nervous system; EVs, extracellular vesicles; PNS, peripheral nervous system.

Pain abnormalities are part of the clinical features in patients
with PD and the impaired nociceptive processing depends on
nociceptor degeneration (Nolano et al., 2008; Reichling and
Levine, 2011; Conte et al., 2013). Skin biopsies of PD patients
reveal a decrease in cutaneous autonomic innervation, free
epidermal nerve endings, and encapsulated sensory endings
(Dabby et al., 2006; Nolano et al., 2008). The severity of PD
correlates with the loss of Meissner corpuscles and epidermal
nerve fibers, accompanied by a reduction in cold and pain
perception (Nolano et al., 2008).

The accumulation of misfolded proteins such as α-synuclein
and parkin due to a dysfunction of the ubiquitin-proteasome
system may partially explain the painful nociceptor dysfunction
(Saha et al., 2000). In AD, pain perception seems not to be
reduced. However, more studies are necessary to document
whether sensory innervation is modified in AD and other
neurodegenerative diseases (Cole et al., 2006). Of note, it
is important to mention that different mechanisms involving
both peripheral and central pain pathways may play a role in
sensory dysfunction.

Autonomic dysfunction is present in several
neurodegenerative diseases including PD, multiple system
atrophy, AD, and other types of dementia such as DLB, PD with
dementia, and frontotemporal lobar degeneration (Idiaquez and
Roman, 2011; Coon et al., 2018). Orthostatic hypotension has
been widely reported in patients with PD and DLBs as seen
by the decreased cardiac uptake of the noradrenaline analog
meta-iodobenzylguanidine (Orimo et al., 2005).

The presence of orthostatic hypertension may be due
to the depletion of cardiac vagal sympathetic nerves as

well as the α-synuclein pathology in sympathetic ganglia
and adrenal gland that have been reported in Lewy body
diseases, which includes PD, PD with dementia, and DLB
(Wakabayashi et al., 2010). Interestingly, sympathetic
denervation precedes neuronal loss in the sympathetic
ganglia (Orimo et al., 2005). Autonomic dysfunction in AD
may also be affected by neuropathological changes in central
autonomic networks (Collins et al., 2012). Future studies
should focus on the temporality of autonomic alterations in
neurodegenerative diseases.

Gastrointestinal dysfunction is closely linked to the
dysfunction of the ENS. Enteric dysfunction has been reported in
PD, AD, ALS, and frontotemporal dementia (Rao and Gershon,
2016). Biopsies of PD patients have demonstrated the presence
of Lewy-type pathology in enteric neurons suggesting a role
of the ENS in the onset of the disease (Kupsky et al., 1987;
Wakabayashi et al., 1988, 1990). The unmyelinated axons of
enteric neurons may increase their susceptibility to PD and
due to their multiple synaptic terminals may promote the
propagation of α-synuclein aggregates via connected ganglia
(Chalazonitis and Rao, 2018).

Likewise, in AD patients, Aβ immunoreactivity is found
in the submucosa of the intestine (Joachim et al., 1989). In
addition, amyloid precursor protein expression is present in the
enteric neurons of AD patients (Arai et al., 1991). However,
in contrast to PD, data from human samples in AD are still
sparse. Other autonomic dysfunctions reported include urinary
symptoms, sexual and thermoregulatory, dysfunction, and sleep
disturbances (Postuma et al., 2015; Racosta et al., 2015; Pfeiffer,
2016). A better characterization of peripheral damage is required
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in those cases where there is evidence of alteration in the
peripheral innervation.

Impact of Peripheral Metabolic Disorders
on Neurodegeneration
An increasing body of evidence suggests that metabolic
disturbances may contribute to neurodegenerative processes in
the CNS. We discuss here briefly the impact of diabetes mellitus
(DM) and obesity on neurodegeneration.

Diabetes mellitus is one of the most common metabolic
diseases and a major disorder of insulin regulation with
increasing incidence (Duarte et al., 2012). Especially
type 2 diabetes (T2D) is a highly complex, multifactorial
metabolic disease, characterized by a progressive pancreatic
β-cell failure (relative insulin deficiency), decreased insulin
action and peripheral insulin resistance (Campbell, 2011;
Carvalho et al., 2012).

T2D develops under a cluster of risk factors that includes
high blood glucose, obesity, increased blood triacylglycerols and
insulin resistance, which individually or collectively, also increase
the risk for neurodegeneration/neuronal death, functional and
structural brain changes, culminating in cognitive dysfunction
that underlies dementia-type disorders (e.g., AD), which may
arise from a complex interplay between T2D and brain aging.
Additionally, decreased brain insulin levels/signaling and glucose
metabolism in both pathologies further suggests that an effective
treatment strategy for one disorder maybe also beneficial in the
other (Duarte et al., 2013).

Obesity is clinically identified based on measurements of body
mass index, but can be generally defined as the condition in which
excess body fat has accumulated to an extent that can negatively
affect health. This definition is based on the dramatically
enhanced risk for a myriad of disorders, including T2D, CVD,
gastrointestinal and respiratory disorders, and several types of
cancer (for review, see Haslam and James, 2005). Furthermore,
abdominal obesity is a component of the metabolic syndrome,
which additionally combines insulin resistance or glucose
intolerance, atherogenic dyslipidemia, elevated blood pressure,
and increased expression of prothrombotic and proinflammatory
markers (for review, see Olufadi and Byrne, 2008) and is an
important risk factor for T2D, CVD, and stroke.

While the consequences of obesity on metabolic and
cardiovascular pathophysiology are well-studied, epidemiological
and experimental data are beginning to reveal that the CNS may
also be detrimentally affected by obesity and obesity-induced
metabolic dysfunction. In particular, data show that obesity is
associated with cognitive decline and enhanced vulnerability
to brain injury, while experimental studies in animal models
confirm a profile of increased susceptibility to brain damage and
decreased cognitive function (Bruce-Keller et al., 2009).

Recent data suggest that both AD and PD can manifest
systemic alterations in energy metabolism (e.g., increased insulin
resistance and dysregulation of glucose metabolism). Moreover
emerging evidence that dietary restriction can forestall the
development of AD and PD is consistent with a major
“metabolic” component to these diseases, and provides optimism

that these devastating brain disorders of aging may be largely
preventable (Blum-Degen et al., 1995; Mattson et al., 1999).

Advanced glycation end products generated by chronic
hyperglycemia and their receptor RAGE provide critical links
between diabetes and AD (Vicente Miranda et al., 2016; Fleitas
et al., 2018). Obesity, diabetes, and metabolic syndrome increase
the risk of cognitive decline and dementia, including not only
vascular dementia, but also AD and PD (Roriz-Filho et al., 2009).

However, due to increased incidence, especially in the
aging population, the impact of metabolic disease on
neurodegenerative processes will increase tremendously in
the upcoming decades. We believe therefore that potential
therapeutic approaches aiming at preventing/treating
neurodegenerative diseases should include metabolic disorders.

Altered Body–Brain Trophic
Communication
Accumulating evidence suggests that patients with
neurodegenerative diseases commonly develop sensory and
autonomic dysfunctions during maturity. This raises the
possibility that the peripheral nervous system may be the
gateway to alter brain physiology. The trophic theory of neural
connections states that there is a mutual dependence between
neurons and their targets (Purves, 1988; Qureshi and Mehler,
2013; Holm et al., 2018). Olfactory or gastrointestinal alterations
may reflect a distortion of the communication between a variety
of cell types and peripheral neurons. The repercussion of these
altered interactions on the development of neurodegenerative
diseases are still underexplored. Moreover, the mechanisms of
cellular communication between peripheral cells and the nervous
system are not fully characterized.

Recently, a novel system of intercellular communication has
been proposed to modulate changes in neuronal physiology and
to participate in the propagation of misfolded proteins (Fevrier
et al., 2004; Asai et al., 2015; Grey et al., 2015; Polanco et al., 2016).
This system is mediated by membranous organelles denominated
as EVs, which can travel from the periphery to the brain and vice
versa (Li et al., 2018).

Apparently, all the cell types of the body can release
EVs to transmit information in the form of proteins, RNAs,
and lipids. EVs are classified according to their subcellular
origin in exosomes when originating from multivesicular bodies
and in ectosomes (or microvesicles) when formed from the
plasma membrane (Thery et al., 2018). Despite the technical
challenges to study the functional role of different EVs
subpopulations, their participation in both the maintenance of
tissue homeostasis and the progression of chronic degenerative
diseases is becoming clearer.

Extracellular vesicles are involved in several processes
of brain development and normal functioning, including
synapse formation, synaptic plasticity, and communication
between glia and neurons. The signaling proteins of
hydrophobic nature, such as the Wnt family members and
other regulatory proteins, are loaded into EVs (Korkut
et al., 2009; Coulter et al., 2018; Lee et al., 2018). During
mammalian brain development, the vesicular secretion of the
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growth factor sonic hedgehog promotes the proliferation of
neural progenitors.

Interestingly, the loss of function of the complex charged
multivesicular body proteins 1A reduces the number of
intraluminal vesicles and the secretion of a specific subtype of
EVs whose functions can be directly related to sonic hedgehog
signaling (Coulter et al., 2018). At the Drosophila neuromuscular
junction, EVs containing the Wnt-binding protein Evennes
Interrupt and the Wnt 1 homolog Wingless promote synaptic
growth when released from the presynaptic terminal (Korkut
et al., 2009; Koles et al., 2012).

There is a constant reciprocal exchange of information
through EVs between the pre- and post-synapse to modulate
fine aspects of synaptic maturation and remodeling. In rat
hippocampal neurons, excitatory synapses can be eliminated by
a mechanism dependent on the delivery of Proline-Rich 7 by
exosomes to induce the degradation of the post-synaptic density
protein-95 (Lee et al., 2018).

Extracellular vesicles contents also influence long-term
memory and synaptic plasticity. In neuronal cultures from mouse
hippocampus and in neuromuscular junction preparations from
Drosophila, oligomers of the activity-regulated cytoskeleton-
associated protein and its own mRNA are transported through
exosomes to the post-synapse (Ashley et al., 2018; Pastuzyn
et al., 2018). The translation of the exosomal activity-
regulated cytoskeleton-associated protein mRNA increases by
the activation of the group 1 metabotropic glutamate receptors
(Pastuzyn et al., 2018). The notion that neurons constantly use
EV-mediated communication is reinforced by the fact that the
release of EVs is activity-dependent and that the delivery of the
cargo from presynaptic cells enables retrograde signaling from
the post-synaptic cells (Lachenal et al., 2011; Korkut et al., 2013;
Lee et al., 2018).

The general hypothesis on the role of EVs related to
the development of neurodegenerative diseases relies on their
potential to transport protein aggregates, which has been
reviewed elsewhere (Howitt and Hill, 2016). Here, we would like
to center the discussion on the possibility that a bidirectional
exchange of information through EVs between peripheral
cells and neurons may have a long-term impact on the
brain physiology.

Emerging evidence suggests that both central and peripheral
neurons can uptake EVs from a variety of cell types. Thus,
under certain circumstances, EVs derived from peripheral cells
contain proteins or RNAs that can be deleterious for neuronal
functioning. In agreement with this notion, exosomes derived
from hyperglycemic Schwann cells contain microRNAs that
suppress axonal growth in vitro (Jia et al., 2018). Moreover,
hyperglycemic Schwann cell-derived exosomes contribute to the
development of diabetic peripheral neuropathy when injected
into a diabetic mouse (Jia et al., 2018).

Similarly, the CNS can also be affected by the information
transported by systemic exosomes. An increase of inflammatory
cytokines in the brain and microglial and astrocytic activation
is observed after the intravenous injection of serum-derived
exosomes from lipopolysaccharide (LPS)-challenged mice
(Balusu et al., 2016; Li et al., 2018). Dorsal root ganglion

neurons modulate immune cells in the periphery by the release
of neuropeptides.

Recent findings also indicate that EV-mediated
communication can be an additional mechanism operating
during trauma. After nerve injury, dorsal root ganglia neuron-
derived exosomes loaded with microRNA-21 increase the
infiltration of inflammatory macrophages, which contributes
to neuronal sensitization (Simeoli et al., 2017). Further work is
required to obtain insights whether EVs from peripheral cells
modulate cellular processes in the brain under physiological
conditions and which factors can alter the messages coming from
the periphery (Ridder et al., 2014).

Despite the few studies focusing on the influence of
peripherally derived EVs on peripheral neurons, it is likely
that peripheral terminals establish a bidirectional interaction
with the cellular elements surrounding them. Both sensory and
autonomic axon terminals usually end as free nerve endings
in the extracellular matrix intercalated between different cell
types. Peripheral neurons are responsive to EVs derived from
mesenchymal stem cells and Schwann cells (Lopez-Verrilli et al.,
2013, 2016; Ching et al., 2018; Sun et al., 2018; Shiue et al., 2019).
The general observation of these studies, performed in conditions
of neuronal damage, is that EVs reduce the inflammatory
state and have a beneficial role in axonal growth both in vivo
and in vitro.

Taken together, these findings indicate that neurons are
susceptible to modify their functioning or gene expression
profile as a result of incorporating EVs from neighboring cells.
A challenge for future studies is to determine if EVs from any
cell source can modify neuronal functioning and how these
events are associated with physiological alterations that precede
neurodegeneration in the brain.

GUT DYSBIOSIS AS THE ORIGIN OF
NEURODEGENERATION

Microbiota is defined as a community of all microorganisms
living in our body. Microbiota therefore includes all
taxonomic domains such as fungi, protozoa, viruses, and
bacteria. Bacterial microbiota living in the gut (further
referred as GM) represent about 90% of all microbiota in
the body (Thursby and Juge, 2017), with an estimated ratio
of human:bacterial cells close to 1:1 (Sender et al., 2016).
This large number of bacteria offers different benefits to
the host, confers protection against pathogens (Baumler
and Sperandio, 2016), regulates host immunity (Gensollen
et al., 2016), and products originating from bacterial
fermentation can be used as a source of energy for colonocytes
(den Besten et al., 2013).

A delicate balance exists between the GM composition
and its interaction with the host, while an imbalance in this
composition is commonly known as dysbiosis. Gut dysbiosis has
been implicated in the development of chronic diseases, such as
irritable bowel syndrome (Raskov et al., 2016), coeliac disease
(Verdu et al., 2015) as well as metabolic disorders, including
obesity, metabolic syndrome, and T2D (Holmes et al., 2011;
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TABLE 1 | Alterations in gut microbiota at PHYLUM level in AD patients and AD transgenic mice.

Model Bacterial phylum INCREASED Bacterial phylum DECREASED References

AD patients Actinobacteria Bacteroidetes Zhuang et al., 2018

AD patients Bacteroidetes Firmicutes Vogt et al., 2017

3×TG-AD mice 8 months old Firmicutes – Sanguinetti et al., 2018

3×Tg-AD mice 24 months old – Tenericutes
Cyanobacteria

Bonfili et al., 2017

APP/PS1 mice 8 months old Firmicutes Bacteroidetes
Proteobacteria

Park et al., 2017

APP/PS1 mice 1 month old Firmicutes Bacteroidetes Harach et al., 2017

APP/PS1 mice 8 months old Bacteroidetes
Tenericutes

Firmicutes
Verrucomicrobia
Proteobacteria
Actinobacteria

Harach et al., 2017

5×FAD mice 9 weeks old Firmicutes Bacteroidetes Brandscheid et al., 2017

Carding et al., 2015; Zhang et al., 2015; Baothman et al., 2016;
Org et al., 2017).

Notably, those metabolic diseases, when developed during
adulthood, are considered important risk factors for AD
(Alzheimer’s Association, 2016; Livingston et al., 2017).
Furthermore, metabolic alterations are known to induce
peripheral low-grade chronic inflammation, associated with
higher incidence of neurodegenerative diseases. In AD, systemic
inflammation during prodromal stages shortens disease onset
(Tao et al., 2018), whereas dysregulation of the gastrointestinal
function and colonic inflammation diminished immune
competence and preceded motor symptoms in PD patients
(Dobbs et al., 1999; Braak et al., 2003b; Lebouvier et al., 2009;
Villaran et al., 2010; Forsyth et al., 2011).

During aging, there is an increased permeability of the gut
epithelium (Tran and Greenwood-Van Meerveld, 2013). This
condition allows bacteria and bacterial products to translocate
through the disrupted gut barrier reaching peripheral organs
(Zevin et al., 2016). Newest reports suggest that translocated
bacteria may even reach the brain (Roberts et al., 2018), where
an exacerbated immune reaction can lead to neurodegeneration.
These observations remain however to be investigated in detail.

Gut Microbiota Alterations in
Neurodegenerative Diseases
Recent reports concomitantly demonstrate a gut dysbiosis in PD
(Minato et al., 2017; Wu et al., 2017), ALS, and AD patients
(Cattaneo et al., 2017; Vogt et al., 2017).

Understanding how GM may be implicated in brain
pathologies requires a clear comparison among the data reported
from different research groups. The GM is mainly dominated
by four phyla: Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria (Szablewski, 2018). The first studies described GM
alterations only at the phylum level. However, recent advances
in sequencing techniques allow distinction at the species level,
which is advantageous since the different species of bacteria
belonging to the same genus affect host physiology in a different
manner. We compared previously published GM data obtained
from AD patients and AD mice models. We noted a strong
variation between studies: at phylum level, most transgenic

models coincide with an increased abundance of Firmicutes but a
decreased abundance of Bacteriodetes (Table 1). Whereas at the
family and upper taxonomical levels (i.e., genus/species), there is
no more consistency (Table 2).

Importantly, variations in the experimental design or the type
of samples can be observed. Moreover, differences in the animal
model, chronological stage of the pathology (age), handling and
diet significantly impact GM (Mueller et al., 2006; Hufeldt et al.,
2010; Sanchez-Tapia et al., 2017). Thus, experimental variations
among published studies may explain discrepancies in the GM
composition in AD.

Despite this strong variation, we can observe a general
increased abundance of pro-inflammatory bacteria in AD mice
and AD patients (Kountouras et al., 2009; Zhan et al., 2016;
Cattaneo et al., 2017; Shen et al., 2017; Vogt et al., 2017;
Zhang et al., 2017; Syeda et al., 2018) compared to controls.
Furthermore, in AD transgenic mice, longitudinal studies clearly
indicate an age-associated gut dysbiosis, culminating in a strong
pro-inflammatory environment along the development of brain
pathological hallmarks (Shen et al., 2017; Zhang et al., 2017;
Syeda et al., 2018).

How Can the GM Affect Brain Function
or Even Cause Neurodegeneration?
A bidirectional communication between the gastrointestinal
system and the brain has been described and has led to the
concept of gut-brain axis (Collins and Bercik, 2013). Recent
studies illustrated the role of GM in brain Aβ aggregation, as
GM absence in germ-free condition (Harach et al., 2017) or
GM partial depletion by antibiotic treatment (Minter et al.,
2016) reduced the amyloid burden and microglia activation in
AD transgenic mice. However, it is still unclear which factors
may be associated with the above described gut-brain axis in
brain pathologies.

Several groups have implicated the neurotoxin LPS present
in the outer membrane of gram-negative bacteria. LPS plays
key roles in the host-pathogen interactions of the innate
immune system (Hill and Lukiw, 2015; Maldonado et al., 2016).
Alterations in the GM composition/abundance are associated
with enhanced plasma levels of LPS (Avila-Nava et al., 2017;
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TABLE 2 | Alterations in gut microbiota in AD patients and AD mice at FAMILY, GENUS, and SPECIES levels.

Model Bacterial family (f.)/genus (g.)/
species (g. s.) INCREASED

Bacterial family (f.)/genus (g.)/
species (g. s.) DECREASED

References

AD patients g. Escherichia/Shigella g.s. Eubacterium rectale Cattaneo et al., 2017

AD patients f. Bacteroidaceae
f. Rikenellaceae
f. Gemellaceae
g. Bilophila
g. Phascolarctobacterium
g. Gemella
g. Bacteroides
g. Alistipes

f. Ruminococcaceae
f. Turicibacteraceae
f. Peptostreptococcaceae
f. Clostridiaceae
f. Mogibacteriaceae
f. Bifidobacteriaceae
g. SMB53
g. Dialister
g. Clostridium
g. Turicibacter
g. cc115

Vogt et al., 2017

AD patients f. Ruminococcaceae
f. Enterococcaceae
f. Lactobacillaceae

f. Lanchnospiraceae
f. Bacteroidaceae
f. Veillonellaceae

Zhuang et al., 2018

3XTG-AD mice 24 months old g. Prevotellaceae
g. Enterococcus
g. Streptococcus
g. Turicibacter
g. Ruminococcus
g. Desulfovibrionaceae
g. Flexispira

g. Turicibacter
g. Prevotella
g. Ruminococcus
g. Flexispira

Bonfili et al., 2017

APP/PS1 mice 8 months old f. Rikenellaceae
f. S24-7

g. Allobaculum
g. Akkermansia

Harach et al., 2017

APP/PS1 mice 8 months old f. Aerococcaceae
f. Leuconostocaceae
f. Lactobacillaceae
f. Pseudomonadaceae
f. Caulobacteraceae
f. Cytophagaceae
f. Sphingobacteriaceae
f. Corynebacteriaceae

f. Sphingomonadaceae
f. Comamonadaceae
f. Rhodocyclaceae
f. Flavobacteriaceae

Park et al., 2017

3XTG-AD mice 8 months old f. Enterococcaceae
f. Turicibacteraceae

f. S24-7
f. Bifidobacteriaceae

Sanguinetti et al., 2018

3XTG-AD mice 9 months old g.s. Prevotella copri
g.s. Lactobacillus ruminis
g.s. Streptococcus anginosus
g.s. Actinobacillus parahaemolyticus
g.s. Haemophilus parainfluenzae

g.s. Bacteroides fragilis
g.s. Faecalibacterium prausnitzii
g.s. Akkermansia muciniphila

Syeda et al., 2018

Sanchez-Tapia et al., 2017), which may result in an exacerbated
metabolic endotoxemia (Cani et al., 2012), a condition
characterized by inflammation and the increased release of
pro-inflammatory cytokines.

Systemic infections have been related to a higher possibility
to develop AD (Holmes et al., 2009) as well as early motor
dysfunction in PD patients (Dobbs et al., 1999). Therefore, long-
term gut microbiota alterations and gut dysbiosis resulting in a
pro-inflammatory environment and inflammation may be linked
to brain dysfunction in aging.

As a proof of concept, LPS is detected in the parenchyma
and blood vessels of both, non-demented aged and AD brain
samples, but at a higher level in diseased tissues (Zhao et al.,
2015, 2017; Zhan et al., 2016). LPS also increases in the plasma
of AD transgenic mice compared to wild type controls (Syeda
et al., 2018). In PD patients, higher plasma LPS correlates with
α-synuclein aggregation (Forsyth et al., 2011). Furthermore, LPS
is a well-known neuroinflammatory agent driving the generation

of Aβ1−42 (Lee et al., 2008; Asti and Gioglio, 2014; Hill and Lukiw,
2015; Zhao et al., 2015). LPS administration to mice results in
memory impairment, Aβ aggregation, and astrocyte activation
(Lee et al., 2008). Therefore, gut dysbiosis may enhance LPS
to the blood circulation and even to the brain, producing glia
activation and protein aggregation, both important features of
neurodegenerative diseases.

Another bacterial product related to the development of
neurodegenerative diseases are short-chain fatty acids (SCFAs).
SCFAs are produced by the GM after the degradation of
non-digestible polysaccharides, with butyrate, acetate, and
propionate being the more abundant fermentation products
(Wong et al., 2006). About 95% of the SCFAs produced
in the gut are absorbed within the colon (Hoyles et al.,
2018), while butyrate is used by the colonocytes as an
energy source. In order to maintain an optimal equilibrium
between intestinal SCFAs and the concentration in the body,
the gut intestinal barrier increases its mucus production
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(Rios-Covian et al., 2016), while the liver clears the majority of
propionate and butyrate from the portal circulation (Bloemen
et al., 2010). However, SCFAs can be transported through the
bloodstream to reach the brain.

Some alterations in fecal SCFAs concentration have been
described in AD transgenic mice compared to controls (Bonfili
et al., 2017; Zhang et al., 2017). Butyrate, a well-known
neuroprotective agent (Minamiyama et al., 2004; Govindarajan
et al., 2011; Liu et al., 2015), is reduced in the fecal samples
of AD mice (Zhang et al., 2017). Other reports show increased
propionate levels in brain tissue of AD transgenic mice compared
to wild type controls, an event associated with GM dysbiosis
(Syeda et al., 2018). Although, propionate has some beneficial
effects [e.g., on the BBB (Hoyles et al., 2018)], excessive
propionate alters dopamine, serotonin, and glutamate systems in
a manner similar to that observed in autism spectrum disorders
(El-Ansary et al., 2012; Li et al., 2017).

Fecal samples of children with autism spectrum disorder
present an increased level of propionate (Wang et al., 2012). In
addition, genetic diseases that affect the function of the enzyme
propionyl-CoA carboxylase (such as propionic acidemia) are
characterized by high levels of propionate and high incidence of
dementia (Grunert et al., 2013), while in AD patients, increased
levels of acetate and propionate have been found in saliva samples
compared to healthy controls (Figueira et al., 2016; Yilmaz et al.,
2017). Although, the effects of butyrate and propionate are
still controversially discussed, several data support a role of the
imbalance between butyrate and propionate in the pathogenesis
of AD (Syeda et al., 2018).

Another important pathway connecting the brain and the
GM is the involvement of the immune system (Fung et al.,
2017) studied, e.g., in stroke. According to recent reports, in the
experimental rodent models, stroke leads to dysbiosis (Benakis
et al., 2016; Houlden et al., 2016; Singh et al., 2016; Stanley
et al., 2018) and dysbiosis may have an effect on the course
of the disease (Benakis et al., 2016; Singh et al., 2016; Stanley
et al., 2016). This may be linked to GM-related fine-tuning of the
balance between pro-inflammatory/anti-inflammatory immune
responses primarily in the gut, followed by an infiltration
of immune cells to the CNS after injury. Interestingly, pro-
inflammatory T-helper cell 17 and γδ T cells found in the
ischemic CNS originate from the intestine and the infiltration of
these subpopulations has been linked with unfavorable outcome
(Benakis et al., 2016; Singh et al., 2016).

However, the optimal (in terms of prognosis after stroke)
composition of the GM has not been identified yet and is possibly
difficult to pinpoint. Some findings indicate that the complete
absence (in germ-free mice) or deep antibiotic depletion of
GM can be detrimental, leading to increased infarct volumes
(Singh et al., 2018) or increased mortality not related to lesion
size (Winek et al., 2016). Alterations in GM have also been
identified in stroke patients (Yin et al., 2015; Stanley et al., 2016).
Due to its metabolic capacities, GM can also contribute to the
pathogenesis of the diseases considered as the risk factors of
stroke, like obesity (for review Torres-Fuentes et al., 2017) and
atherosclerosis (Karlsson et al., 2012; Tang et al., 2013) (for
review, see Li and Tang, 2017).

We can conclude that a predominantly pro-inflammatory
GM and the release of neurotoxic substances may negatively
affect brain functions, causing systemic and central inflammation
over decades. This is in support of the recent hypothesis of an
infectious etiology for neurodegenerative diseases, such as AD
(Bhattacharjee and Lukiw, 2013; Little et al., 2014; Maheshwari
and Eslick, 2015; Itzhaki et al., 2016). The substances released
from the GM (i.e., LPS and SCFAs) may be implicated in the
pathogenesis of several neurodegenerative diseases; however,
more data are still needed to clearly understand this gut-brain-
immune interaction.

FROM CONSEQUENCES TO CAUSES:
ACADEMIC AND PRECLINICAL
CONSIDERATIONS

As we have described above, the neurocentric view
entertained as the predominant focus of our effort in treating
neurodegeneration is likely insufficient to ensure successful
therapeutic intervention.

The Lack of Adequate Experimental
Models to Study the Etiology
Investigating the pathophysiological processes behind
neurodegeneration in detail requires the use of animal models.
A plethora of animal models of neurodegeneration exists, and the
nuances of these models are beyond the scope of this manuscript
(for recent reviews, see Gitler et al., 2017; Dawson et al., 2018;
Ransohoff, 2018).

However, two general problems with current models seem to
be particularly widespread and contribute to our limited success
in extrapolating findings from preclinical research to patients.
Firstly, they often fail to fully integrate our understanding
of the etiology of the diseases they are meant to represent,
often being restricted to inducing the disease in a single way,
despite multiple inducing factors being responsible for the
human disease. Secondly, animals used as the model organism
of specific diseases often do not exhibit similar comorbidities
and demographic characteristics (such as age or gender) seen
in human patients. Examples of such problems are the rodent
models of stroke, particularly ones that involve surgical ligation
or occlusion of blood vessels in otherwise healthy, young animals
(van der Worp et al., 2010; Mergenthaler and Meisel, 2012).

Another important issue is the way these models are
characterized. For animal models to be used to study
neurodegeneration, two essential steps must be taken. First,
the validity of the model for the question at hand should be
thoroughly and systematically investigated. This is preferably
done in a multi-centric and multi-disciplinary way to ensure
the generalizability and robustness of the results. Second, the
external (face, construct, and predictive) validity of the model
(Willner, 1984) should be empirically and thoroughly tested,
as well as the inter-rater agreement on, and replicability of, the
model’s characteristics (McKinney and Bunney, 1969). Such
studies aimed at characterizing the model should be very clearly
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and unequivocally separated from experiments using the model
to test hypotheses, such as the effect of an intervention on the
course of the model’s progression.

For these strategies to be successful, research into and using
these models must be conducted in the setting of appropriate,
rigorous, and transparent experimental design and reporting
(Kilkenny et al., 2010; Holman et al., 2016; Percie du Sert et al.,
2017). Beyond that, we should make an active effort to think
of the drawbacks of the models and methods we have used
and how this may restrict or bias the knowledge we gain from
such studies (Garner et al., 2017). Finally, we need a framework
for integrating the knowledge gained from individual studies
using different models and methods to address similar research
questions. Systematic reviews and quantitative meta-analyses,
widely used for knowledge synthesis in clinical research, may be
helpful tools to help us achieve this.

Studying Human Disease in Human
Systems
Although animal models are a powerful tool toward
understanding the etiology of neurodegenerative diseases,
they still present considerable limitations (Jucker, 2010). As
a consequence, there has been little success translating the
knowledge obtained from model organisms to therapeutically
valuable outcomes. This constraint can only be addressed by
studying neurodegenerative diseases directly on humans.

The recent increase in the generation of digital data including
imaging, genotypic, and phenotypic information coupled with a
fast development of computational methods allows us to obtain
new insights from this massive amount of data. Major efforts
from consortiums such as the Alzheimer’s Disease Initiative
(ADNI), the Australian Imaging, Biomarkers & Lifestyle Study
of Ageing (AIBL), the Parkinson’s Progression Markers Initiative
(PPMI) or more recently the United Kingdom Biobank have
made available an unprecedented amount of data, which can be
exploited through the use of big data algorithms.

Having large amounts of information coming from
heterogeneous populations and acquisition systems increases the
power of statistic approaches and reduces the risk of bias. Big data
approaches are inherently limited since in general they cannot be
used to perform causal inference, but rather to find correlations
or associations between variables. However, these correlations
have proven to be an invaluable tool for hypothesis generation,
drug and safety surveillance, disease and treatment heterogeneity
among many other applications (Lee and Yoon, 2017).

Such computational models have been used for example
to build a model of senescence signaling via DNA damage,
insulin-TOR, FoxO3a transcription factors, oxidative stress
response, mitochondrial regulation, and mitophagy using a
systems biology approach (Dalle Pezze et al., 2014). A recent
review of mathematical models in neurodegenerative diseases
reports several mathematical models involving some of the
processes we addressed above, such as energy metabolism and
synaptic plasticity (Lloret-Villas et al., 2017). A multivariate
Bayesian model of biomarker measurements was used to estimate
AD dementia onset age (Bilgel and Jedynak, 2019). Similarly,
multivariate models have been used to relate image based

morphological features to the risk of dementia (Gutierrez Becker
et al., 2018; Cole et al., 2019).

Recent trends in stem cell methods have also opened new
possibilities for human brain cell cultures, which can in turn be
used to model neurodegeneration. Induced pluripotent stem cells
and neural stem cell cultures can now be used to generate human
neurons from human and sometimes patient cells (Abud et al.,
2017; Korhonen et al., 2018). This has been reviewed extensively
elsewhere (Xie and Tang, 2016; Robbins and Price, 2017).

CONCLUSION

Disease is typically defined in juxtaposition to the state of health,
which has been even more generally defined as “a state of
complete physical, mental, and social well-being” (International
Health Conference, 2002). However, in order to characterize a
bodily or mental state as diseased, we need a more practical,
operational definition of the healthy state, characterized in terms
of physiological parameters and defined by the description of the
steady state functioning of the body and its subsystems.

Typically, pathophysiological events of neurodegeneration
are detected through behavioral observations and self-reporting
and subsequently confirmed and classified using neurological
examination and diagnostic imaging. The result of this
diagnostic approach usually reveals typical defining features
for each neurological disease (such as hemorrhage, tumor, or
deformations), that allows the classification of the disorder.
However, these defining characteristics are not necessarily
the root causes of the disease but rather elements of the
disease manifestation or even merely epiphenomena. In addition
to the complex and usually obscure causal relationships
giving rise to brain disorders, a parameter that further
complicates the identification of causation is the widespread
and intricate comorbidities between presumably distinct and
unrelated disorders.

Together, these facts limit the therapeutic potential to treat
the symptoms rather than the causes. The complex causality
chain hinders the early detection and treatment of the root
causes of brain disorders overall and neurodegeneration more
specifically. These limitations highlight the critical need for a
drastic shift of perspective and the improvement of the models
used to investigate and understand neurodegenerative diseases.

Given the complexity of the brain and its disorders,
researchers and clinicians have retreated to a highly segregated
approach, focusing on describing subsets of the symptoms of
each disease and trying to identify mechanistic explanations and
treatments for those symptoms. However, the lack of a holistic
perspective, taking into account the deviations from the default
homeostatic state at an organismal level, renders this endeavor
nearly impossible and doomed to fail.

Importantly, characterizing the expected, default healthy
brain, is a necessary precondition to being able to identify
and meaningfully interpret the deviations from it. Thus,
characterizing and understanding the brain function in health is
of paramount importance in the attempt to understand and treat
the diseased brain.
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In summary, there is an identifiable need for an
interdisciplinary approach to explore the brain function at
multiple levels, from molecular to systems, while maintaining
a holistic perspective that treats the brain as an element of
a complex system, rather than a separate entity. Using this
approach, fundamental research can proceed hand-in-hand and
maintain a constant dialogue with clinical research, to propose,
improve, and revise current models of health and disease.

We hope that our work inspires the opening of new research
avenues among those interested in understanding and pursuing
the complexities of the “neuro-degenerating” brain focusing
on lifespan processes. Therefore, the proposed etiological paths
and suggestions will be important guidelines for future cross-
discipline research to overcome the translational roadblock and
to develop causative treatments for neurological disorders.
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Abstract
Neurological disorders are a public health problem worldwide for which there is currently no direct treatment of the cause of 
the disorder. The goal of this study was to investigate the potential in vitro neuroprotective property of plants used in Mayan 
traditional medicine. Plant ethanolic extracts were prepared and tested on models in which neuronal damage was induced by 
glutamate, i.e., a human neuroblastoma cell line (SH-SY5Y) and rat cortical neurons. HPLC profiles from active extracts were 
also obtained. A total of 51 plant species were identified in the literature as plant species used in Mayan traditional medicine 
for the treatment of symptoms suggestive of neurological disorders, and we studied 34 of these in our analysis. Six extracts 
had a neuroprotective effect on SH-SY5Y cells, with the most active extract being that from Schwenckia americana roots 
(half maximal effective concentration  [EC50] 11.3 ± 2.9 μg/mL), and three extracts exhibited a neuroprotective effect in the 
rat neuron cortical model, with the most active extract being that from Elytraria imbricata aerial parts  (EC50 6.8 ± 3.1 μg/
mL). These results suggest that the active extracts from such plants have the potential to be a great resource. Future studies 
should be performed that are more extensive and which isolate the active constituents.

Keywords Mayan traditional medicine · Neuroprotective effect · Glutamate · Rat cortical neuron · SH-SY5Y cell line

Introduction

Neurological disorders, such as cerebrovascular and neuro-
degenerative diseases, are a public health problem world-
wide [1]. Damage to and loss of neurons are the main char-
acteristics of these disorders, and the mechanisms involved 
comprise oxidative stress, inflammation, excitotoxicity, mis-
folded protein accumulation, and others [2].

Current treatments are palliative, only relieving the symp-
toms without dealing with the cause of the condition. Thus, 
neuronal damage remains even during and after treatment, 
and the disease progresses [3].

There is a vast amount of information available on tradi-
tional medicines, including those used in Mayan traditional 
medicine, and the application of these plants to treat differ-
ent disorders. Much research has focused on identifying the 
bioactive extracts/compounds of such plants [4, 5]. However, 
to date no studies on native plants from the Yucatan Penin-
sula with neuroprotective effects have been reported.

The goal of this study was to test plants reported to be 
used in Mayan traditional medicine to treat symptoms related 
to a neurological disorder in two in vitro models of neuronal 
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damage induced by glutamate, namely, in a human neuro-
blastoma cell line (SH-SY5Y) and in rat cortical neurons.

Materials and methods

Literature search

The selection of the plant species included in this study was 
based on information derived from Mayan traditional medi-
cine records [4, 5]. Criteria for the selection of the species 
were as follows: (1) plant species used against symptomatol-
ogy suggestive of neurological conditions (such as headache, 
convulsions, depression, dementia, loss of speech, loss of 
orientation, and neuralgia); (2) plant species mentioned in 
the ethnobotanical literature with full scientific name; (3) 
endemic or native plant species of the Yucatan Peninsula; 
(4) plant species for which no more than ten neuroprotective 
and/or chemical studies reported.

Plant material and preparation of ethanolic extract

Plant species were collected from different locations around 
the Yucatan Peninsula in Mexico (see Electronic Supple-
mentary Material [ESM]). The plant material was identified 
and authenticated by a taxonomist from the Department of 
Natural Resources of the Centro de Investigación Científica 
de Yucatán (CICY). Voucher specimens were deposited at 
CICY’s U Najil Tikin Xiw herbarium.

Plant material was dried first at room temperature for 48 h 
and then at 40 °C in a herbarium drying box for 48 h before 
being ground into powder. Dried plant material (20 g) was 
macerated with ethanol (100%) for 72 h at room tempera-
ture. The supernatants were filtered and evaporated under 
vacuum using a rotary evaporator.

Cell culture

Cercopithecus aethiops kidney (Vero cells; ATCC® CCL-
81™) and human neuroblastoma SH-SY5Y (ATCC® 
CRL-2266™) cell lines from the American Type Culture 
Collection (ATCC; Manassas, VA, USA) were used for the 
in vitro assays. Vero cells were cultured with Dulbecco’s 
Modified Eagle medium (DMEM) supplemented with fetal 
bovine serum (FBS) (10%, v/v), 100  U/mL of penicillin 
G and 100 μg/mL of streptomycin. SH-SY5Y cells were 
cultured in DMEM/F12 (1:1) medium supplemented with 
FBS (15%, v/v), 100 U/mL of penicillin G, and 100 μg/mL 
of streptomycin. Both cell lines were maintained at 37 °C in 
an atmosphere of 5%  CO2.

Cell viability assay in the Vero and SH‑SY5Y cell lines

Cell viability in Vero cells was determined using sulphorho-
damine B (SRB; Sigma–Aldrich, St. Louis, MO, USA) and 
in SH-SY5Y cells using calcein-AM (Sigma–Aldrich). For 
each assay, 1 × 105 cells per well were seeded in 96-well 
plates, and the assays were performed 24 h later. Cells were 
exposed to the plant extracts at concentrations of 500, 250, 
125, and 62.5 μg/mL for 48 h. Vero cells were then fixed 
with 10% trichloroacetic acid at 4 °C for 20 min, following 
which SRB (0.1%, p/v) was added for 20 min at room tem-
perature; the cells were later washed with acetic acid (1%, 
v/v). A solution of 10 mM TRIS-base was used to solubilize 
SRB, and optic density was read in a microplate reader. For 
the SH-SY5Y cells, calcein-AM (4 μM) was added to the 
cells and the wells incubated for 30 min at 37 °C. The plates 
were then washed twice with phosphate buffered saline 
(PBS) 1× (pH 7.4), and fluorescence was read in the same 
microplate reader as that used for the assay of Vero cells.

Neuroprotection assay in SH‑SY5Y cells

For the assays 1 × 106 cells per well were seeded in 96-well 
plates, and the assays were performed 24 h later. Cells 
were pretreated with the extracts at concentrations of 
25, 12.5, 6.25, and 3.125 μg/mL for 24 h. Ascorbic acid 
(Sigma–Aldrich) was employed as positive control due to its 
antioxidant activity. The cells were then exposed to glutamic 
acid (Sigma–Aldrich) at 25 mM for 30 min, following which 
the medium was removed and replaced with fresh medium, 
and incubated continued for 24 h. Calcein-AM (4 μM) was 
added and the cells incubated for 30 min at 37 °C before 
being washed twice with PBS 1× (pH 7.4); fluorescence was 
read in a microplate reader.

Experimental animals and rat cortical neurons 
isolation

All procedures were approved by the Institutional Animal 
Care and Use Committee and complied with Mexican regu-
lations (NOM-062-ZOO-1999). The animals were housed 
in animal units under a photoperiod of 12 h light/12 h dark 
and at a temperature of 22 °C; food and water were provided 
ad libitum. Pregnant Wistar rats (E17–E18 days gestation) 
were anesthetized with sevoflurane and sacrificed by decapi-
tation. Primary cultures of mixed cortical cells containing 
both neuronal and glial cells were prepared from the fetal 
Wistar rats aged E17 to E18 days of gestation. The cortex 
was dissociated mechanically and with 0.25% trypsin (1 µL/
mL), and dissociated cells were cultured in 96-well culture 
plates coated with poly-l-ornithine at a density of 1 × 105 



674 Journal of Natural Medicines (2019) 73:672–678

1 3

Table 1  Plant species included in this study

Plant  speciesa (voucher specimen) Family Mayan and common  namea Statusb Ailments  treateda

Acalypha unibracteata Muell. Arg.
(P. Simá 3165)

Euphorbiaceae Ch’ilibtux Native Headache

Adiantum tenerum Sw.
(P. Simá 3203)

Pteridaceae Ix tel dziu, tel dziu, cilantrillo de 
pozo

Native Headache

Caesalpinia gaumeri Greenm.
(P. Simá 3166)

Fabaceae Kitam che’ Native Epilepsy

Canna indica L.
(P. Simá 3200)

Cannaceae Chan kaia Native Neuralgia

Clusia flava Jacq.
(P. Simá 3175)

Clusiaceae K’anchunuup Native Headache

Crateva tapia L.
(P. Simá 3176)

Capparaceae Kolok max Native Alteration of nerves

Croton schiedeanus Schltdl.
(P. Simá 3196)

Euphorbiaceae Chul, chulche’, ch’ ujuche’, palo 
santo

Native Convulsions

Dalea carthagenensis (Jacq.) J. F. 
Macbr.

(P. Sima 3178)

Fabaceae Ch’o’ Native Depression

Dalechampia scandens L.
(P. Simá 3174)

Euphorbiaceae Molkoh Native Headache and epilepsy

Diphysa carthagenensis Jacq.
(P. Simá 3167)

Fabaceae Xts’uts’uk Native Epilepsy

Ehretia tinifolia L.
(P. Simá 3180)

Boraginaceae Bec o beek, roble Native Headache

Elytraria imbricata (Vahl) Pers.
(P. Simá 3187)

Acanthaceae Cabal che Native Headache

Harpalyce rupicola Donn. Sm.
(P. Simá 3198)

Fabaceae K’an chan te’ Native Convulsions

Helicteres baruensis Jacq.
(P. Simá 3168)

Sterculiaceae Tsutsup Native Epilepsy

Isotoma longiflora (L.) Presl.
(P. Simá 3201)

Campanulaceae Luk’sahtan o sahtahan Native Epilepsy

Justicia spicigera Schltdl.
(P. Simá 3183)

Acanthaceae Chaklool, ts’I’its, sacatinta o yich 
can

Native Headache and epilepsy

Lasiacis divaricata (L.) Hitchc.
(P. Simá 3184)

Poaceae Siit Native Dementia, headache, and loss of 
orientation

Leucaena leucocephala (Lam.) de 
Wit

(P. Simá 3164)

Fabaceae Waxim Native Headache

Lisianthus axillaris (Hemsl) Kuntze
(P. Simá 3199)

Gentianaceae Xputsche Endemic Alteration of nerves

Malvaviscus arboreus Cav.
(P. Simá 3172)

Malvaceae Bisilk’aax o bisikax Native Epilepsy

Manfreda brachystachya (Cav.) Rose
(P. Simá 3188)

Agavaceae Pets’ kinil Endemic Headache

Metopium brownei (Jacq.) Urb.
(P. Simá 3173)

Anacardiaceae Kabab, kabalchechem, Native Headache

Mimosa bahamensis Benth.
(P. Simá 3169)

Fabaceae Katzim Native Headache, epilepsy, stimulant, and 
fatigue

Pilocarpus racemosus Vahl.
(P. Simá 3189)

Rutaceae Tankasche’ Native Headache and alteration of nerves,

Piper gaumeri Trel.
(P. Simá 3197)

Piperaceae K’uk’sub, xpeheche Native Headache

Pluchea odorata (L.) Cass.
(P. Simá 3171)

Asteraceae Chalche’, hierba de Santa María Native Convulsions, headache, loss of 
speech, and neuralgia
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cells per well. Cortical cells were grown in N2B25 medium. 
Cultures were allowed to mature for 10–14 days before being 
used for the experiments.

Neuroprotection assay in rat cortical neurons

Rat cortical neurons were pretreated with the plant extracts at 
concentrations of 25, 12.5, 6.25, and 3.125 μg/mL for 24 h. 
Dizocilpine (MK-801; Sigma–Aldrich) at 10 μM was used 

Table 1  (continued)

Plant  speciesa (voucher specimen) Family Mayan and common  namea Statusb Ailments  treateda

Schwenckia americana (L.) D. Royen
(P. Simá 3185)

Solanaceae Xayúu lool xiiw Native Depression

Tetramerium nervosum Nees.
(P. Simá 3186)

Acanthaceae Baak soots’, sak ch’ikib, xk’uch’eel, Native Headache

Thouinia paucidentata Radlk.
(P. Simá 3170)

Sapindaceae K’anchunup Endemic Headache

Tillandsia streptophylla Scheidw. ex 
C. Morren

(P. Simá 3202)

Bromeliaceae Hk’olomxal Native Headache

Tradescantia spathacea Sw.
(P. Simá 3191)

Commelinaceae Chaktsam, maguey morado Native Headache

Urera baccifera (L.) Gaudich. ex 
Wedd.

(P. Simá 3195)

Urticaceae Laal, ortiga Native Headache

Vitex gaumeri Greenm.
(P. Simá 3182)

Lamiaceae Ya’axnik Native Headache

Zanthoxylum caribaeum Lam.
(P. Simá 3190)

Rutaceae Si na’an ché ik, sinanché Native Epilepsy and anesthesic

a Osadao [4]; Arellano-Rodriguez et al. [5]
b Fernandez et al. [6]

Table 2  Plant species excluded from analysis in this study

CR number of compound(s) reported, BA number of biological activity reports related to neuroprotection
a Osadao [4]; Arellano-Rodríguez et al. [5]
b Fernandez et al. [6] 
c Databases: Napralert™, Pubmed™, and ScienceDirect™
d Studied by another research group

Plant  speciesa Family Mayan and common  namea Statusb Ailments  treateda CRc BAc

Acacia farnesiana (L.) Willd. Fabaceae Kan ix che Native Alterations of nerves 28 14
Ageratum gaumeri B.L. Rob.d Asteraceae Ak’umbil, ta’uluum, flor de San 

Juan, mota morada
Endemic Headache 0 0

Asclepias curassavica L. Apocynaceae Sac cancel xiu, anal xiu, cancerillo Native Headache 21 28
Bursera simaruba (L.) Sarg. Burseraceae Chakah, palo chino Native Headache 6 22
Cestrum nocturnum L. Solanaceae Aak’a xiiw Native Epilepsy 5 15
Chenopodium ambrosioides L. Amaranthaceae Lukum, epazote Native Mal de San Vito 47 4
Gliricidia sepium (Jacq.) Kunth ex 

Walp.
Fabaceae Sak ya’ab, cocolito Endemic Headache 17 1

Indigofera suffruticosa Mill. Fabaceae Ch’oj xiiw Native Epilepsy 10 7
Plumeria rubra L. Apocynaceae Flor de mayo Native Stimulant
Rauwolfia tetraphylla L. Apocynaceae Chacmukak, cabal muc Native Headache 12 7
Stachytarpheta jamaicensis (L.) Vahl Verbenaceae Ibin xiu, verbena Native Analgesic and calmative 12 9
Tabebuia pentaphylla L. Bignoniaceae Hokab Native Headache 22 8
Turnera diffusa Willd. Turneraceae Misib coc Native Brain weakness 13 12
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as the positive control. The neurons were then exposed to 
glutamic acid (12.5 mM) for 30 min, following which the 
medium was removed and replaced with fresh medium; the 
neurons were then incubated for a further 24 h. Calcein-AM 
(4 μM) was added to the cells and the cells incubated for 
30 min at 37 °C. The cells were washed twice with PBS 
1× (pH 7.4), and fluorescence was read in a microplate reader.

HPLC profiles

Ethanolic extracts were diluted 1:100, and 10- to 20-µL 
aliquots were injected into an Agilent Infinity 1260 
HPLC system (Agilent Technologies, Santa Clara, CA, 
USA) equipped with a C-18 pre-column (Zorbax Extend, 
12.5 mm × 4.6 mm × 4.5 µm) and a reverse column (Persil 
Gold C-18, 150 mm × 4.6 mm × 5.0 µm). ).

The ultraviolet detector was set at 254–274 nm and the 
flow rate at 1 mL/min. Samples were eluted with a linear gra-
dient of 1–100% acetonitrile and water with 3% acetic acid.

Statistical analysis

The experiments were performed in duplicate and repeated 
at least three times. The half maximal effective concentra-
tion  (EC50) was determined from sigmoidal dose–response 
variable-slope curves using employing GraphPad Prism ver. 
6 statistical software (GraphPad Software Inc., San Diego, 
CA, USA).

Results and discussion

In this study, we identified 51 plant species from the litera-
ture search, of which 38 met the criteria and 34 were col-
lected (Table 1); four species were not collected because 

the specimens were difficult to find (see ESM), and 13 
plant species were excluded (Table 2). Sixty-five etha-
nolic extracts were prepared using different parts of the 
plant or whole plant (see ESM). Cytotoxic activity of the 
ethanolic extracts was tested against the Vero cell line to 
show that the extracts were innocuous to a normal cell 
line. Extracts with an  CC50 of < 125 μg/mL were excluded 
from the neuroprotective assays. Four extracts were found 
to be cytotoxic to the Vero cells, 12 extracts were cytotoxic 
to SH-SY5Y cells, and five extracts were cytotoxic to rat 
cortical neurons (Table 3).  

The viability percentage of SH-SY5Y cells exposed to 
glutamic acid (25 μM) to induce neuronal damage was 
47.29 ± 5.61%, and based on this value we calculated the 
 EC50 of the extracts. Ascorbic acid (positive control) had 
an  EC50 of 20 μM. Six extracts exerted a neuroprotective 
effect against glutamate-induced toxicity in this model 
(Table 3), of which the extract of Schwenckia americana 
roots was the most active  (EC50 11.3 μg/mL).

The viability percentage of rat cortical neurons exposed 
to glutamic acid (12.5 mM) to induce neuronal damage 
was 47.00 ± 1.82%, and based on this value we calculated 
the  EC50 of the extracts. MK-801 (positive control) had an 
 EC50 of 10 μM. Three extracts were found to have a neu-
roprotective effect against glutamate-induced toxicity in 
this model (Table 3), of which the most active extract was 
that of Elytraria imbricata aerial parts  (EC50 6.8 μg/mL).

The chromatographic profile can be used in future stud-
ies to isolate the metabolites responsible for the effect of 
the standardized herbal extract. Therefore, we determined 
the chromatographic profiles of the six most active extracts 
(Fig. 1).

To date there are no reports of a phytochemical study 
of E. imbricata nor on the neuroprotective effect of its 
extracts.

Table 3  Neuroprotective effect 
of the most active plant extracts

 EC50 Half maximal effective concentration
a AP Aerial parts, R roots, S stem, B bark,
b Positive control in SH-SY5Y cell assays
c Dizocilpine; positive control in rat cortical neuron assays

Plant species Plant  parta Extraction yield 
(%)

Neuroprotective effect  EC50 (μg/mL)

SH-SY5Y Rat cortical neurons

Elytraria imbricata AP 6.63 18.4 ± 2.3 6.8 ± 3.1
Isotoma longiflora R 28.55 13.1 ± 1.6 12.4 ± 1.8
Mimosa bahamensis S 2.75 15.4 ± 3.0 > 25
Schwenckia americana AP 7.61 16.7 ± 2.2 > 25

R 2.38 11.3 ± 2.9 > 25
Zanthoxylum caribaeum S 2.17 23.9 ± 2.1 8.6 ± 2.4
Ascorbic acid (μM)b 20 ± 1.53
MK-801 (μM)c 10 ± 2.41
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 Isotoma longiflora is reported to be a Mayan traditional 
medicine used to treat depression, a disorder which pre-
sents high levels of glutamate [7]. Thus, the neuroprotec-
tive effect shown by I. longiflora in both assays provides 
support for its use in Mayan traditional medicine. Piperi-
dine and tetrahydropyiridine alkaloids have been isolated 
from E. imbricata plants, and the methanolic extract from 
whole plant contains saponins and glycosides [8, 9].

There is no report to date on the neuroprotective effect 
of M. bahamensis; however, M. pudica has been widely 
studied in neuroprotective assays [10, 11].

A phytochemical profile of the ethanolic extract from 
Schwenckia americana has been reported in which the pres-
ence of alkaloids, tannins, phenols, flavonoids, saponins, 
terpenoids, steroids, and phytosteroids was shown [12]. 
Both parts of the plants (aerial parts and roots) were shown 
to have a neuroprotective effect, suggesting that the active 
metabolites are distributed throughout the whole plant.

Zanthoxylum caribaeum is reported to be a Mayan tra-
ditional medicine used to treat epilepsy and to possess 
anesthetic properties. There are no reports of a neuropro-
tective effect but a species of the same genus, Z. capense, 
has been reported to have neuroprotective properties [13].

Conclusion

Traditional medicine is a source of plant species that can 
be potential novel drugs, including those which could 
be used to treat neurological disorders. In this study, we 
analyzed 34 plant species utilized in Mayan traditional 
medicine to treat symptoms suggestive of neurological 
disorders and tested these in two models of neuronal dam-
age induced by glutamate, namely, in SH-SY5Y cells and 
rat cortical neurons. According to our results, five of the 
plant species tested, i.e., E. imbricata, I. longiflora, M. 
bahamensis, S. americana, and Z. caribaeum, have distinct 
in vitro neuroprotective effect.

Because there is no drug that is currently commercially 
available to treat directly the causes of neuronal damage 
observed in neurological diseases, we suggest that it is 
worthwhile to conduct more in vitro studies on these extracts 
and to purify the active compounds.
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SUMMARY

Reactive oxidative species (ROS) and S-glutathionylation modulate the activity of plant cytosolic triosephosphate

isomerases (cTPI). Arabidopsis thaliana cTPI (AtcTPI) is subject of redox regulation at two reactive cysteines that

function as thiol switches. Here we investigate the role of these residues, AtcTPI-Cys13 and At-Cys218, by

substituting them with aspartic acid that mimics the irreversible oxidation of cysteine to sulfinic acid and with

amino acids that mimic thiol conjugation. Crystallographic studies show that mimicking AtcTPI-Cys13 oxidation

promotes the formation of inactive monomers by reposition residue Phe75 of the neighboring subunit, into a con-

formation that destabilizes the dimer interface. Mutations in residue AtcTPI-Cys218 to Asp, Lys, or Tyr generate

TPI variants with a decreased enzymatic activity by creating structural modifications in two loops (loop 7 and

loop 6) whose integrity is necessary to assemble the active site. In contrast with mutations in residue AtcTPI-

Cys13, mutations in AtcTPI-Cys218 do not alter the dimeric nature of AtcTPI. Therefore, modifications of residues

AtcTPI-Cys13 and AtcTPI-Cys218 modulate AtcTPI activity by inducing the formation of inactive monomers and

by altering the active site of the dimeric enzyme, respectively. The identity of residue AtcTPI-Cys218 is conserved

in the majority of plant cytosolic TPIs, this conservation and its solvent-exposed localization make it the most

probable target for TPI regulation upon oxidative damage by reactive oxygen species. Our data reveal the

structural mechanisms by which S-glutathionylation protects AtcTPI from irreversible chemical modifications

and re-routes carbonmetabolism to the pentose phosphate pathway to decrease oxidative stress.

Keywords: Arabidopsis thaliana, glutathionylation, thiol-based redox modulation, triosephosphate iso-

merase, X-ray structure.

INTRODUCTION

Triosephosphate isomerase (TPI) interconverts glyceralde-

hyde 3-phosphate to dihydroxyacetone near the rate diffu-

sion limit during glycolysis, gluconeogenesis, and the

Calvin�Benson cycle (Blacklow et al., 1988; Wierenga

et al., 2010; Michelet et al., 2013). TPI folds as a (b�a)8 bar-

rel and its dimerization is necessary to assemble a func-

tional active site (Banner et al., 1975; Alber et al., 1987;

Wierenga, 2001; Lara-Gonzalez et al., 2015; Jim�enez-San-

doval et al., 2017). Dimerization is achieved by an exten-

sive set of protein�protein interactions, and among these,

an interaction between loop1 of one subunit with loop 3

from the neighboring subunit is the main contributor to

the dimer interface area (Wierenga et al., 2010; Lara-Gon-

zalez et al., 2015). The role of TPIs in central metabolic
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pathways drives the conservation of this enzyme from bac-

teria to animal and plants. The nuclear genome of flower-

ing plants encodes two fully functional TPIs, one cytosolic

and one targeted into the chloroplast (Chen and Thelen,

2010; Dumont et al., 2016; L�opez-Castillo et al., 2016).

Chloroplast TPI (pdTPI) arose by a gene duplication event

from cytosolic TPI (cTPI) that replaced the cyanobacterial-

derived TPI (Reyes-Prieto and Bhattacharya, 2007).

The activity of cytosolic and plastidic TPIs in land plants

is subject to diverse regulatory mechanisms. For example,

the activity of cTPI increases during growth to provide

acetyl-CoA for the citric acid cycle and this enzyme is inhib-

ited by glutathionylation, whereas 2-phosphoglycolate

decreases pdTPI activity (Ito et al., 2003; Dorion et al.,

2005; Flugel et al., 2017). Yeast and potato (Solanum

tuberosum) harboring cTPI variants with decreased cat-

alytic activities re-route their carbon flux toward the pen-

tose phosphate pathway (PPP) (Ralser et al., 2007; Dorion

et al., 2012; Valancin et al., 2013). In plants, reactive oxida-

tive species (ROS) are produced as metabolic byproducts

and by abiotic stress (Kim et al., 2011), targeting a diverse

set of enzymes for redox modifications (Dixon et al., 2005;

Zaffagnini et al., 2012b, 2013). Specific cysteines from

those enzymes play a predominant role as direct redox

modifications targets. The thiolate group is reactive to

hydrogen peroxide (H2O2), hydroxyl radical (OH•), and the

superoxide anion (O2�•). Therefore, oxidative stress can

induce progressive post-translational modifications (PTM)

of the thiol group to sulfenic (�SOH), sulfinic (�SO2H), and

sulfonic acids (�SO3H) (Ito et al., 2003). Oxidation to sulfi-

nic and sulfonic acids is an irreversible, reaction unless is

mediated by an enzymatic process involving sulfiredoxins

(Jacob et al., 2004; Murray et al., 2012). Also, cysteines can

be reversibly modified by glutathionylation, nitrosylation,

and disulfide bond formation (Zaffagnini et al., 2012a,

2012b). Different studies have shown that TPIs from photo-

synthetic organisms are targets for S-glutathionylation and

nitrosylation (Ito et al., 2003; Dixon et al., 2005; Zaffagnini

et al., 2014; Dumont et al., 2016; L�opez-Castillo et al., 2016).

However, the effect of glutathionylation differs among

these TPIs. For example, S-glutationylation in cTPI from

A. thaliana produces a concomitant loss of enzymatic activ-

ity, and this reaction is reverted by the addition of reduced

glutathione (GSH) or dithiothreitol (DTT) (Ito et al., 2003),

whereas S-glutationylation only induces a slight reduction

in the activity of chloroplastic from Arabidopsis and

Chlamydomonas (CrTPI) (Zaffagnini et al., 2014; L�opez-Cas-

tillo et al., 2016) and has a negligible effect on the enzy-

matic activity of the TPI from the photosynthetic bacteria

Synechocystis (SyTPI) (Zaffagnini et al., 2014; L�opez-Cas-

tillo et al., 2016).

With basis on the crystal structure of cTPI from

A. thaliana (AtcTPI) it was hypothesized that S-glutationy-

lation and chemical modifications of residues AtcTPI-Cys13

and AtcTPI-Cys218 would result in enzyme inactivation by

promoting the formation an inactive monomeric species or

by modifying the enzyme active site (L�opez-Castillo et al.,

2016). To understand how S-glutathionylation and ROS-

mediated modifications at residues AtcTPI-Cys13 and

AtcTPI-Cys218 decrease AtcTPI enzymatic activity, we

mutated those residues to amino acids that mimic the oxi-

dation of cysteine (Asp) (Miyata et al., 2012), conjugation

with thiol-conjugating adducts (Tyr or Lys) and to con-

served amino acids. We found that the mutation of AtcTPI-

Cys13 to aspartic acid promotes monomer formation.

Conversely, mutations to AtcTPI-Cys218 to Tyr, Asp, and

Lys result in enzymes with decrease catalytic activities by

virtue of conformational changes near the enzyme active

site. In summary, our data show that chemical modifica-

tions at residues AtcTPI-Cys218 and AtcTPI-Cys13 renders

inactive enzymes by two different mechanisms. We pro-

pose that cAtTPI glutathionylation may protect the enzyme

from irreversible cysteine oxidation and decrease AtcTPI

activity to re-route carbon metabolism into the PPP and

decrease oxidative stress by modifications of the oligo-

meric state and the active site of the enzyme (Dumont

et al., 2016; L�opez-Castillo et al., 2016).

RESULTS AND DISCUSSION

Residues Cys13 and Cys218 react with thiol-conjugating

agents

AtcTPI harbors four cysteines at positions Cys13, Cys67,

Cys127, and Cys218. From those residues, Cys13, Cys127,

and Cys218 are found to be glutathionylated in vitro

(Dumont et al., 2016; L�opez-Castillo et al., 2016). The crys-

tal structure of AtcTPI shows that the thiol groups of resi-

dues Cys13 and Cys218 are solvent exposed, whereas the

thiol groups of residues Cys67 and Cys127 are completely

buried (Figure 1a) (L�opez-Castillo et al., 2016). The identity

of residue 127 corresponds to a cysteine in all TPIs known

to date (Olivares-Illana et al., 2017) and its glutathionyla-

tion is unforeseen, as the thiol group of this residue is

always buried. Mutations of cysteine 127 decrease thermal

stability and dimer association, revealing that this residue

is critical to stabilize the dimer interface by interacting with

amino acids that assemble this interface (Gonzalez-Mon-

dragon et al., 2004; Samanta et al., 2011). However, pro-

teomic analysis has shown that cysteines analogous to

AtcTPI-Cys127 are glutathionylated in TPIs from human,

yeast, and Synechocystis sp. (SyTPI) (McDonagh et al.,

2009; Chardonnet et al., 2015; Dumont et al., 2016). The

inaccessibility of the thiol group of residue Cys127 and its

tendency to be a target of glutathione are paradoxical.

Most TPIs including, Zea mays TPI (ZmTPI), dissociate into

unfolded monomers, suggesting the possibility that glu-

tathionylation at residue Cys127 may occur at the unfolded

state (Tellez et al., 2008; Romero-Romero et al., 2018) or it

© 2019 The Authors
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may reflect a transient exposure of its thiol group to the

surface, as suggested to occur for SyTPI (Castro-Torres

et al., 2018). Residue AtcTPI-Cys13 is located in the middle

of loop 1 and forms part of the dimer interface by interact-

ing with residues from loop 3 of the neighboring subunit

(Figure 1a). Residue AtcTPI-Cys13 has an accessible sur-

face area (ASA) of c. 2.7 �A2 in a dimeric AtcTPI structure,

whereas its ASA as a monomer corresponds to 129.3 �A2

(L�opez-Castillo et al., 2016). Residue AtcTPI-Cys218 is

located at the N-terminus of a-helix 7, near the phosphate

binding loop, and in one monomer exhibits an ASA of

6.7 �A2 (L�opez-Castillo et al., 2016) (Figure 1a). The solvent

accessibility of residues AtcTPI-Cys13 and AtcTPI-Cys218

makes them a more plausible target for plant oxidoreduc-

tases of the thioredoxins and glutaredoxins families and

the subject of study in this work.

To understand if residues AtcTPI-Cys13 and AtcTPI-

Cys218 are the main targets for glutathionylation and oxi-

dation we constructed mutants aimed to eliminate their

thiol groups and have minimal structural consequences.

We designed a recombinant version of wild-type AtcTPI

that only contains three extra amino acids before its initial

methionine, the latter in contrast with previous recombi-

nant protein versions that harbor a poly-histidine tail or a

long non-related sequence (Dumont et al., 2016; L�opez-

Castillo et al., 2016). Using this recombinant AtcTPI, that

closely resembles the native enzyme, we chose to mutate

residue AtcTPI-Cys13 to both serine and alanine. A muta-

tion to serine is expected to have minimal effect on the

van der Waals interactions and is predicted to create mini-

mal structural perturbations. The rationale to mutate

AtcTPI-Cys13 to alanine is because of the hydrophobic

Figure 1. Structural analysis of AtcTPI and its inactivation by thiol-conjugating agents. (a) Ribbon representation of the crystal structure of AtcTPI showing the

localization of its four cysteines in monomer A and its dimer interface. The conserved catalytic amino acids are in ball-stick representation and red colored. (b)

Time-course experiment showing the inactivation of AtcTPI by thiol-derivatizing agents. AtcTPI present at 0.184 nM was incubated with a 200-fold excess of

either MMTS, GSSG or H2O2 (36.8 nM). The graphs represent the percentage of AtcTPI activity with respect to an untreated sample during the time course. (c)

Thiol content determination of wild-type and AtcTPI mutants by DTNB analysis. The graph shown the total number of reactive thiols per TPI monomer during a

30 min incubation with DTNB. The experiment was performed by triplicate and shows the average data and the corresponding standard deviation. (d) Effect of

glutathione incubation on the oligomeric state of AtcTPI. AtcTPI was incubated with three different GSSG concentrations from 0.25 to 25 mM. The AtcTPI oligo-

meric state was assessed by running the samples on a gel filtration column. Untreated AtcTPI eluted as a dimer with as estimated molecular mass of c. 50 kDa

(peak II). Incubation with 0.25 and 2.5 mM of GSSG resulted in the appearance of a protein peak with a molecular mass that corresponded to a monomer of

25 kDa (peak III), whereas incubation with 25 mM GSSG resulted migrate in a way that corresponded to protein aggregates (peak I). (e) Enzymatic activity of TPIs

recovered from peaks I and II. AtcTPI recovered from peaks I and II exhibited less than 20% and 4% of enzymatic activity untreated samples, respectively. Sam-

ples recovered from peak II present similar enzymatic activity as untreated samples. All experiments were conducted in triplicate.

© 2019 The Authors
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characteristics of residues surrounding AtcTPI-Cys13 that

correlate with the hydrophobic nature of cysteine (Nagano

et al., 1999). We initially mutated AtcTPI-Cys218 to serine

because of the structural similarities between both amino

acids. Steady-state kinetic analysis indicated that AtcTPI-

Cys13Ala and AtcTPI-Cys218Ser mutants decreased their

catalytic efficiency by 4.3-fold and 2.5-fold, respectively. In

contrast, an AtcTPI-Cys13Ser mutant exhibited a 30-fold

decrease in catalytic efficiency (Table 1). These data sug-

gest that the introduction of an alanine at position 13 and a

serine at position 218 are tolerated in AtcTPI. The observed

2.5-fold reduction in the catalytic activity of the AtcTPI-

Cys218Ser mutant contrasts with the 142-fold reduction

previously reported using an AtcTPI with a large non-re-

lated amino acid sequence in its N-terminal (L�opez-Castillo

et al., 2016). This differential in activity correlates with the

presence a long sequence tag in the previous constructs

that may hamper their activity (Panek et al., 2013; Sabaty

et al., 2013; Booth et al., 2018).

To determine if modification in residues AtcTPI-Cys13

and Cys218 affect TPI enzymatic activity, we measured the

susceptibly of mutants AtcTPI-Cys13Ala and AtcTPI-

Cys218Ser to oxidized glutathione (GSSG), methyl

methanethiosulfonate (MMTS), and H2O2 in a 1-h time-

course experiment instead of the dose-dependent experi-

ment previously conducted (L�opez-Castillo et al., 2016).

AtcTPIs carrying individual mutations at residues Cys13

and Cys218 exhibit similar susceptibility with respect to

wild-type AtcTPI to thiol-conjugating agents, whereas the

AtcTPI-Cys13Ala mutant is more susceptible to H2O2 (Fig-

ure 1a,b). These data suggest that both AtcTPI-Cys13 and

AtcTPI-Cys218 residues react with similar efficiency to thiol

derivatizing and oxidative agents, and suggest that both

residues are targets for ROS-mediated modifications.

To further test if those residues are the sole responsible

for ROS-mediated inhibition by conjugation or oxidation,

we measured the enzymatic activity of the double AtcTPI-

Cys13Ala/Cys218Ser and AtcTPI-Cys13Ser/Cys218Ser

mutants upon the exposure of thiol-conjugating agents

and H2O2 using a time-course experiment (Figure 1b).

The observed differential in enzymatic activity with the

previously reported AtcTPI mutants is intensified in the

double mutants (L�opez-Castillo et al., 2016), further sug-

gesting that non-related sequences in the N-terminal of

AtcTPI affect catalysis. The current protein constructs har-

boring the double mutant AtcTPI-Cys13Ser/AtcTPI-Cys218-

Ser decreases its catalytic efficiency by 43.5-fold, whereas

the double mutant AtcTPI-Cys13Ala/AtcTPI-Cys218Ser only

decreases its catalytic efficiency by 5.3-fold (Table 1). As

previously reported for the AtcTPI-Cys13Ser/AtcTPI-

Cys218Ser mutant, both double mutants are not suscepti-

ble to thiol derivatizing agents and H2O2, supporting the

role of both residues AtcTPI-Cys13 and AtcTPI-Cys218 as

the only ROS targets in AtcTPI (L�opez-Castillo et al., 2016)

(Figure 1b). To further verify this analysis, we measured

the accessibility of cysteine thiols in wild-type and mutant

AtcTPIs by 5,50-dithiobis-(2-nitrobenzoic acid) (DTNB) con-

jugation. In concordance to a previously report, wild-type

AtcTPI contains approximately two accessible thiols per

monomer, whereas AtcTPI-Cys13Ala and AtcTPI-Cys218Ser

mutants harbors near to one thiol per monomer (Fig-

ure 1c). A double mutant AtcTPI-Cys13Ala/Cys218Ser pre-

sents limited reactivity to DTNB conjugation indicating that

the only exposed thiol groups in AtcTPI is from residues

Cys13 and Cys218. Overall the data agree with western blot

analysis that identified residues Cys13 and Cys218 as the

main targets of glutathione and suggest that the observed

glutathionalytion of residue AtcTPI-Cys127 may occur at

the unfolded state or as a consequence of a transient sol-

vent exposure of its thiol group (Dumont et al., 2016;

L�opez-Castillo et al., 2016).

GSSG incubation promotes the formation of inactive

AtcTPI monomers

We have hypothesized that the decrease in activity by

AtcTPI upon its incubation with oxidative and thiol-conju-

gating agents is due to the formation of inactive mono-

mers (L�opez-Castillo et al., 2016).

The reversible characteristics of glutathionylation make

this post-translational modification a common modulator

of enzymatic activity by conjugation of the glutathione

moiety to the thiol groups of a cysteine. We have shown

that incubation of AtcTPI with GSSG resulted in conjugated

proteins with an apparent molecular mass that is lower

than the molecular mass of a monomer (L�opez-Castillo

et al., 2016). The aberrant migration of a conjugated AtcTPI

on a gel filtration column upon glutathionylation is coun-

terintuitive. Because of this atypical result, we decided to

Table 1 Catalytic parameters

Enzyme Km (mM) Kcat (sec
�1)

Kcat/Km

(M�1 sec�1)
Fold
decrease

AtcTPI wt 0.47 � 0.08 1140 � 46.7 2.40 9 106 –
Cys13Met 0.52 � 0.03 353 � 16.7 6.87 9 105 3.49
Cys13Ala 0.37 � 0.04 209 � 8.1 5.54 9 105 4.32
Cys13Ser 0.51 � 0.07 41.6 � 3.1 8.00 9 104 30.0
Cys13Asp 0.63 � 0.09 32.1 � 2.4 5.09 9 104 47.1
Cys218Met 0.82 � 0.09 468 � 19.2 5.68 9 105 4.22
Cys218Val 1.03 � 0.18 642 � 42.2 6.25 9 105 3.84
Cys218Ser 0.49 � 0.09 465 � 26.9 9.44 9 105 2.54
Cys218Lys 0.53 � 0.02 165 � 14.2 3.11 9 105 7.71
Cys218Tyr 0.88 � 0.07 455 � 37.1 5.11 9 105 4.69
Cys218Asp 0.50 � 0.12 115 � 6.67 2.27 9 105 10.5
Cys13Ala/
Cys218Ser

1.75 � 0.21 789 � 138 4.51 9 105 5.37

Cys13Ser/
Cys218Ser

3.76 � 0.45 209 � 35.9 5.57 9 104 43.5
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test the effect of S-glutathionylation using a shorted incu-

bation period and three different GSSG concentrations

(Figure 1d). As expected, non-derivatized AtcTPI eluted in a

single peak at an elution volume that corresponds to a

AtcTPI dimer of ~50 kDa (Figure 1d, peak II). Incubation of

AtcTPI with 25 mM of GSSG induced the formation of inac-

tive protein aggregates of high molecular weight (Fig-

ure 1d, peak I). These aggregates may be a consequence

of dimer dissociation and monomer unfolding, as previ-

ously reported for other TPIs (Chanez-Cardenas et al.,

2002; Maithal et al., 2002). AtcTPIs incubated with 2.5 or

0.25 mM GSSG resulted in the appearance of a protein

peak that corresponds to an AtcTPI monomer of ~25 kDa

(Figure 1e, peak III). Proteins from these monomeric frac-

tions displayed less than 20% of enzymatic activity in com-

parison with the activity of the dimeric fractions that

displayed the same activity than untreated AtcTPI samples

(Figure 1e). These data further suggest that glutathionyla-

tion alters the oligomeric state of cTPI resulting in enzymes

with reduced activity because of monomerization or total

loss of activity because of aggregation.

Redox modification can be mimicked by site-directed

mutagenesis

To understand the fate of AtcTPI upon oxidation and conju-

gation at residues Cys13 and Cys218, we use site-directed

mutagenesis to mimic redox modifications of those cys-

teines (Figure 2a). We further mutated AtcTPI-Cys13 to

aspartic acid that resembles the irreversible chemical mod-

ification of cysteine to sulfinic acid and to methionine

because human and yeast TPIs harbor this amino acid in

an analogous position to AtcTPI-Cys13 (Lolis et al., 1990;

Mande et al., 1994; Permyakov et al., 2012). We mutated

AtcTPI-Cys218 to Met, Val, and Lys that resemble the

Figure 2. Amino acid mimicry of ROS-mediated oxidation and thiol-conjugated agents. (a) Chemical structure of amino acids used for site-directed mutagenesis

and their ROS-mediated modification counterpart that mimic the derivatization or oxidation of the thiol group. As observed, aspartic acid mimics cysteine oxida-

tion to sulfinic acid, lysine MMTS conjugation and tyrosine DTNB conjugation. (b) Bacterial complementation by wild-type and AtcTPI mutants in a Dtpi BL21-
DE3 E. coli strain. Bacteria transformed with plasmids harboring the indicated constructs were grown on minimal medium and incubated for 48 h at 30°C.
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conjugation to linear adducts like MMTS or S-glutathiony-

lation and to Tyr because this modification would resem-

ble the chemical conjugation to a bulky aromatic adduct

line DTNB, and finally to aspartic acid that mimics its oxi-

dation to sulfinic acid. We did not mutate residue AtcTPI-

Cys13 to bulky amino acids like Tyr or Lys, because amino

acids with larger side chains are not present at this posi-

tion in any TPI reported to date and because the large van

der Waals radius of these residues would hamper dimer

formation (Lara-Gonzalez et al., 2015; Olivares-Illana et al.,

2017) (Figure 2a).

As a first step to assess the effect of modifications in

residues Cys13 and Cys218, we measured the complemen-

tation of a bacterial strain deficient of endogenous

triosephosphate isomerase activity by plasmids harboring

AtcTPI mutants (Lara-Gonzalez et al., 2015) (Figure 2b).

Wild-type AtcTPI, AtcTPI-Cys13Ala, and AtcTPI-Cys13Met

mutants efficiently complemented the transformed bacte-

rial strain. In contrast, construct AtcTPI-Cys13Asp failed to

complement the E. coli Dtpi strain and construct AtcTPI-

Cys13Ser exhibited a decrease in the observed number of

colonies (Figure 2b). Bacterial cells harboring AtcTPI-

Cys218Asp and AtcTPI-Cys218Lys mutants exhibited a

defect in complementation, whereas bacteria harboring

AtcTPI-Cys218Val, AtcTPI-Cys218Tyr, AtcTPI-Cys218Ser

and AtcTPI-Cys218Met constructs present similar comple-

mentation compared with the wild-type AtcTPI (Figure 2b).

Steady-state kinetic analysis indicated that AtcTPI-

Cys13Asp and AtcTPI-Cys13Ser mutants showed a 47-fold

and 30-fold reduction in their catalytic efficiency, whereas

mutations to alanine and methionine exhibit less than a

five-fold reduction in catalytic efficiency (Table 1). There-

fore, the lack of complementation for AtcTPI-Cys13Asp and

AtcTPI-Cys13Ser mutants correlated with their decrease in

catalytic efficiency (Figure 2b). AtcTPI-Cys218Asp and

AtcTPI-Cys218Lys mutants showed a 10.5-fold and 7.7-fold

reduction in their catalytic activity, in contrast AtcTPI-

Cys218Met, AtcTPI-Cys218Val, and AtcTPI-Cys218Tyr

mutants presented enzymatic activities near wild-type

AtcTPI levels (Table 1). Therefore, the observed difficulty

of Asp and Lys mutants in residue AtcTPI-Cys218 to com-

plement a Dtpi bacterial strain, also correlated with a

decrease in catalytic efficiency (Figure 2b). To assess if

mutations in residues Cys13 and Cys218 affect the stability

of AtcTPI, we measured their thermal stability in compar-

ison with the wild-type enzyme (Table 2). Point mutants in

residue Cys13 decreased their melting temperature (Tm)

between 4.5–3°C with respect to the Tm exhibited by wild-

type AtcTPI. In contrast, mutants in residue Cys218

decrease their Tm between 2–10°C (Table 2). The mutants

that decrease the most the catalytic activity of AtcTPI,

AtcTPI-Cys13Ser and AtcTPI-Cys13Asp, only present a

small decrease in their Tm. In contrast, mutants in residue

Cys218 have a large decrease in Tm and only a moderate,

7.7-fold to 10.6-fold, decrease in catalytic activity. These

data suggest that modification in residue Cys13 does not

present large structural changes, and mutations in residue

Cys218 induce structural modification that alters the pro-

tein structure, but with only a moderate effect on catalysis.

Site-directed mutagenesis of AtcTPI-Cys13 promotes the

formation of non-catalytic monomers

To investigate if the loss of enzymatic activity by mutations

at residues AtcTPI-Cys13 is due to alterations in the

dimeric nature of AtcTPI, we assessed the oligomeric state

of purified AtcTPI on a size-exclusion chromatography col-

umn at two protein concentrations: 1 mg mL�1 and

0.1 mg mL�1 (Figure 3a). At a concentration of 1 mg mL�1,
wild-type AtcTPI and all AtcTPI-Cys13 and AtcTPI-Cys218

point mutants eluted in a single peak at an elution volume

that corresponds to the retention volume of a dimer of

~50 kDa. In contrast, at a concentration of 0.1 mg mL�1,
AtcTPI-Cys13Asp, AtcTPI-Cys13Ser, and AtcTPI-Cys13Met

mutants exhibited a displacement in their migration profile

to an elution volume that corresponds to a monomeric

species of 25 kDa. The only AtcTPI-Cys13 mutant that

migrates as a dimer is the one corresponding to AtcTPI-

Cys13Ala (Figure 3a). In contrast, all mutations in residue

AtcTPI-Cys218 eluted in a volume that corresponded to

dimers at both protein concentrations (Figure 3a).

In all TPIs studied to date, this enzyme is an obligatory

dimer, meaning that TPI monomers are catalytically incom-

petent (Zarate-Perez et al., 2009; Jim�enez-Sandoval et al.,

2017). To assess the role of monomerization in catalysis,

we measured the specific activities of wild-type and point

mutant AtcTPIs incubating the enzymes for 24 h at 25°C at

protein concentrations that rank from 50 ng mL�1 to

1000 lg mL�1 (Table 2). Dilution promotes the concentra-

tion-dependent dissociation of active dimeric AtcTPI into

inactive monomers, with a concomitant loss in specific

activity (Figure 3b) (Mainfroid et al., 1996; Reyes-Vivas

Table 2 Thermal stability and apparent dissociation constant

Enzyme Tm, °C
appKddiss (M)

AtcTPI 52.0 � 0.0 1.45E-07 � 2.10E-08
Cys13Met 49.0 � 0.0 2.40E-07 � 2.83E-07
Cys13Aal 48.0 � 0.0 3.22E-07 � 3.57E-08
Cys13Ser 48.0 � 0.0 3.12E-06 � 3.57E-07
Cys13Asp 47.5 � 0.5 1.40E-05 � 1.77E-07
Cys218Met 48.0 � 0.0 3.20E-07 � 4.09E-08
Cys218Val 50.0 � 0.0 2.39E-07 � 3.02E-08
Cys218Ser 50.0 � 0.0 0.96E-07 � 3.53E-08
Cys218Lys 42.0 � 1.0 1.03E-07 � 2.83E-08
Cys218Tyr 47.0 � 0.0 1.06E-07 � 1.71E-08
Cys218Asp 42.5 � 0.5 1.03E-07 � 4.97E-08
C13Ala/C218Ser 45.8 � 0.3 1.15E-07 � 2.52E-08
C13Ser/C218Ser 46.3 � 0.1 0.81E-06 � 1.01E-07
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et al., 2002; Romero-Romero et al., 2018). The fraction of

native molecules shows a more pronounced transition

than the one expected for a reversible two-state equilib-

rium nevertheless, the midpoint of the transitions (Kdiss)

are well described by this model.

In TPIs as well as in other obligated oligomers, this

behavior has been related to reversible and/or irreversible

conformational changes in the dissociated monomers

such that processes shift the equilibrium towards inactive

states (Mainfroid et al., 1996; Reyes-Vivas et al., 2002;

Romero-Romero et al., 2018). From these data we calcu-

lated an apparent dissociation constant (appKdiss). Wild-

type AtcTPI exhibited an appKdiss of 1.5�7 M, that is similar

to the one observed for other TPIs (Reyes-Vivas et al.,

2002). Point mutants AtcTPI-Cys13Ala, AtcTPI-Cys13Met,

and AtcTPI-Cys13Ser decrease the binding affinity of the

dimer by 2-fold, 16-fold, and 21-fold, respectively. In sharp

contrast the AtcTPI-Cys13Asp mutant decreases the dimer

stability by more than 100-fold, indicating that a mutation

that resembles the oxidation of Cys13 results in stable

monomeric enzymes (Figure 3b). In comparison to the

influence of residue AtcTPI-Cys13 in promoting the

appearance of monomeric species, mutations in residue

AtcTPI-Cys218 do not alter their specific activity upon dilu-

tion, supporting the finding that mutations in this residue

do not alter the dimeric nature of AtcTPI (Figure 3a,b and

Table 2). The shift in the dimer�monomer equilibrium of

AtcTPI-Cys13Ser and AtcTPI-Cys13Asp mutants correlates

with a 30-fold and 47-fold reduction in their catalytic effi-

ciency. Interestingly, a mutant AtcTPI-Cys13Met is only

3.5-fold less active than wild-type AtcTPI (Table 1). The

difference in enzymatic activity observed between mono-

meric AtcTPI-Cys13Ser, AtcTPI-Cys13Asp, and AtcTPI-

Cys13Met may be related to the formation of AtcTPI

dimers assisted by substrate binding as occurs in TPI

from Trichomonas vaginalis (Lara-Gonzalez et al., 2015)

and meaning that dimer assembly from dissociated

monomers is favorable in the AtcTPI-Cys13Met mutant,

but not in the AtcTPI-Cys13Ser and AtcTPI-Cys13Asp

mutants.

Figure 3. Elution profiles of AtcTPIs upon oxidation

mimicry by site-directed mutagenesis. (a) Gel filtra-

tion elution profiles of wild-type and point mutants

of residues Cys13 and Cys218 at protein concentra-

tions of 1 and 0.1 mg mL�1. The elution profile of

Cys13 mutants at 0.1 mg mL�1 shows the displace-

ment of the elution profile to one that corresponds

to an elution profile of a monomeric species of

c. 25 kDa. (b) Determination of the apparent Kdiss of

wild-type and point mutants of AtcTPI. The graph

represents the relative enzymatic activity after serial

dilutions of three independent experiments.
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Structural basis for the formation of non-catalytic

monomers by modifications at residue AtcTPI-Cys13

To test how the mimicry of the thiol oxidation of residue

AtcTPI-Cys13 induces the formation of non-catalytic mono-

meric species, we solved the crystal structures of AtcTPI-

Cys13Asp and AtcTPI-Cys13Ala mutants (Figure 4a). In

comparison with the presence of cysteine at position 13, a

mutation to alanine decreases the van der Waals volume

by 19 �A3 and a mutation to aspartic acid increases its vol-

ume by 10 �A3. The crystal structures of AtcTPI-Cys13Ala

and AtcTPI-Cys13Asp revealed that these mutations do not

significantly alter the AtcTPI structure, as these structures

present a root-mean-square deviation (RMSD) of 0.1350

and 0.1750 �A, respectively, with respect to wild-type

AtcTPI. The crystal structure of AtcTPI-Cys13Ala only pre-

sented a small variation in the amino acids corresponding

to loop 3, that is displaced c. 0.6 �A, presumably to

compensate the smaller alanine side chain (Figure S1). The

minimal changes in the crystal structure of AtcTPI-

Cys13Ala with respect to wild-type AtcTPI are in agreement

with the unaltered catalytic efficiencies and dimeric nature

of this mutant, which is resistant to dilution. The crystal

structure further showed that the aromatic amino acids

from the neighboring subunit that surround residue at

position 13 were organized in a similar fashion when an

alanine replaces a cysteine (Figure S1). Both AtcTPI-

Cys13Ala and AtcTPI-Cys13Asp mutants do not create sev-

ere changes in the overall structural of the enzyme or alter

its dynamics (Figure S2). The crystal structure of AtcTPI-

Cys13Asp shows that a substitution to aspartic acid, that

mimics cysteine oxidation by virtue of its negative charge,

places the carboxyl side chain in a similar position to the

thiol group of the cysteine residue. However, the place-

ment of the carboxylate produced subtle conformational

changes in loop 1 and loop 3 of the neighboring subunit

Figure 4. Structural consequences of oxidation

mimicry at residue AtcTPICys13. (a) Structural com-

parison of AtcTPI crystal structures harboring ala-

nine and aspartic acid substitutions at position 13

in a ribbon representation. (b, c) Dimer interface

representation. The thiol group and carboxyl

groups of residue 13 in wild-type or mutant AtcTPIs

are colored in magenta and residues from the loop

3 of the neighboring subunit are colored in cyan in

a ball-stick representation. Residue Phe75 is colored

in magenta. Residues corresponding to the first-half

of the TIM barrel (a1 to b4) present a subtle dis-

placement (colored green and lime in wild-type and

AtcTPICys13Asp mutant, respectively). A close-up

view (bottom part) of wild-type and AtcTPICy-

s13Asp mutants. Illustrates the dual conformation

of residue Phe75 (black) due to presence of the car-

boxyl group instead of the thiol group at residue

13. (d) Ribbon representation of the superposition

between the crystal structures of wild-type and

AtcTPICys13Asp and close-up view at loop 3 of their

dimer interface. The AtcTPICys13Asp structure illus-

trates that the oxidative mimicry of residue Cys13

induces a re-orientation of residue Phe75 from the

neighboring subunit.
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(Figure 4a). Being the most dramatic consequences of the

AtcTPI-Cys13Asp mutation the appearance of residue

AtcTPI-Phe75 of the neighbor subunit in two alternate con-

formations (Figure S2).

Residue AtcTPI-Cys13 exerts inter-subunit interactions

with residues from the loop 3 of the neighboring subunit.

Residue AtcTPI-Cys13 interacts with the following residues

from the neighboring subunit: Gly72, Gly73, Ala74, Phe75,

Thr76, Glu78, Ser80, and Met83. These residues form part

of conserved GGAFTG motif located in loop 3 (Figure 4b).

The interaction between loop 1 from one subunit and loop

3 from the neighbor subunit is critical for dimer formation.

For instance, engineered monomeric versions of several

TPIs were designed by the decreasing in the length of loop

3 (Borchert et al., 1994; Saab-Rincon et al., 2001; Jim�enez-

Sandoval et al., 2017). Derivatization of the residue to cor-

responding AtcTPI-Cys13 with alkylating agents generate

TPIs monomers in TPIs from P. falciparum and E. histolyt-

ica, and also protein aggregation in TPIs from T. cruzi and

T. brucei (Garza-Ramos et al., 1998; Maithal et al., 2002;

Rodr�ıguez-Romero et al., 2002). The presence of the car-

boxyl group in the AtcTPI-Cys13Asp mutants displaced the

phenyl side chain of residue AtcTPI-Phe75 of the neighbor-

ing subunit, so this residue adopts a double conformation.

As a consequence of this alternate conformation, half of

the a/b triosephosphate isomerase (TIM) barrel (a1 to b4)
shifted its orientation relative to AtcTPI (Figure 4b,c). This

conformational change is reminiscent of the small changes

in subunit orientation observed in pathogenic mutants of

superoxide dismutase (Hough et al., 2004). The double

conformations of residue AtcTPI-Phe75 of the neighboring

subunit displaced loop 3 residues by 1 �A, to accommodate

the carboxylate side chain (Figure 4d).

A diagram of the B-factors for the interface residues

shows that their overall mobility is conserved (Figure S3).

The structural changes observed in the AtcTPI-Cys13Asp

mutant correlated with the fact that point mutants Ser,

Met, and Asp are monomeric at a concentration of c.

1.8 lM (of 0.1 mg mL�1). As the AtcTPI-Cys13Asp mutant

resembles the oxidation of Cys13, our data suggest that

AtcTPI monomerization is a mechanism to rapidly decrease

the enzymatic activity of TPI upon oxidative stress. TPI

activity modulation is observed in yeast expressing human

TPI variants deficient in dimer assembly that are more

resistant to oxidative stress, presumably by re-routing the

carbohydrate flux (Ralser et al., 2006). Another example of

TPI modulation activity is the stimulation of rice TPI activity

by interaction with a transmembrane receptor-like kinase.

In this putative allosteric TPI modulation mechanism, a

plant resistant to bacterial infection presents a strength-

ened interaction between the transmembrane receptor-like

kinase and TPI, this high interaction stimulates TPI activity

with a concomitant increase in ROS production that leads

to bacterial infection resistance (Liu et al., 2018).

Modifications at residue AtcTPI-Cys218 decrease

enzymatic activity

Two independent studies have shown that residue AtcTPI-

Cys218 is a glutathionylation target (Dumont et al., 2016;

L�opez-Castillo et al., 2016). Steady-state kinetic analysis

indicated that a mutant protein harboring an aspartic acid

substitution decreased its catalytic efficiency by 10-fold,

whereas replacements with bulky or linear branched amino

acids decreases their catalytic efficiency between 5-fold to

8-fold (Table 1). These mutants present similar dimer sta-

bility compared with wild-type AtcTPI, ruling out the possi-

bility that an alteration in the dimer�monomer equilibrium

is responsible for the observed decrease in catalytic effi-

ciency. Therefore, it is unknown how modifications in resi-

due AtcTPI-Cys218 affect catalysis.

Modifications at residue AtcTPI-Cys218 drive structural

rearrangements in loops 6 and 7

To understand the mechanisms by which modifications in

residue AtcTPI-Cys218 affect the catalytic activity of AtcTPI,

we solved the structures of AtcTPI-Cys218 with residues

that mimic cysteine conjugation with bulky or aromatic

groups or its oxidation (Table S1). A structural comparison

between these crystal structures shows that the point

mutations do not induce gross structural changes with

respect to wild-type AtcTPI (Figure 5a). However, a close

inspection shows that all mutants present alternate confor-

mations in loops 6 (residues 166–176) and 7 (residues 210–
218) (Figure 5b,c). These structural changes are localized

only in this region and are not observed in other regions,

like the active site or the dimer interface (Figure S4). Loop

6 or the phosphate binding loop suffers open to closed

transitions upon substrate binding (Wierenga et al., 1991,

1992; Wierenga, 2001) and it is highly flexible structural

element. Loop 6 in the AtcTPI-Cys218Ser mutant is partially

disordered, whereas this loop moves near 2.5 �A in AtcTPI-

Lys and Tyr mutants (Figure 5b). Point mutations of resi-

due AtcTPI-Cys218 also increase the thermal mobility of

loop 6, suggesting that point mutants alter the dynamics

of the phosphate binding loop (Figure 5c,d). In contrast

with the flexibility of loop 6, loop 7 is located in the same

position in all TPIs studied to date. Loop 7 harbors the

YGGS (residues 209–212) motif whose integrity is indis-

pensable for enzymatic activity, as modifications of this

motif reduce TPI catalytic activity more than 1000-fold

(Sampson and Knowles, 1992a,1992b). Point mutations,

especially substitutions to Asp, Lys and Tyr, also alter the

orientation of loop 7 (Figure 5b,c). Residue AtcTPI-Cys218

interacts with residue AtcTPI-Gly211 of the YGGS motif,

therefore structural variations in AtcTPI-Cys218 are

expected to affect this interaction. A mutation of residue

AtcTPI-Cys218 to Ser does not alter the orientation of loop

7 (Figure 5b), in contrast mutations to Asp, Lys, and Tyr
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that induce conformation changes in the Ca of residues

Val213 to Asn217 that are located immediately after the

YGGS motif (Figure 5b,c). These conformational changes

are subtle in the case of Asp and Lys mutants. In these

structures, a segment of loop 7 from residues Val213 to

Asn217 moves between 2 to 2.3 �A. In contrast, the AtcTPI-

Cys218Tyr mutation results in abrupt re-orientation of

6.3 �A in loop 7 (Figure 5b). The side chains of residue 218

harboring mutations to Asp, Lys, and Ser are in an equiva-

lent position to the side chain of residue Cys218. Distinctly,

the side chain of AtcTPI-Cys218Tyr mutant occupies the

space that corresponds to residue Val213 located immedi-

ately after the YGGS motif (Figure 5b). Mutations in a resi-

due analogous to AtcTPI-Cys218 in G. lambia TPI (GlTPI)

also exhibit a decrease in their catalytic activity (Hernan-

dez-Alcantara et al., 2013) and crystallographic studies of

the GlTPI-Cys222Asp mutant also present structural varia-

tion on loops 6 and 7 that correlate with the loss of enzy-

matic activity (Hernandez-Alcantara et al., 2013). The

AtcTPI-Cys218Asp mutant decreases its catalytic efficiency

by approximately 11-fold, in contrast the AtcTPI-Cys218Tyr

and Lys mutants decrease the catalytic efficiency by 4.7-

fold and 7.7-fold, respectively. In contrast with the severe

loss in catalytic activity observed by an aspartic acid muta-

tion in residue AtcTPI-Cys13, an aspartate mutation in resi-

due AtcTPI-Cys218 resulted in an 11-fold decrease.

Although this loss in activity seems modest, the 4-fold

decrease caused by the Ile170Val mutation in human TPI

induces hyper-resistance against oxidative stress in yeast

(Ralser et al., 2006). This suggests that small changes in

enzymatic activity of this key glycolytic enzyme are suffi-

cient to alter and re-route central metabolic pathways (Ral-

ser et al., 2006, 2007).

A dual mechanism for redox-based modulation in plant

cytosolic TPIs

The identity of residues Cys 13 and Cys218 is conserved in

TPIs from green algae and in the majority of plant cytosolic

TPIs, being one exception Medicago truncatula (Zaffagnini

et al., 2014; L�opez-Castillo et al., 2016) (Figure 6a). How-

ever, the identity of the residue corresponding to Cys218 in

all plastidic TPIs and TPIs from photosynthetic bacteria is a

serine or a hydrophobic amino acid, suggesting that cys-

teine-based modulation at this position is only conserved

in green algae and land plants (L�opez-Castillo et al., 2016).

Seminal work by Zaffagnini and coworkers show that TPI

from Chlamydomonas reinhardtii (CrTPI) harbors a cys-

teine residue (CrTPI-Cys219) that is structurally analogous

to AtcTPI-Cys218 (Zaffagnini et al., 2014). A structural com-

parison between the crystal structures of CrTPI and AtcTPIs

shows that in both TPIs crystal structures, the exposed

thiol groups of residues CrTPI-Cys219 and AtcTPI-Cys218

are located at the N-terminal cap of an a-helix and, in both

cases, two lysines are in close proximity to the thiol groups

Figure 5. Structural consequences of oxidation and thiol-conjugation mimi-

cry at residue AtcTPICys218. (a) Structural alignment of wild-type AtcTPIs

carrying Cys, Asp or Tyr at position 218. (b, c) Close-up of the region corre-

sponding to loops 6 and 7 for cysteine mutants to Ser and Asp (b) and Lys

and Try (c). The corresponding point mutant is represented in a ball�stick
representation. (c) Structural comparison between wild-type AtcTPI and

point mutants. Plot of the RMSD analysis per residue (Roberts et al., 2006)

shows the structural differences among the AtcTPI-Cys218 mutants. (d)

Structural comparison between wild-type cAtcTPI and the point mutants

showing the normalized B-factors for the wild-type and AtcTPI mutants.
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(Figure 6b) (Zaffagnini et al., 2014). These chemical charac-

teristics produce a positively charged environment that

may exhibit, as a consequence, a decrease in the pKa of

both cysteines that stabilizes the formation of a deproto-

nated cysteine form (thiolate) that is prone to react with

GSSG. Although the amino acids surrounding CrTPI-

Cys219 and AtcTPI-Cys218 are not conserved, the chemical

environment of these residues surrounded by positively

and negatively charged amino acids is conserved (Fig-

ure 6b). Therefore, the three-dimensional structures show

that the chemical propensity of the residue corresponding

to AtcTPI-Cys218 to be a target of glutathione is conserved

from green algae to land plants. The absence of a thiol

group in the residue corresponding to AtcTPI-Cys218 in

plastidic TPI from land plants may be explained by the

need of plastidic TPIs to cope with higher concentrations

of oxidative agents (L�opez-Castillo et al., 2016).

In sum, here we elucidated the mechanisms by which cTPI

from land plants modulate their activity by modifying two

cysteine residues: AtcTPI-Cys13 and AtcTPI-Cys218. Redox-

based modifications of those residues result in a decrease in

TPI catalytic efficiency. This reduction in enzymatic activity is

associated with a reduction in ROS production by re-routing

the central metabolism (Ralser et al., 2006, 2007). A crystal

structure that mimics cysteine oxidation in residue cATP-

Cys13 induces enzymatic inactivation due to

monomerization and mimicry of residue AtcATP-Cys218 to

sulfinic acid or S-thiolation induces a conformation change

in the enzyme that is concomitant with a decrease in enzy-

matic activity. Here, we propose a model in which the sol-

vent-exposed residue AtcTPI-Cys218 is the primary target for

ROS and S-glutathionylation (Figure 7). The solvent-exposed

localization of residue AtcTPI-Cys218 make it a plausible tar-

get for plant oxido-reductases of the thioredoxins and

glutaredoxins families that could modulate TPI enzymatic

activity. Furthermore, this chemical environment is con-

served in TPIs from green algae and cytosolic TPIs, suggest-

ing the possibility of a conserved evolutionary mechanism to

control glycolysis in plants. S-glutathionylation of residue

AtcTPI-Cys218 both protect the redox sensitive thiol to non-

reversible oxidation products and decreases TPI activity. The

localization of residue cATP-Cys13 at the dimer interface

makes it a difficult target for enzymatic S-glutathionalytion,

however conditions of elevated ROS could trigger its oxida-

tion. Oxidation of this amino acid, and the induced loss of

dimeric assembly may generate a severe drop in catalysis as

a rapid response to oxidative stress, shifting the sugar meta-

bolism into the PPP (Ralser et al., 2006, 2007) (Figure 7). In

summary, our study describes how S-glutathionylation and

thiol oxidation in AtcTPI are part of the tuning mechanism of

plant glycolysis based on redox status (Scheibe et al., 2005;

Holtgrefe et al., 2008).

Figure 6. Residue AtcTPI-Cys218 is a conserved S-

glutathionylation target to modulate glycolysis in

land plants and green algae. (a) Multiple sequence

alignment of amino acids near AtcTPI in selected

green algae and land plants. The identity of resi-

dues analogous to AtcTPI-Cys218 and lysines that

contribute to create a positively charged region

near CrTPI-Cys219 and AtcTPI-Cys218 are indicated.

(b) Surface and electrostatic potential representa-

tions near residues CrTPI-Cys219 and AtcTPI-

Cys218. The thiol group is colored in yellow,

nitrogens in blue, oxygen in red and carbons in

white. The bottom figure shows the chemical envi-

ronment near residues CrTPI-Cys219 and AtcTPI-

Cys218. Positively charged regions are colored in

blue and negatively charged regions in red. The

thiol groups are indicated with a green asterisk.
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EXPERIMENTAL PROCEDURES

Synthetic gene design for AtcTPI expression and site-

directed mutagenesis

The open reading frame of AtcTPI was codon optimized for

its recombinant expression in E. coli and subcloned into

NdeI and BamHI restriction sites of a modified pET19 vec-

tor. Site-directed mutagenesis for residue AtcTPI-Cys13

was performed using the polymerase chain reaction (PCR)

and AtcTPI-Cys218 mutants were constructed using the

quick-change site-directed mutagenesis protocol (New

England Biolabs, Beverly, MA, USA). Oligonucleotides

used for site-directed mutagenesis are shown in Table S1.

Protein expression and purification

Bacterial codon optimized AtcTPIs were expressed in BL21

(DE3) Dtpi E. coli cells for both crystallographic and

biochemical studies (Sullivan et al., 2011). Bacterial pellets

were resuspended in lysis buffer (25 mM Tris�ac-
etate�EDTA (TAE) pH 7.4, 150 mM NaCl). Recombinant

AtcTPI was purified by metal chelate affinity chromatogra-

phy (IMAC). Protein eluate was dialyzed in lysis buffer with

the addition of 2 mM ethylene diamine tetraacetic acid

(EDTA) and 1 mM dithiothreitol (DTT). PreScission protease

was added during dialysis at a final concentration of

0.1 mg mL�1 to cleavage the histidine tag. After affinity tag

removal, AtcTPI and mutant variants were concentrated

using centrifugal ultrafiltration units of 10 kDa MWCO (Mil-

lipore, Burlington, MA, USA), and further purified by size-

exclusion chromatography on a Superdex 75 Column (GE

Healthcare, Waukesha, WI, USA). Once the histidine tag is

removed recombinantly purified proteins contain only

three amino acids (Gly, Pro, His) before the initial methion-

ine.

Protein crystallization

AtcTPI mutants were concentrated to 14 mg mL�1 in

20 mM Tris pH 8, 50 mM NaCl and 2 mM DTT. Four sparse

matrix crystallization screens of 96 conditions each were

used mixing 1 lL of reservoir solution and protein using

the sitting drop method. Crystals for each mutant were

obtained in specific conditions (Table S2). Datasets for

each mutant were collected at the Advanced Photon

Source using a single protein crystal. Datasets were pro-

cessed with MOSFLM (Battye et al., 2011) and scaled with

AIMLESS, using the CCP4 Software Suite (McNicholas

et al., 2011). The X-ray structures for mutants AtcTPIs were

solved by molecular replacement. PDB accession numbers,

data collection and refinement statistics are presented in

Table S3.

In vivo functional assays and determination of catalytic

parameters

In vivo complementation assays, and catalytic activities

were measured as previously reported (Sullivan et al.,

2011; Figueroa-Angulo et al., 2012). Briefly, catalytic activ-

ity of AtTPIs was measured spectrophotometrically by a

coupled enzyme assay with a-GDH in the direction G3P to

DHAP. Assays were performed according to Ben�ıtez-Car-

doza et al. in 100 lL of 0.1 TAE pH 7.4, containing 10 mM

EDTA, 0.01% BSA, 0.2 mM NADH (Sigma, St. Louis, MO,

USA), 1 lg a-GDH (Roche, Basel, Switzerland) and 1 mM of

D-L glyceraldehyde 3-phosphate (Sigma) (Ben�ıtez-Cardoza

et al., 2001). The reaction was started by addition of AtTPIs

and activity was calculated by the decrease in absorbance

at 340 nm, monitored each 30-sec using an Infinite M1000

reader (TECAN, M€annedorf, Switzerland). For the determi-

nation of the apparent kinetic constants (KM and Kcat),

assays were carried out by increasing G3P concentrations,

from 0 to 4.0 mM.

Figure 7. Model for the role of residues AtcTPI-Cys13 and AtcTPI-Cys218 in

modulating TPI enzymatic activity by oxidation or glutathionylation. (a) Irre-

versible oxidation of residue Cys13 at the AtcTPI dimer interface induces

subtle conformation changes in loop 3 of the neighboring subunit that lead

to dimer dissociation with a concomitant loss in enzymatic activity. Oxida-

tion or glutathionylation at residue Cys218 alters the structure of loops 6

and 7. These structural changes decrease the enzymatic activity of AtcTPI.

The reversibility of the S-glutathionylation reaction at residue AtcTPI is a

potential redox switch to cope with ROS in plants.
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Dilution experiments for apparent dissociation constants

The apparent dissociation constants (appKdiss) of the AtcTPI

dimer and those of the Cys-13 and Cys-218 mutants were

estimated from dilution experiments followed by catalytic

activity. Proteins were incubated for 24 h at 25°C and dif-

ferent protein concentrations (1000 lg mL�1 to

50 ng mL�1) in buffer 100 mM TAE, 10 mM EDTA and

1 mM DTT, pH 8.0. Subsequently, activity was determined

as indicated previously at 25°C with 5 ng mL�1 of TIM and

2 mM G3P. Data were normalized (fN) to the highest activity

value obtained. As TPI is a homodimer, a decrease in total

protein concentration favors dimer dissociation. appKdiss

was calculated from the following equation, derived from

the simplest equilibrium two-state model that describes

the change in the fraction of active dimers fN as a function

of TPI concentration (PC expressed on a monomer basis)

(Neet and Timm, 1994; Romero-Romero et al., 2015)

fN ¼
appKdiss þ 4PC �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
appKdiss

2 þ 8KdissPC

q

4PC
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Figure S1. Mutation AtcTPICys13Ala does not create structural
changes. Ribbon representation of the superposition between the
crystal structures of wild-type and AtcTPICys13Ala mutant and
close-up view at loop 3 of the dimer interface.

Figure S2. Structural changes mediated by AtcTPI mutations. (a)
Structural comparison between wild-type AtcTPI and point
mutants. The RMSD analysis (Roberts et al., 2006) shows the
structural differences among the cAtTPI-Cys13 mutants. (b) Struc-
tural comparison between cAtTPI-WT and the point mutants
showing the normalized B-factors for the wild-type and cAtTPI
mutants.

Figure S3. Simulated annealing omit maps at residue Phe75. Dif-
ference density contoured at 3r (mFo-DFc map, green mesh).
Residue Phe75 has an alternative conformation and is close to the

interface with the other subunit. The 2mFo-DFc map is colored
blue and contoured at 1.5r. TPI subunits A and B are colored in
red and gray, respectively.

Figure S4. Modifications in residue Cys 218 do not alter the dimer
interface. (a, b) Close-up to the region corresponding to the dimer
interface of cysteine mutants to Ser and Asp and Lys.

Table S1. Oligonucleotides for site-directed mutagenesis.

Table S2. Crystal grow conditions.

Table S3. Data collection and refinement statistics.
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characterize the interplay between tumor cells and angiogenesis, as well as their
proliferation, phenotypic transitions, and death. We use this model to predict–
early in course of neoadjuvant therapy–the eventual response of the individual
patient. Success in this endeavor would enable replacing an ineffective treat-
ment with an alternative regimen, thereby potentially improving outcomes
and curtailing unnecessary toxicities. Furthermore, our approach can be applied
to any disease site for which neoadjuvant therapy is indicated and the requisite
data is accessible.
Platform: Bacterial Mechanics, Cytoskeleton,
and Motility

1596-Plat
Wolbachia pipientis Colonizes S cerevisiae with High Yields. Effects on the
Host
Natalia Chiquete Felix1, Cristina Uribe-Alvarez2, Ulrik Pedroza-Dávila3,
Isareli Cruz-Cruz3, Salvador Uribe-Carvajal3.
1Dept Molec Gene, Inst Cell Physiol, Mexico, Mexico, 2Molecular, Inst
Fisiologı́a Celular UNAM, Mexico, Mexico, 3Inst Fisiol Celular, Univ Natl
Autonoma Mexico, Mexico, Mexico.
Wolbachia pipientis is an obligate-endosymbiotic gram-negative bacterium,
that naturally colonizes 40-60% of all insect species. It may be transmitted
vertically transmitted via germinal cells or horizontally. Each Wolbachia
strain is quite different to the rest, as Wolbachia coevolves with the
host, where it manipulates protein expression, fertility and metabolism.
Wolbachia may protect its host against infection by other organisms such
as pathogenic viruses or bacteria. A major problem to study Wolbachia
has been its inability to grow ex-vivo and the low yields obtained from
insect cell cultures. The unicellular yeast Saccharomyces cerevisiae was
infected with Wolbachia pipientis, obtaining large biomass yields. Wolba-
chia did not contribute to oxidative phosphorylation, but instead it
seemed to rely on external supply of ATP, possibly precipitating premature
death of the host. In contrast, Wolbachia does seem to contribute some
coenzymes to the host. It also modifies the actin cytoskeleton. Premature
death has been reported also in the artificially infected mosquito
A. aegypti probably accounting for the decrease in vector disease activity
of this host.

1597-Plat
Time-Lapse Atomic Force Microscopy Reveals New End Take Off (Neto)
Dynamics in Mycobacteria
Melanie T.M. Hannebelle1,2, Joelle X.Y. Ven1,2, Haig A. Eskandarian1,2,
Chiara Toniolo2, Adrian P.D. Nievergelt1, John D. McKinney2,
Georg E. Fantner1.
1Laboratory for Bio- and Nano- Instrumentation, Ecole Polytechnique
Federale de Lausanne (EPFL), Lausanne, Switzerland, 2Laboratory of
Microbiology and Microtechnology, Ecole Polytechnique Federale de
Lausanne (EPFL), Lausanne, Switzerland.
Tuberculosis is a lung infection caused by Mycobacterium tuberculosis. One
third of the world population is thought to be infected. Antibiotic treatment
with antibiotics lasts 6 month, which is difficult to achieve in low-income coun-
tries. The uncommon ability of tuberculosis bacteria to persist during long pe-
riods is linked to various factors, one of which potentially being cell growth
asymmetry. However, growth symmetry or asymmetry of mycobacteria re-
mains a controversial topic as opposing descriptions have been reported in
the literature.
Observing bacterial growth at the single cell level is inherently challenging due
to the diffraction limit of optical microscopes and the small size of the cells. We
built a new dedicated platform for long-term, correlated Atomic Force Micro-
scopy (AFM) and fluorescence microscopy and obtained time-lapses of bacte-
rial growth at an unprecedented resolution.
Surprisingly, the AFM high-resolution time-lapses did not match any of the
two previously reported models of pure symmetry and pure asymmetry.
Mycobacterial pole growth dynamics was rather an intermediate between
the two, reminiscent of the well-known ‘‘new end take off’’ mechanism
for fission yeast. Using AFM nanomanipulation we show that growth asym-
metry is not a physical occlusion phenomenon, but is inherent to mycobac-
terial growth. Finally, using fluorescent photoconversion microscopy we
identify biomolecular mechanisms linked to growth asymmetry, which in
the future could be used to develop novel treatments for tuberculosis infec-
tion.
1598-Plat
Molecular Motors Govern Liquid-Like Ordering and Fusion Dynamics of
Bacterial Colonies
Tom Cronenberg, Anton Welker, Robert Zöllner, Claudia Meel,
Katja Siewering, Niklas Bender, Marc Hennes, Enno R. Oldewurtel,
Berenike Maier.
Institute for Biological Physics, University of Cologne, Cologne, Germany.
Many bacteria are able to form communities called biofilms. Within these
structured communities, they benefit from various advantages including
facilitated gene transfer and increased antibiotic resistance. Bacteria can
adjust the structure of colonies and biofilms to enhance their survival rate
under external stress. The human pathogen Neisseria gonorrhoeae is able
to aggregate into spherical colonies due to active retraction of its type 4 pi-
li.Here, we explore the link between bacterial interaction forces and colony
structure and dynamics. First, we show that the simultaneous expression of a
functional and a nonfunctional variant of the motor protein PilT affects mo-
tor activity, namely the retraction velocity and the probability to be in the
retracting, elongating or pausing state, respectively. Second, we demonstrate
that motor activity enhances local ordering and accelerates fusion dynamics
of bacterial colonies. Motor activity strongly affects the probability of two
cells to be bound to each other. The radial distribution function of mature
colonies shows local fluid-like order. The degree and dynamics of ordering
are dependent on motor activity. At a larger scale, the fusion dynamics of
two colonies shows liquid-like behavior whereby motor activity strongly af-
fects the ratio between surface tension and viscosity. An estimate of colony
surface tension using molecular interaction characteristics shows that surface
tension is hardly affected by motor activity, indicating a strong effect on col-
ony viscosity.

1599-Plat
DNA Origami as a Tool in the Targeted Destruction of Bacteria
Ioanna Mela1, Masayuki Endo2, Hiroshi Sugiyama2, Robert M. Henderson3,
Clemens F. Kaminski1.
1Chemical Engineering and Biotechnology, University of Cambridge,
Cambridge, United Kingdom, 2Kyoto University, Kyoto, Japan, 3Dept
Pharmacology, Univ Cambridge, Cambridge, United Kingdom.
Antibiotic resistance is a growing worldwide human health issue. It is now
threatening to render us vulnerable once again to infections that have been
treatable for decades. Various approaches have been proposed in the effort
to overcome this threat and effectively treat bacterial infections. We explore
the possibility of creating and using DNA origami nanostructures as a
vehicle for delivering functional molecules in a specific and efficient
manner, in order to destroy bacterial targets. In the past few years, DNA
origami has been used to successfully target eukaryotic cancer cells, with
impressive results. However, there are no reports of the use of DNA origami
to specifically target bacterial cells. We have created a DNA origami tile
with five ‘‘wells’’ that can carry up to 10 molecules of antibacterial lyso-
zyme. The origami tile has been modified to carry four aptamers that are spe-
cific to Escherichia coli bacteria and enable anchoring of tiles onto a
bacterium. Each origami tile measures approximately 100 x 100 nm, allow-
ing for multiple tiles to attach to any bacterium. We use direct stochastic op-
tical reconstruction microscopy (dSTORM) to assess the efficiency of
targeting the tile to the bacteria and we show that treatment with
lysozyme-functionalised tiles slows bacterial growth more effectively than
treatment with free lysozyme. We also assess the mechanical properties of
the origami-treated bacteria with atomic force microscopy. Our study intro-
duces DNA origami as a tool in the fight against antibiotic resistance, and
our results demonstrate the specificity and efficiency of the nanostructure
as a drug delivery vehicle.

1600-Plat
3D Fluorescence Microscopy Reveals Geometric Localization of Bacterial
Cell Shape Proteins in Straight, Curved and Helical Rods
Benjamin P. Bratton1,2, Zemer Gitai1, Joshua W. Shaevitz2.
1Department of Molecular Biology, Princeton University, Princeton, NJ,
USA, 2Lewis-Sigler Institute for Integrative Genomics, Princeton University,
Princeton, NJ, USA.
The bacterial kingdom is full of complex cell shapes including straight,
curved and helical rods. Using a computational fluorescent imaging
approach to reconstruct experimentally obtained 3D shapes of individual
cells with 50 nm precision, we have been exploring the geometric localiza-
tion of the proteins associated with cell shape homeostasis in various spe-
cies. In straight-rod shaped E. coli, for example, the actin-like protein
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a b s t r a c t

The mitochondrial ATP synthase of Polytomella exhibits a peripheral stalk and a dimerization domain
built by the Asa subunits, unique to chlorophycean algae. The topology of these subunits has been
extensively studied. Here we explored the interactions of subunit Asa3 using Far Western blotting and
subcomplex reconstitution, and found it associates with Asa1 and Asa8. We also identified the novel
interactions Asa1-Asa2 and Asa1-Asa7. In silico analyses of Asa3 revealed that it adopts a HEAT repeat-
like structure that points to its location within the enzyme based on the available 3D-map of the algal
ATP synthase. We suggest that subunit Asa3 is instrumental in securing the attachment of the peripheral
stalk to the membrane sector, thus stabilizing the dimeric mitochondrial ATP synthase.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

The F1FO-ATP synthase, an electrochemical gradient-driven
nanomotor, is crucial for oxidative phosphorylation and its dimer-
ization/oligomerization determines the morphology of mitochon-
drial cristae [1e3]. In the yeast and mammalian enzymes the rotor
is formed by a membrane-embedded c-ring and subunits g/d/ε; the
stator includes subunit a, subunits a3/b3 of the catalytic core, OSCP/
b/d/F6 of the peripheral stalk (PS), and A6L/e/f/g of the dimerization
module. Subunit a and the c-ring create an interface that defines
the proton translocation pathway [4e6]. The divergence and
structural heterogeneity of PSs and of the dimer interfaces has
prompted the reclassification of mitochondrial F-ATPases into
metazoan-type (i.e. those of yeast and mammals) and protozoan-
type (i.e. those of Trypanosoma brucei, Tetrahymena thermophila,
Paramecium tetraurelia, Euglena gracilis, chlorophycean algae, etc.)
[7]. In the ATP synthase of the colorless chlorophycean alga Poly-
tomella sp. the PS and the dimer interface are built by subunits Asa1
to 9 [8]. Asa1 to 5 and Asa7 are the PS main building blocks, Asa6,
Asa8 and Asa9 have predicted transmembrane segments, and Asa6
tica Molecular, Instituto de
M�exico, Mexico.
lez-Halphen).
and Asa9 participate in the dimerization module [9e11]. Despite
the lack of similarity of Asa subunits with orthodox PS components,
they share some structural features: i) Asa1 spans the whole length
of the PS like subunit b [12]; ii) Asa1, Asa2, Asa4 and Asa7 adopt
coiled-coil structures as all PS subunits [13]; and iii) Asa6 has a V-
shape similar to the membrane-embedded region of subunit b [14].
The arrangement of the Asa subunits in the Polytomella ATP syn-
thase has been addressed [8,9,11e13] but little is known of Asa3;
here we explore its structure, its location, and its association with
other PS components.

2. Materials and methods

2.1. Algal strains and growth conditions

Polytomella sp. cells (198.80 Culture Collection of Algae, Uni-
versity of G€ottingen, Germany, identical to Polytomella parva) were
grown as reported [15] and collected in the middle of the loga-
rithmic phase by centrifugation 7000�g for 20min. Cells were
stored at �70 �C until use.

2.2. Mitochondria isolation and ATP synthase purification

Algal cells were broken mechanically and mitochondria
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obtained by differential centrifugation [8]. The dimeric ATP syn-
thase was purified as in Ref. [15].

2.3. Cloning of cDNAs encoding ATP synthase subunits in expression
vectors

The constructs expressing Asa1 [12], Asa2, Asa4, Asa7 [13], Asa8
[12], OSCP [12,16] and OSCPDC [9,12,13] were used here to over-
express the proteins with a hexa-histidine tag in the N-terminus
(using vector pET28a) or without this tag (using vector pET3a). The
cDNAs of Asa1DC (Asa11�367 lacking 205 residues from its C-ter-
minus) and Asa3DNterm (Asa374�325) were amplified by PCR from a
Polytomella sp. cDNA library cloned in l-ZapII phages using specific
oligonucleotide primers. For Asa1DC: forward 50-GCGGCATGCGC-
TAGCTACCTTGCCCCCCTCCGCTCTGAT-30 and reverse 50-GCGGCCGC
TTAAGTGTACCTGTGCTCGGTAAT-30 and for Asa3DNterm: forward 50-
CGCCATATGTCCTCTGGTCCTTCCCAGAACCTT-30 and reverse 50-CG
CGGATCCTTAATGACCATGGGCACCTTC-30. The amplification prod-
ucts were cloned into the pET28a vector with the restriction sites
NheI/NotI for Asa1DC and NdeI/BamHI for Asa3DNterm.

2.4. Overexpression of recombinant subunits

Competent Escherichia coli BL21 Codon Plus (DE3) RIL cells
(Agilent Technologies) were transformed with the plasmid of in-
terest by heat shock. Transformed cells were grown in LB medium
containing 64 mg/mL chloramphenicol and 50 mg/mL kanamycin.
Overexpression of proteins was induced with 0.1mM IPTG (Iso-
propyl b-D-1-thiogalactopyranoside) for 8 h.

2.5. Purification of recombinant subunits

Asa1, Asa2, Asa4, Asa7, Asa8, OSCP and OSCPDC were purified as
in Refs. [12,13]. The overexpressed proteins 6HAsa1DC and
6HAsa3DNterm were obtained in bacterial inclusion bodies (ICBs),
which were isolated, washed and stored as previously described
[13]. ICBs were solubilized in PBS buffer (500mM NaCl50mM
NaH2PO4, pH 7.8) with 8.0M urea undermild agitation for 8 h at 4 �C.
The insoluble material was removed by centrifugation at 17,500 g for
10min. Both proteins were purified under denaturing conditions
using affinity chromatography. Samples were diluted to a final
concentration of 4.0M urea with PBS buffer containing 15mM
imidazole and loaded into an equilibrated 5mL HisTrap FF crude
column (GE Healthcare Life Sciences). The columnwas washed with
30mM imidazole and proteins were eluted with a 30e500mM
imidazole linear gradient in the same buffer. Resulting fractionswere
analyzed by TricineeSDSePAGE, those enriched with the protein of
interest were pooled, concentrated, and stored at �70 �C until used.

2.6. Protein interactions assayed by Far Western Blots

Far Western Blot (FWB) analysis was performed as previously
described [13]. The purified algal ATP synthase or the purified re-
combinant subunits were resolved in Tricine-SDS gels, transferred
to nitrocellulose membranes and visualized by Ponceau S red
staining (0.1% in 5.0% acetic acid). Membranes were blocked over-
night, washed, and incubated for 4 h with the externally added
recombinant protein at increasing concentrations in subunit-
specific buffers [Asa1/6HAsa1DC: 150mM NaCl, 2% glycerol, 0.05%
DDM, 0.5M urea, 50mM NaH2PO4, pH 7.8; Asa2: 0.5mM EDTA,
1mM DTT, 2% glycerol, 0.05% Tween-20, 50mM CAPS, pH 10;
6HAsa3DNterm: 150mM NaCl, 5mM DTT, 2% glycerol, 0.05% DDM,
0.5M urea, 50mM Tris, pH 8.4 and Asa4, Asa7 and Asa8 in TBST
buffer (500mM NaCl, 0.05% Tween-20, 20mM Tris, pH 7.5)] sup-
plemented with 1.0% powdered milk. The protein of interest was
recognized using primary and secondary antibodies, both incu-
bated with TBST buffer containing 1.0% powdered milk. Finally, the
membranes were immunochemically stained as described in
Ref. [13].

2.7. Subcomplex reconstitution from recombinant subunits

All steps were performed at 4 �C. Solubilized ICBs containing
the same molar ratio of each protein were mixed
(Asa1þ6HAsa3DNterm þ OSCP or Asa1þAsa2þ6HAsa3DNterm þ
Asa4þAsa7þOSCP) and diluted 1:1 with dialysis buffer (150 mM
NaCl, 10% glycerol, 0.01% DDM, 50 mM Tris, pH 8.4). Samples were
supplemented with a mini protease inhibitor tablet (cOmplete
EDTA-free, Roche) and with 10% glycerol, 0.01% DDM and 1.0 mM
DTT (final concentrations). Protein refolding was carried out by
slow dilution (from 8.0 to 4.0 M urea) followed by sequential
dialysis steps yielding final concentrations of 0.5 M urea and
150 mM NaCl. After each dialysis step samples were centrifuged at
20,000 rpm in a Type 70Ti rotor for 20 min. The final supernatant
was concentrated to 500 mL with an Amicon Ultra 30,000 MWCO
and injected into a Superose 6 10/300 GL column connected to an
€AKTA FPLC (GE Healthcare). After elution at 0.5 mL/min, the
resulting fractions were analyzed by Tricine-SDS-PAGE, pooled and
incubated with a nickel resin (Ni-NTA Agarose, Qiagen) in the
presence of 20 mM imidazole for 7 h. For batch purification the
resin was centrifuged at 2000 rpm for 5 min (Centrifuge 5424 R,
Eppendorf) and washed ten times. Proteins were eluted with
increasing concentrations of imidazole (100e300 mM in steps of
50 mM) and analyzed in Tricine-SDS-PAGE.

2.8. Structural modeling of subunit Asa3

F1-OSCP-ac10-Asa6 subcomplex was modeled using PDB files
2JDI, 2WSS and 6F36 as templates [14,17,18] and fitted in the cryo-
EM map (EMD 2852 [4]) using UCSF Chimera [19]. Approximately
sixty helical segments were automatically built into the map with
the Phenix suite [20]. Secondary structure (2D) and membrane
helix (TM) predictions were carried out on the Asa subunits (Asa1,
a5b1a16; Asa2, a18b2a1; Asa3, a13b1; Asa4, a7b1a5; Asa5, a3b1/1TM;
Asa6, a3b1a3/2TM; Asa7, b3a4b1a4/1TM; Asa8, a3b2a2/1TM; Asa9,
a2b2a1/1TM) using PsiPred [21] and MEMSAT-SVM [22], respec-
tively. The segments were linked and assigned on the basis of
predictions and biochemical data using COOT [23]. The model was
finely refined against densities in real space in Phenix.

3. Results and discussion

3.1. On the association of subunit Asa3 with other ATP synthase
subunits

The interactions of Asa3 were evaluated with FWB experiments
performed on the isolated algal enzyme and on the purified re-
combinant proteins Asa1, Asa2, Asa4, Asa7, Asa8 and OSCP. Mem-
brane strips with the same protein concentration were incubated
with increasing concentrations of purified 6HAsa3DNterm and
decorated with anti-Asa3 antibodies. Besides Asa3, the antibody
recognized a degraded form of Asa3 (Asa3deg), Asa1, and an oligo-
meric form of subunit c (cx) [12] (Fig. 1A). The last signal did not
increase at higher concentrations of Asa3 and was considered non-
specific. Thus, Asa3 seems to bind only to Asa1 in this assay. To
confirm the observed Asa1-Asa3 interaction, higher quantities of
the purified recombinant subunits Asa1, Asa2, Asa4, Asa7 and OSCP
were blotted on a membrane and incubated with the highest
amount of 6HAsa3DNterm used in the previous experiment. After
decorating the membrane with anti-Asa3 antibodies only the Asa1



Fig. 1. Associations of subunit Asa3 in the algal ATP synthase. Interactions were assayed by FWB. Lanes labeled as: purified ATP synthase (A), recombinant Asa1 (1), 6HAsa3DNterm

(3), Asa4 (4), Asa7 (7), Asa8 (8) and OSCP (O). A. Asa1-Asa3 interaction. Right panel: Coomassie Blue-stained gel with purified ATP synthase and recombinant 6HAsa3DNterm and Asa1
proteins. Central panel: WB of a parallel gel decorated with anti-Asa3 antibodies. Left panel: FWB of SDS-denatured ATP synthase incubated with increasing concentrations of
6HAsa3DNterm and decorated with anti-Asa3 antibodies. B. Asa1-Asa3 interaction. Right panel: Coomassie Blue-stained gel with the indicated purified recombinant subunits. Central
panel: WB of a parallel gel decorated with anti-Asa3 antibodies. Left panel: FWB of a parallel gel incubated with purified recombinant 6HAsa3DNterm and decorated with anti-Asa3
antibodies. C. Asa1-Asa3 interaction. Right panel: Coomassie Blue-stained gel with Asa1 and 6HAsa3DNterm. Central panel: WB of the same gel using anti-Asa1 antibodies. Left panel:
FWB of membrane strips containing 6HAsa3DNterm incubated with increasing concentrations of Asa1 and decorated with anti-Asa1 antibodies. D. Asa1-Asa3 interaction. Left panel:
WB of a gel parallel to the one shown in C decorated with anti-Asa3 antibodies. Right panel: Membrane strips with Asa1 incubated with increasing concentrations of 6HAsa3DNterm

and decorated with anti-Asa3 antibodies. E. Right panel: Coomassie Blue-stained gel with 6HAsa3DNterm and Asa8. Left panel: WB of the same gel using anti-Asa3 antibodies. Right
panel: FWB of membrane strips containing Asa8 incubated with increasing concentrations of 6HAsa3DNterm and decorated with anti-Asa3 antibodies F. Asa3-Asa8 interaction. Left
panel: WB of a gel parallel to the one shown in E decorated with anti-Asa8 antibodies, dimeric and tetrameric forms of SDS-resistant Asa8 were observed. Right panel: Membrane
strips containing 6HAsa3DNterm incubated with increasing concentrations of Asa8 and decorated with anti-Asa8 antibodies.
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signal was detected (Fig. 1B), confirming the previous result and
suggesting 6HAsa3DNterm does not associate with the other assayed
proteins. FWB experiments performed with both recombinant
subunits, incubating membrane strips with increasing concentra-
tions of each protein, confirmed the Asa1-Asa3 interaction (Fig. 1C
and 1D).

Previous cross-linking experiments revealed an Asa3-Asa8
interaction [11,16]. Asa8 has a predicted transmembrane segment
and therefore is likely located in the membrane domain of the PS.
We confirmed this Asa3-Asa8 interaction using purified recombi-
nant subunits (Fig. 1E and IF). When testing the binding of
6HAsa3DNterm on the isolated ATP synthase (see Fig. 1A) we could
not detect an Asa8 signal, which may be due to: i) the high hy-
drophobicity of Asa8 that is not ideal when assessing interactions
by FWB experiments or ii) only faint quantities of Asa8 are being
transferred to the membrane.

3.2. On the structure and location of subunit Asa3 in the algal ATP
synthase

A 3D model of the dimeric Polytomella ATP synthase was built
[24] in the available 3D cryo-EM map (EMD 2852 [4]) using
map2model, real_space_refine and refine of the Phenix suite [20].

The Asa3 gene encodes a preprotein of 325 residues. Initially, it
was established by Edman degradation that Asa3 from the purified
complex starts at residue 74 [8], hence the Asa3DNterm

74�325 construct.
A MTS of 30 residues predicted for Polytomella sp. Asa3 using
MitoFates [25] agrees with the MTS of C. reinhardtii Asa3 deter-
mined experimentally [8].

2D structure predictions of Asa331�325 revealed thirteen
consecutive helices made of 12e18 residues (H1-13) linked by short
loops (Fig. S1) and threading methods predict an a-solenoid fold
[26]. Multiple sequence alignment of Asa3 from different sources
revealed a conserved region of 16 aa (196e211) belonging to H8 and
the longest loop (208e215), which connects H8 and H9 (see
Fig. S1). Only one chain of our 3D model unequivocally matches
such a fold and thus was assigned to Asa3 (Fig. 2A). Therefore, Asa3
must be located at the base of the peripheral stalk, lying on top of
the matrix side of the mitochondrial inner membrane. Despite the
lack of any sequence homology with proteins of known structure,
DALI [27] suggests that it is related to HEAT repeat-containing
proteins. Six HEAT repeats (helix-loop-helix motif) pack together



Fig. 2. Molecular model and location of subunit Asa3 in the Polytomella ATP synthase. A. Side view of the dimeric ATP synthase model built in the cryo-EM map [4,24]. B.
Longitudinal (left) and axial (right) schematic views of Asa3. R1-6 HEAT repeats are labeled from the proximal end. Interactions with neighbor subunits are indicated with arrows. #
and ## refer to dimeric and oligomeric species, respectively.
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forming half a turn of a right-handed super helix of 55 Å length and
20 Å diameter, capped by one helix at the distal extremity (Fig. 2B).
Attempts to detect any apparent repetition within successive re-
peats failed. The low resolution and the regular tandem repeat
structure prevent to unambiguously determine the chain orienta-
tion. The repeats were labeled R1 to R6 starting at the proximal
extremity. The concave face of the super helix groove is shaped by a
ladder of 32�e52� tilted helices (Fig. 2B, right panel) turned to-
wards the oligomeric interface, which is likely nested in the
neighboring Asa3## (Asa3 of the adjacent dimer). On its convex
face, the proximal helix and R1-2 strongly interact with subunit a
(aH2 and aCterm), R3-4 with Asa1, Asa5 and Asa8, whereas R6 in-
teracts with Asa9# belonging to the neighbor monomer at the
dimer interface (Fig. 2B, left panel).

Interestingly, the extended C-terminal domain of the bovine
mitochondrial factor B of F-type ATPase is composed of four
leucine-rich repeats (LRR, b-strand-loop-helix motif) [28] and
cross-linking studies reveal its proximity with subunits e and g [29]
that are involved in dimer stabilization [30]. The N-terminal
domain of the H subunit of the S. cerevisiae V-type ATPase displays
an armadillo fold (three a-helices motif) [31] and links the foot of
one of the three peripheral stalks to the soluble domain of the a
subunit [32]. Thus, it can be argued that three different repeat
protein classes, LRR and closely related HEAT and armadillo, were
independently selected during the evolution of F- and V-type
ATPases to serve as a scaffold for protein-protein interactions.

3.3. Reconstitution of subcomplexes corresponding to the
peripheral stalk

Given the Asa1-Asa3 interaction, the previously identified Asa1-
OSCP interaction [12], and to further explore these interactions
with another approach, a reconstitution protocol was designed to
obtain an 6HAsa3DNterm-Asa1-OSCP subcomplex (see Materials and
Methods). Starting from solubilized ICBs, proteins were refolded
and recovered in a soluble fraction (Fig. 3A). The concentrated
sample was subjected to size exclusion cromatography and the
elution profile was analyzed by Tricine-SDS-PAGE (Fig. S2). The
fractions that corresponded to an 6HAsa3DNterm-Asa1-OSCP sub-
complex, identified by SDS-PAGE, were pooled and purified by



Fig. 3. Reconstitution of subcomplexes from the extrinsic region of the PS of the algal ATP synthase. A. Proteins recovered in the soluble fraction after step-dialysis. P: pellet, S:
supernatant. B. Co-elution of a reconstituted 6HAsa3DNterm-Asa1-OSCP subcomplex after size exclusion and batch purification. M: molecular weight markers, L: loaded sample
mixed with resin, UB: unbound material, the staircase indicates elution with increasing imidazole concentrations (mM). C. Proteins recovered in the soluble fraction after step-
dialysis. P: pellet, S: supernatant. D. Co-elution of a reconstituted 6HAsa3DNterm-Asa1-Asa2-Asa4-Asa7-OSCP subcomplex after size exclusion and batch purification. Abbrevia-
tions as in B.
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affinity chromatography. After extensively washing the resin to
ensure all unbound material was removed, fractions were recov-
ered following a batch procedure eluting at increasing imidazole
concentrations, after which the three subunits were recovered
together (Fig. 3B). This result supports the idea that Asa1 spans the
entire peripheral stalk [12] bridging Asa3 with OSCP.

Asa1, Asa3 and Asa8 seem to connect tightly, since they are
consistently found in subcomplexes generated after treating the
algal ATP synthase with heat, detergent or amphipol [8,10,12]. The
Asa1-Asa3 and Asa3-Asa8 interactions, as well as the previously
reported Asa1-Asa8 interaction [11,12], may explain why these
proteins remain associated in subcomplexes after dissociating the
enzyme. In the 3D map of the dimer Asa3 bridges both PSs [4]; our
results suggest that this subunit may act as a clamp that joins the
extrinsic part of the PS with its membrane-bound sector, a
connection instrumental for enzyme function. Thus, we thought it
was feasible to reconstitute the membrane-extrinsic section of the
PS, and hypothesized that the 6HAsa3DNterm-Asa1-OSCP sub-
complex should interact with the previously identified Asa2-Asa4-
Asa7 subcomplex [13]. Following the same reconstitution protocol,
now including the recombinant proteins Asa2, Asa4 and Asa7, most
of the proteins were recovered in the soluble fraction after refold-
ing (Fig. 3C). The concentrated sample was subjected to size
exclusion chromatography and the elution profile was analyzed in
Tricine-SDS-PAGE (Fig. S3). The fractions that were consistent with
a large subcomplex were pooled and incubated with a nickel resin
for a batch purification. At the end of the two-step purification
process an 6HAsa3DNterm-Asa1-Asa2-Asa4-Asa7-OSCP subcomplex
that represents a large fraction of the PS was recovered (Fig. 3D).

3.4. Other associations of subunit Asa1 in the peripheral stalk

The fact that a six-component subcomplex could be recon-
stituted suggested Asa1 must associate with other proteins besides
Asa3 and OSCP, given the location and interactions of the latter two
subunits.We thus explored the interactions of Asa1with Asa2, Asa4
and Asa7with FWB analyses. Asa1 and Asa2were tested having one
protein on the membrane and incubating with increasing concen-
trations of the other protein and vice versa. When the membranes
containing Asa1 were incubated with increasing concentrations of
Asa2 and decorated with anti-Asa2 antibodies, a signal corre-
sponding to Asa1 was obtained (Fig. 4A); the same happened in the
complementary experiment (Fig. 4B). An Asa1-Asa7 interactionwas
detected using the same approach (Fig. 4C and D). In contrast, an
Asa1-Asa4 interaction was not detected (data not shown).

Having previously identified an Asa1-OSCP interaction [12],
reminiscent of the b-OSCP interaction in orthodox F-ATPases, we
explored which part of Asa1 contacts OSCP. Accordingly, a trun-
cated version of Asa1 (Asa1DC) was generated to evaluate its
binding to OSCP. Membranes containing OSCP or OSCPDC were
incubated with Asa1 or with Asa1DC and decorated with anti-Asa1
antibodies. The membranes containing OSCP that were incubated
with Asa1 exhibited the expected Asa1-OSCP interaction (Fig. 4E),
whereas the ones incubated with Asa1DC showed a strongly
diminished signal (Fig. 4F); finally, when the membranes contain-
ing the truncated OSCPDC were incubated with Asa1DC, no signal



Fig. 4. Associations established by subunit Asa1 assayed by FWB. A-B. Asa1-Asa2 interaction. Asa1 (A) and Asa2 (B) in the membranes incubated with increasing concentrations
of Asa2 (A) and Asa1 (B) and decorated with anti-Asa2 (A) and anti-Asa1 (B) antibodies. C-D. Asa1-Asa7 interaction. Experiment with Asa1 (C) and Asa7 (D) in the membranes
incubated with increasing concentrations of Asa7 (C) and Asa1 (D) and decorated with anti-Asa7 (C) and anti-Asa1 (D) antibodies. E-F-G. Asa1-OSCP interaction assayed with
complete and truncated subunits. Experiments with OSCP (E and F) and OSCPDC (G) in the membranes incubated with increasing concentrations of Asa1 (E), Asa1DC (F) and Asa1DC
(G). The membranes were decorated with anti-Asa1 antibodies (EeG).
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was obtained (Fig. 4G). This suggests that some of the residues of
the C-terminus region of Asa1 must be involved in binding OSCP.
Altogether, these results show that Asa1 binds to Asa2 and Asa7,
hence their presence in the 6HAsa3DNterm-Asa1-Asa2-Asa4-Asa7-
OSCP subcomplex. The fact that we did not detect an Asa1-Asa4
interaction suggests that the presence of Asa4 in the subcomplex
occurs through its contact with either Asa2 or Asa7, as previously
observed [13]. We also conclude the Asa1-OSCP interaction must
occur through the C-terminal regions of both proteins, similar to
what happens in the b-OSCP interaction in orthodox ATP synthases.
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The Substantia Nigra Is Permissive and Gains
Inductive Signals When Lesioned for Dopaminergic

Differentiation of Embryonic Stem Cells

Omar Collazo-Navarrete,1,2,* David Hernández-Garcı́a,2 Gilda Guerrero-Flores,2,*

René Drucker-Colı́n,1,{ Magdalena Guerra-Crespo,1,x and Luis Covarrubias2

Transplantation of dopaminergic (DA) cells into the striatum can rescue from dopamine deficiency in a Parkinson’s
disease condition, but this is not a suitable procedure for regaining the full control of motor activity. The minimal
condition toward recovering the nigrostriatal pathway is the proper innervation of transplanted DA neurons or their
precursors from the substancia nigra pars compacta (SNpc) to their target areas. However, functional integration of
transplanted cells would require first that the host SNpc is suitable for their survival and/or differentiation. We
recently reported that the intact adult SNpc holds a strong neurogenic environment, but primed embryonic stem cells
(ie, embryoid body cells, EBCs) could not derive into DA neurons. In this study, we transplanted into the intact or
lesioned SNpc, EBCs derived from embryonic stem cells that were prompt to differentiate into DA neurons by the
forced expression of Lmx1a in neural precursor cells (R1B5/NesE-Lmx1a). We observed that, 6 days post-
transplantation (dpt), R1B5 or R1B5/NesE-Lmx1a EBCs gave rise to Nes+ and Dcx+ cells within the host SNpc, but a
large number of Th+ cells derived only from EBCs exogenously expressing Lmx1a. In contrast, when transplantation
was carried out into the 6-hydroxidopamine-lesioned SNpc, the emergence of Th+ cells from EBCs was independent
of exogenous Lmx1a expression, although these cells were not found by 15 dpt. These results suggest that the adult
SNpc is not only a permissive niche for initiation of DA differentiation of non-neuralized cells but also releases factors
upon damage that promote the acquisition of DA characteristics by transplanted EBCs.

Keywords: transplantation, substantia nigra, dopaminergic differentiation, adult neurogenesis

Introduction

Parkinson’s disease (PD), the second most common
neurodegenerative disease, is characterized by the se-

lective loss of A9-subtype ventral midbrain neurons that
project to the striatum [1]. The current therapy for PD is the
administration of dopamine analogs that, although effective
for reducing some motor symptoms, their effects are lost after
long-term administration and, in addition, can generate se-
vere side effects [2]. Hence, there is a pressing demand for
more effective therapies.

Among the promising alternative therapies is the replace-
ment of damaged neurons by cell transplantation. Studies in
PD patients or animal models have indicated that these
therapies can result in significant symptomatic improvements

[3–5]. To date, cell transplantation into the striatum is the most
common strategy to rescue from dopamine deficiency; how-
ever, cell transplantation into the substancia nigra pars com-
pacta (SNpc) followed by a proper rewiring should provide a
better condition for the re-establishment of motor functions. In
contrast with transplantations to the striatum, the latter strategy
requires cells with the potential of getting the full character-
istics of mesencephalic dopaminergic (DA) neurons and a host
environment for efficient survival and differentiation, the
minimal conditions for functional integration.

Pluripotent stem cells (PSCs), self-renewable cells with
high differentiation potential, are a promising cell source for
the treatment of degenerative disorders, including PD [6].
Although significant improvements in protocols for specific
PSC differentiation have been accomplished [7,8], undesirable
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fates or incomplete differentiation could influence functional
integration, resulting in poor recovery and/or unwanted side
effects after grafting. The in vitro DA differentiation of PSCs
goes through several stages including ectodermal specification,
neuralization, and neuronal differentiation [7,9,10]. Cells at
each stage bear distinct characteristics some of which could fit
those required, not only for efficient DA differentiation, but
also for their integration after being transplanted.

Of interest, embryoid body cells (EBCs), embryonic stem
cell (ESC) derivatives representing the cell population at the
epiblast stage of embryonic development, differentiate ef-
ficiently into DA neurons when transplanted to the DA niche
of the developing mesencephalon. However, the efficiency
of this specific differentiation was markedly reduced when
cells are differentiated in vitro [11]. These observations
indicate that a large proportion of EBCs hold the full po-
tential to acquire the DA neuronal phenotype when they are
in a DA differentiation context, but this is lost or affected
when in vitro neuronal differentiation is allowed.

The SNpc, site where mesencephalic DA neurons reside in
the adult brain, has shown the ability to support DA neuronal
survival when mesencephalic fetal cells are implanted after a
pharmacological DA neuron depletion. Remarkably, differ-
entiated neurons are able to project axons to the striatum [12–
14]. Similarly, DA neurons derived from human ESCs also
could survive in the rodent-lesioned adult SNpc [14].

We recently reported that EBCs directly transplanted to
the intact adult SNpc, although do not give rise to DA
neurons, differentiate into neurons with a similar efficiency
to that of EBCs implanted in a well-known neurogenic area,
the subventricular zone of lateral ventricles or the rostral
migratory tract [15]. In contrast, EBCs cannot differentiate
into neurons in the intact striatum, but when they are
transplanted after an ischemic lesion, they can derive into
neurons, suggesting that a lesion creates a condition that
favors neurogenesis [15]. Therefore, the intact SNpc allows
EBCs neuronal differentiation, possibly triggered by in-
ductive signals present in this region, but an open question is
whether the factors required for directing specific differen-
tiation or survival can emerge upon damage.

In this study, we tested the possibility of in vivo DA
neuronal differentiation in the intact and lesioned SNpc of
ESCs at their earliest stage of differentiation (ie, after
forming EBC) using wild-type ESCs and ESCs prompted to
differentiate into DA neurons by the Nestin-enhancer-
controlled expression of a Lmx1a transgene (R1B5/NesE-
Lmx1a cell line). R1B5/NesE-Lmx1a EBCs acquired neu-
ronal and DA markers at 6 days post-transplantation (dpt) in
the adult SNpc, whereas wild-type EBCs derived into neural
precursors cells (NPCs) and neuroblasts but did not acquire
DA markers. Of interest, either R1B5/NesE-Lmx1a or wild-
type EBCs efficiently differentiate into Th+ cells within the
6-hydroxidopamine (6-OHDA)-lesioned SNpc. Therefore,
brain damage not only generates conditions that allow
neurogenesis of transplanted EBCs but also favor those that
promote acquisition of DA characteristics.

Materials and Methods

Generation of the R1B5/NesE-Lmx1a cell line

R1B5 cells (a gift from Andras Nagy) were propagated on
mitomycin c-treated mouse embryonic fibroblast cells (feeder

cells) in ESC media (also called M15) composed of Dul-
becco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY) supplemented with 15% heat-inactivated fetal
bovine serum, GPS (1 · Glutamax; Gibco; 0.3 mg/mL of
penicillin and 0.5 mg/mL of streptomycin; Sigma, St.
Louis, MO), 1 · MEM nonessential amino acids (from a
100 · stock; Gibco), 1 mM sodium pyruvate (Gibco),
0.55 mM 2-mercaptoethanol (Sigma), and 1,000 U/mL of
leukemia inhibitor factor (LIF; Chemicon, Temecula, CA).
Before differentiation, cells were cultured in the 2i media
containing the selective Gsk3b and Mek1/2 inhibitors,
CHIR99021 (3 mM) and PDO325901 (1 mM), respectively
(Stemgent, Beltsville, MD). To generate R1B5/NesE-
Lmx1a ESC line, R1B5 cells were electroporated with the
pNesE-Lmx1a vector (gift from Elisabet Andersson), and
24 h after reseeding them, cultured in the presence of
400 mg/mL G418 (Sigma) for clone selection. Individual
clones were picked and expanded for 14 days, as described
for R1B5 cells.

In vitro differentiation of ESCs

Unbiased neural differentiation was carried out using the
one-step short-term protocol based on cells grown as a
monolayer [9]. Cells were plated on gelatin-coated dishes
and incubated in M15 medium for 12–15 h. Thereafter, cells
were washed once with phosphate-buffered saline (PBS) and
grown in N2B27 medium, composed of 50% DMEM/nu-
trient mixture F12 (F12), 50% neurobasal medium, and
supplemented with 1 · N2 and 1 · B27 (from a 100 · and
50 · stocks, respectively; Gibco). RNA from putative NPCs
derived from each clone was extracted to determine the
Lmx1a transgene expression levels. For specific DA differ-
entiation, we used the progressive 5-stage protocol [7]. In
brief, ESCs were expanded on a feeder cell monolayer in
M15 medium for 3 days. Then, trypsin-dissociated cells
were seeded on gelatinized dishes in feeder-free conditions
and cultured in M15 medium supplemented with LIF for
3 days (Stage 1: feeder-free ESC growth). After clearing
ESCs from feeder cells, the cells were seeded on non-
adherent bacterial culture dishes and cultured for 4 days in
M15 media, without LIF or 2i, to form embryoid bodies
(EBs; Stage 2). For the selection of NPCs (Stage 3), EBs
were seeded on adherent conditions using gelatin-coated
culture dishes in M15 medium for 24 h, then, 7 days in the
selection medium composed of DMEM/F12 without HEPES
(Gibco) plus 1 · insulin/transferrin/selenium/sodium pyru-
vate supplement (100 · ITS-A stock; Gibco), 1 mg/mL fi-
bronectin (Gibco) and GPS. For expansion of NPCs (Stage
4), trypsin-dissociated NPCs were seeded on 24-well culture
dishes, previously treated with poly-d-lysine (10 mg/mL;
Sigma) and fibronectin (1 mg/mL; Gibco), in the expansion
medium composed of DMEM/F12 without HEPES supple-
mented with 10 ng/mL Fgf2, 100 ng/mL Fgf8; and 500 ng/
mL Sonic Hedgehog (all growth factors from Peprotech,
Rocky Hill, NJ) for 7 days. To promote terminal differen-
tiation (Stage 5), cells were cultured in differentiation me-
dium composed of the expansion medium without growth
factors for 6 days. Immunolabeling and real time polymer-
ase chain reaction (PCR) were performed at fourth and fifth
stage to detect expression of specific genes of neural or
neuronal cells and the transgene expression.
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Animal and cell transplantation procedures

Animals were housed under a 12-h light/dark cycle with
ad libitum access to food and water. All procedures were
approved by the bioethical committees of the Instituto de
Biotecnologı́a and of the Instituto de Fisiologı́a Celular
(MGC08). Embryos used were from CD1 mice at 10.5 days
postcoitum (E10.5; 0.5 was the day of mating plug detec-
tion); pregnant mice were killed by cervical dislocation.
E10.5 midbrain explant cultures and the transplant-into-
explant procedure were performed as previously described
[11]. The brains of adult male Wistar rats (250 g) were used
as the host for EBCs. For transplantation, animals were
anesthetized with a mix of xylazine (8 mg/kg; PiSA, Gua-
dalajara, México) and ketamine (10 mg/kg; PiSA) and those
with transplanted cells were killed by an overdose of pen-
tobarbital (PiSA) at 6 or 15 dpt. Cell transplantations to
adult rat brains were performed by stereotaxic surgery; co-
ordinates for SNpc were obtained from Paxinos and Watson
(-4.7, -1.6, and -8.1 mm; posterior, lateral, and ventral to
bregma, respectively) [16]. One to two microliters of EB-
derived cell suspension (*150,000 cells) was injected us-
ing a 5 mL Hamilton syringe. Animals were lesioned with
6-OHDA as previously described [17]. In brief, animals
were anesthetized under ketamine–xylazine (as described
previously) and 40mg 6-OHDA (Sigma) in 0.5 mL of saline
solution were injected at a rate of 0.1 mL per minute into the
left SNpc (coordinates were the same as for cell transplan-
tations). Cell suspensions were obtained from three inde-
pendent cultures and each transplanted to brains of groups of
three rats.

Tissue processing and immunolabeling

Midbrain explants, after 4 or 7 days in culture, were fixed
with 4% paraformaldehyde (PFA; Sigma) for 2 h at 4�C.
After dehydration with 30% sucrose ( J.T.Baker/Avantor
Performance Materials S.A. de C.V., Xalostoc, México) for
24 h at 4�C, 10 mm coronal sections were obtained from
tissues using a cryostat (Microm HM550; Thermo Scien-
tific, Waltham, MA). For cultured cells, they were fixed with
cooled 4% PFA for 20 min and then stored in antifreeze
solution. To analyze cells implanted in the adult rat brain, an
intracardiac perfusion was performed on the killed animals,
first with saline solution (PBS), followed by 4% cooled
PFA. Before slicing in frozen conditions, tissues were se-
quentially dehydrated in 10%, 20%, and 30% sucrose (24 h
each). Forty-micrometer slices were obtained from brains
and collected in antifreeze solution. After fixation, tissue or
cells were subjected to immunolabeling using the protocols
described in Maya-Espinosa et al. [15] and Baizabal and
Covarrubias [11]. The antibodies used are given in Sup-
plementary Table S1. Processed tissues were analyzed with
an epifluorescence or confocal microscope as detailed
hereunder.

RNA extraction and quantitative PCR

Total RNA extraction with TRIzol (Invitrogen, Waltham,
MA) and complementary DNA (cDNA) synthesis with
AMV Reverse Transcriptase (RT; Invitrogen) were carried
out following the manufacturer’s instructions. Messenger
RNA (mRNA) levels were determined by real-time quanti-

tative PCR (qPCR) performed on cDNA produced from
total RNA of each sample. The qPCR was carried out using
standard protocols with KAPA SYBR� FAST kit (KAPA
Biosystems, Wilmington, MA) and Rotor Gene Q thermo-
cycler (Qiagen, Hilden, Germany). To determine relative
gene expression levels, a comparative Ct (DCt) method was
used and the amount of a specific mRNA was normalized
based on the estimated amount of Rplp0 or Cyclophilin
(Cyc) mRNAs. Primer sequences (forward and reverse) are
given in Supplementary Table S2.

Image acquisition and cell counting

For cell quantification in culture, images were captured in
a Zeiss AxioVision microscope using AxioVison LE soft-
ware or direct counting from the microscope eyepieces. We
counted at 40 · or 60 · magnifications in two different fields
for each culture. For transplanted cells, images were cap-
tured in an Olympus FV1000 multiphoton laser scanning
microscope. At least two fields of two slices were analyzed
for each transplanted brain (three for each of the three EBC
suspensions prepared). Quantifications of double-stained cells
were carried out on continuous Z-optical slices. When re-
quired, data were statistically analyzed by the Student’s t-test.

Results

Generation of traceable neural derivatives from
ESCs with increased DA differentiation potential

EBCs derived from the R1B5 ESC line, constitutively
expressing an EGFP transgene, show neural differentiation
capacity when transplanted to an adult neurogenic niche, a
lesioned striatum or the SNpc; however, in contrast with the
specific differentiation observed within the embryonic DA
niche [11], their fate was rarely Th+ neurons [15]. On the
contrary, it has been shown that the forced Lmx1a expres-
sion driven by the chimeric Nestin-enhancer TK-basal pro-
moter (NesE) increases the midbrain DA differentiation
capacity of ESCs, as revealed when they are subjected to
different DA differentiation protocols [18–20].

To test the capacity of ESCs to carry out DA differenti-
ation in an in vivo context, the NesE-Lmx1a transgene was
introduced to R1B5 ESCs. Transfected clones were initially
selected by the ability to activate the NesE-Lmx1a transgene
in NPCs (ie, expressing Nestin) derived from an unbiased
short-term monolayer neural differentiation protocol [9]
(Supplementary Fig. S1). From the three ESC clones
showing a relatively high NesE-Lmx1a transgene expression
after 4 days in the neural differentiation medium, two were
selected for further analysis (R1B5/NesE-Lmx1a/C3 and
R1B5/NesE-Lmx1a/C5) (Supplementary Fig. S1C). Be-
tween these two clones, R1B5/NesE-Lmx1a/C3 (referred
herein as the R1B5/NesE-Lmx1a) not only had higher
Lmx1a expression levels but also showed more consistent
DA differentiation in culture (see hereunder) and was used
for all transplantation experiments.

Overexpression of Lmx1a leads to DA
differentiation in a non-DA embryonic domain

The capacity of Lmx1a to increase DA differentiation
in vitro was previously determined and found that Shh and
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Fgf8 are still required to lead specific differentiation. To
corroborate the increased DA differentiation potential of the
selected clones, the five-stage protocol was performed with
the R1B5/NesE-Lmx1a line and the DA neuronal differen-
tiation efficiency compared with that obtained with the pa-
rental R1B5 line (Fig. 1A). For this, we took advantage of
the constitutive presence of GFP to make more evident the
changes in cell distribution during the differentiation of live
cultures. We did not observe any difference between the two
lines in the progress of culture across the differentiation
process (Fig. 1B), suggesting that the exogenous Lmx1a or
any event during clone selection did not generally affected
neural differentiation.

In contrast, a specific effect of exogenous NesE-Lmx1a
transgene was expected because NPCs derived and ex-
panded from R1B5/NesE-Lmx1a cells showed not only
more clusters with Lmx1a but also a greater percentage of
Lmx1a+/Nes+ cells in comparison with that determined for
NPCs from R1B5 cells (94.5% vs. 7.8%, n = 3) (Fig. 1C, D).
Accordingly, higher levels of total Lmx1a mRNA were
detected in samples from R1B5/NesE-Lmx1a cells in
comparison with samples at the same stage from R1B5 cells
(Fig. 1D).

The DA promoting effect of the exogenous Lmx1a on
NPCs was evaluated at the differentiation stage by esti-
mating the number of clusters with Th+ cells and the pro-
portion of Th+ cells within each cluster. We found a
markedly higher number of cell clusters with Th+ cells in
cultures derived from R1B5/NesE-Lmx1a cells compared
with cultures derived from R1B5 cells (94.4%, n = 3 vs.
38%, n = 2) (Fig. 1E, F), which correlated very well with the
increased number of clusters with Lmx1a at the fourth stage.
In addition, the proportion of Th+ cells in each cluster was
also greater for cultures derived from R1B5/NesE-Lmx1a
cells than those derived from R1B5 cells (61%, n = 3 vs. 4%,
n = 2) (Fig. 1F). In agreement with these determinations,
differentiated R1B5/NesE-Lmx1a cells showed higher lev-
els of Th expression than differentiated R1B5 cells (Fig. 1F).
Therefore, Lmx1a in R1B5/NesE-Lmx1a cells can promote
DA differentiation at early (estimated by the number of
developed Th+ clusters) and late (estimated by the number
of Th+ neurons within each cluster) stages of differentiation.

The DA promoting function of the NesE-Lmx1a transgene
was also tested in an in vivo embryonic context. DA neu-
rogenesis in the midbrain occurs from the gestational stage
E9.0 to the stage E14.0 [21]. We previously determined that
EBCs could be specifically instructed to differentiate into
mesencephalic DA neurons by the milieu of the ventral
midbrain of E10.5 embryos, passing through a gradual dif-
ferentiation from NPCs Nes+ and Lmx1a+ up to becoming
neuronal postmitotic Th+ cells [11]. When donor cells im-
planted into sites far from the ventral midline, they differ-
entiated in accordance with the implantation site.

EBCs derived from the R1B5 or R1B5/NesE-Lmx1a lines
were transplanted to the ventricular surface of E10.5 mid-
brains and cells analyzed at 4 and 7 days postimplantation
(dpi) (Fig. 2). At 4 dpi, as with R1B5 EBCs, implanted cells
within the ventral region (the DA domain) acquired Nes and
Lmx1a markers in most implantation cases (five of six
cases) but no Th+ cells were detected (zero of six cases)
(Fig. 2B, C). In contrast, at this same stage of explant cul-
ture, implanted R1B5 EBCs within the dorsal region (non-

DA domain) did not develop into Lmx1a+ cells, whereas
implanted R1B5/NesE-Lmx1a EBCs within this same re-
gion derive into Lmx1a+ cells in some implantation cases
(two of four cases) (Fig. 2B, C).

At day 7, R1B5/Nes-Lmx1a EBCs implanted in either the
ventral or dorsal region gave rise to cells coexpressing
Lmx1a and Th (6 of 11 cases in the ventral region and 3 of 8
cases in the dorsal region) (Fig. 2B, C), whereas coexpres-
sion of these markers was only detected for cells derived
from R1B5 EBCs when implanted in the DA domain (3 of 4
cases) (Fig. 2B, C), as previously reported. Because the
endogenous Lmx1a was only activated when EBCs im-
planted around the midline, these observations agree with
the promotion of DA differentiation by the activation of the
NesE-Lmx1a transgene upon reaching the NPC differentia-
tion stage. The fact that many NPCs ectopically expressing
Lmx1a in dorsal regions did not become Th+ neurons, in-
dicates that additional factors present in the ventral region
are required to complete DA differentiation (Fig. 2), as re-
cently reported [22].

Lmx1a overexpression is required for EBCs
DA differentiation in the intact SNpc

Although it remains controversial whether the SNpc
carries out active neurogenesis for a continuous turnover of
DA neurons, we recently propose that, at least, the SNpc
holds a silent neurogenic niche that can be detected by
EBCs such that they derive into a large number of neurons
in this region [15]. Accordingly, R1B5/NesE-Lmx1a EBCs
survived in the SNpc and differentiated into a similar pro-
portion of neural cells as transplanted R1B5 EBCs (no
significant difference determined). Specifically, transplan-
ted R1B5/NesE-Lmx1a EBCs derived into Nes+ or Dcx+

(markers for neural stem cells or neuroblasts, respectively)
cells at 6 dpt (Fig. 3). Therefore, exogenous Lmx1a does not
alter the neurogenic capacity of EBCs in the adult brain.

Strikingly, at 6 dpt many cells expressing Th were de-
rived from transplanted R1B5/NesE-Lmx1a EBCs (GFP+),
whereas none was found when R1B5 EBCs were trans-
planted (Fig. 3) as previously reported [15]. In agreement
with the expected effect of Lmx1a in promoting mesence-
phalic DA neuronal differentiation, several nuclei (at least
16% of total GFP+ cells) were detected with Pitx3, a tran-
scription factor emerging specifically in the midbrain at an
early stage of DA differentiation (Fig. 3E). However, at 15
dpt, the number of GFP+/Th+ detected was markedly re-
duced although the number of Dcx+ cells was as for R1B5
EBCs (n = 2) (Fig. 3D) [15]. These observations suggest that
Lmx1a can lead EBCs to gain higher DA potential in vivo
without the need of exogenous Shh and/or Fgf8, but addi-
tional factors seem to be required to complete differentiation
and/or increase long-term survival of these putative DA
neurons (see Discussion section).

The lesioned SNpc favors DA differentiation
of EBCs

In the past, it has been demonstrated that the damaged
brain can support neurogenic processes of both endogenous
and/or exogenous NPCs or from undifferentiated PSCs
[23–25]. To evaluate whether the SNpc can turn into a
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FIG. 1. In vitro DA differentiation of ESCs containing the NesE-Lmx1a transgene. (A) Scheme of DA neuronal differ-
entiation through the five-stage protocol. R1B5 and R1B5/NesE-Lmx1a ESC were differentiated under the same conditions.
(B) Bright field and fluorescence (GFP) imaging across each differentiation stage. Low magnification images did not reveal
major differences in culture development at any differentiation stage when both cell lines were compared. (C) Detection of
putative DA NPCs (Nes+/Lmx1a+). Lmx1a and Nes were detected by specific immunolabeling at the fourth differentiation
stage; dashed squares indicate Nes+/Lmx1a+ cell clusters. (D) Detection of putative DA neurons (Th+). Cells im-
munopositive for Th were found within clusters at the fifth differentiation stage; dashed circles delimit distinct cell clusters
containing (green) or not containing (red) Th+ cells. (E) Quantification of the number of putative DA NPCs. Because of the
presence of the Lmx1a transgene, abundant Nes+/Lmx1a+ cells were detected at the fourth differentiation stage of R1B5/
NesE-Lmx1a differentiation (b, gray dots), in contrast with the few found in differentiated R1B5 cells at this same stage
(a, black dots); determination of Lmx1a expression levels by RT-qPCR confirmed this observation. (F) Quantification of the
number of putative DA neurons. At the fifth differentiation stage, more clusters containing Th+ cells and more Th+ cells in
each cluster derived from cells of the R1B5/NesE-Lmx1a cell line (b, gray dots) than from those of the R1B5 cell line
(a, black dots); higher Th expression levels determined by RT-qPCR confirmed the increased DA differentiation efficiency
of R1B5/NesE-Lmx1a cells. Scale bars: 500 mm. DA, dopaminergic; ESCs, embryonic stem cells; NPCs, neural precursors
cells; RT-qPCR, reverse transcriptase quantitative PCR. Color images are available online.
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stronger neurogenic niche after lesioned with 6-OHDA, the
fate of EBCs from R1B5 and R1B5/NesE-Lmx1a lines was
determined when transplanted to the lesioned SNpc
(Fig. 4). At 6 dpt, a proportion of EBCs implanted at the
lesioned area had a neuronal morphology and, unexpect-

edly, many of those cells were Th+ (>20%) (Fig. 4 and
Supplementary Fig. S2) disregarding whether they derived
or not from cells containing the NesE-Lmx1a transgene
(Fig. 4B–D). A significant proportion of these Th+ cells
coexpressed Dcx (>90%) (Fig. 5).

FIG. 2. Evaluation of Lmx1a transgene function in the developing midbrain context. (A) Schematic representation of the
midbrain explant culture and implantation of EBCs into the ventral or dorsal area (DA or non-DA niche, respectively). (B) Detection
of EBC-derived DA NPCs or neurons in midbrain explants. Nes, Lmx1a and Th were detected by immunolabeling at 4 or 7 days
after implanting (dpi) R1B5 or R1B5/NesE-Lmx1a EBCs (GFP+) into the ventral (4 and 7 dpi, upper panels) or dorsal (4 and 7 dpi,
lower panels) midbrain regions. Magnification of zones are delimited by dashed squares; white arrowheads indicate implanted cells
(GFP+) coexpressing Lmx1a and Th, whereas some of these selected for orthogonal analysis are indicated with blue arrowheads. (C)
DA differentiation efficiency of EBCs in the ventral or dorsal midbrain. Number of implantation cases in which implanted cells were
positive for Nes, Lmx1a or Th markers at 4 or 7 dpi in ventral or dorsal areas were determined. Note that, whereas EBCs derived
from both cell lines behaved similarly once integrated into the ventral region or near to it, only those derived from the R1B5/NesE-
Lmx1a cell line gave rise to Nes+ and/or Lmx1a+ (at 4 dpi) and Lmx1a+ and/or Th+ (at 7 dpi) cells when implanted in the dorsal
region. Scale bars: 200mm. dpi, days postimplantation; EBC, embryoid body cell. Color images are available online.
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FIG. 3. Effect of Lmx1a overexpression on DA differentiation of EBCs in the intact rat SNpc. (A) Schematic representation of
EBC transplantation to the adult SNpc. A representative image revealing the typical implantation site of EBCs (GFP+) within the
SNpc (Th+, red) is shown. (B) DA fate of EBCs in the SNpc at 6 dpt. NPCs (Nes), neuroblast (Dcx), and DA (Th) markers were
determined by immunostaining at 6 dpt in cells derived from transplanted R1B5 and R1B5/NesE-Lmx1a EBCs; white arrow-
heads indicate transplanted cells (GFP+) expressing Nes, Dcx or Th, whereas yellow arrowheads indicate those cells selected for
orthogonal views. (C) A higher magnification of the dashed square in lower panels of (B). (D) Quantification of EBC neural and
DA differentiation in the SNpc at 6 and 15 dpt. GFP+ cells presenting the given marker were manually counted; each point in
graph represents the average differentiation efficiency of EBCs derived from an independent culture and transplanted to the brain
of three rats. Note that, whereas transplanted EBCs from both lines differentiated into similar number of NPCs and neuroblasts at
6 dpt, only R1B5/pNes-Lmx1a EBCs differentiated into Th+ cells. (E) Detection of the midbrain-specific DA differentiation
marker Pitx3. Pitx3 was immunodetected in transplanted cells at 6 dpt; arrowheads indicate positive nuclei for this marker. Scale
bars: 50mm. dpt, Days posttransplantation; SNpc, substancia nigra pars compacta. Color images are available online.
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In contrast with the outcome of transplanted EBCs in the
intact SNpc (at least 30 days survival) [15], the lesioned
condition did not allow long-term survival of the in vivo-
derived EBCs progeny, possibly because of the cavitation
of the host tissue resulting from the 6-OHDA-induced
neurodegeneration (Fig. 4E). These results suggest that
the lesioned SNpc retains a neurogenic environment but,
in addition, gains inductive properties that direct differ-
entiation toward a DA phenotype.

Discussion

The common cell transplantation approach to test the
dopamine releasing capacity of grafted cells in a PD animal
model is to place them within the target striatal region [26].
For successful therapeutic effectiveness, this strategy does not
need cells for transplantation with the capacity for nigrostriatal
circuit integration; in this case, rather, grafted cells stimulate
the host striatum and rescue from dopamine deficiency by

FIG. 4. Effect of lesioned SNpc on
EBC DA differentiation. (A) Sche-
matic representation of EBC trans-
plantation to the lesioned adult SNpc.
Representative images revealing the
lack of Th (red) in coronal sec-
tions containing the SNpc-innervating
striatum (upper image) or the SNpc
(lower image) 2 weeks after unilater-
ally inducing DA neuron depletion are
shown; EBCs were transplanted at this
stage. Scale bar: 200 mm. (B, C) De-
tection of putative DA EBC-derived
cells in the lesioned SNpc. Th was
immunodetected at 6 dpt in cells
from R1B5 (B) and from R1B5/NesE-
Lmx1a (C) after EBCs were trans-
planted to lesioned animals. Dashed
squares delimit the magnified area
shown in the lower panels; white ar-
rowheads indicate Th+ cells derived
from transplanted EBCs, whereas
yellow arrowheads indicate those cells
analyzed in orthogonal views. Scale
bars: 50 mm. (D) Quantification of
EBC DA differentiation in the le-
sioned SNpc. GFP+ cells presenting
Th were manually counted; each point
in graph represents the average dif-
ferentiation efficiency of EBCs de-
rived from an independent culture and
transplanted to the brain of three rats;
n.s., no significant difference found.
Note that, in contrast with the results
in the intact SNpc, R1B5 and R1B5/
NesE-Lmx1a EBCs differentiated into
Th+ cells in the lesioned region. (E)
X-Y reconstruction of the lesioned
SNpc at 15 dpt. Image is composed of
3 (x axis) · 4 (y axis) images. Arrow-
heads indicate the cavitated zone.
Scale bar: 200mm. It was apparent
that cavitation continued growing af-
ter transplantation and no EBCs was
found at 15 dpt. Color images are
available online.
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releasing dopamine without requiring the extension of long
axons. In contrast, an approach based on transplantation to the
SNpc requires cells for transplantation that not only produce
dopamine but also are able to direct axons to the specific target
neurons in the striatum.

We previously demonstrated that the intact adult SNpc
can support efficient neuronal differentiation of non-neuralized

EBCs, but DA neurons are not within the EBC-derived
neurons [15]. Here we looked to find whether the inability
of EBCs to derive DA neurons in the SNpc is limited by
the capacity of transplanted cells or by the SNpc host
environment that prevents specific differentiation or neu-
ronal survival. For this purpose, we developed a traceable
ESC line prompted to differentiate into DA neurons and

FIG. 5. Differentiation of transplanted EBCs into DA neuroblasts. The Dcx neuroblast marker was immunodetected in Th+

cells derived from transplanted R1B5 or R1B5/NesE-Lmx1a EBCs in the intact (A) or lesioned (B) SNpc. Dashed squares in
upper panels delimit the magnified area shown in lower panels. White arrowheads indicate transplanted cells coexpressing Th
and Dcx, whereas yellow arrowheads indicate those cells analyzed in orthogonal views. The asterisk indicates a group of Th+/
Dcx- cells that might represent chromafin-like cells. Scale bars: 100mm. (C) Higher magnifications of transplanted Th+/Dcx+

cells (indicated by white arrowheads). (D) Quantification of EBC-derived DA neuroblasts in the intact and lesioned SNpc.
GFP+ cells positive for Th were manually counted; each point in graph represents the average differentiation efficiency of
EBCs derived from an independent culture and transplanted to the brain of three rats. Note that most Th+ cells derived from
both lines were neuroblasts as indicated by the presence of Dcx. Color images are available online.
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evaluate its capacity to derive DA neurons in the intact and
6-OHDA-lesioned SNpc.

We confirmed that the introduction of pNesE-Lmx1a
transgene into ESCs increases the production of DA neurons
following the five-stage differentiation protocol in the
presence of Shh and Fgf8 [19]. The analysis of these data
allows to propose that Lmx1a increases DA differentiation
by acting at two different steps of differentiation. Specifi-
cally, the higher number of groups containing Th+ cells can
be considered an indication of Lmx1a contribution to the
initial specification of DA NPCs, whereas a larger number
of Th+ cells within a group might imply that, after the initial
specification, Lmx1a also contributes to DA differentiation.
In the context of the intact adult SNpc, Th+ neuroblasts
emerged only in the presence of exogenous Lmx1a and were
detected since 6 dpt, but none remained by 15 dpt. Con-
sidering the above DA differentiation capacity of EBCs in
vitro, this might indicate that the initial Lmx1a-induced
specification is occurring in vivo but differentiation could
not continue and neuroblasts lose DA identity or died.

Undifferentiated EBCs own the capacity to differentiate
into neurons within certain regions of the adult brain. This
neuronal differentiation capacity, rather than being a pre-
ferred default fate, is likely because of the presence of a
permissive or an inductive neurogenic environment [15].
Accordingly, differentiation into neurons was poor in the
striatum, although other neural cells (ie, astrocytes) were
still among the major cell types derived. In particular, effi-
cient neuronal differentiation of EBCs occurred in the adult
SNpc, but DA neurons were not detected. Because EBCs are
responsive to DA specification signals, these data are in
agreement with the expected absence of specification signals
in the intact adult SNpc, a deficit that was at least partially
overcome by EBCs expressing an exogenous Lmx1a (ie,
those derived from the R1B5/NesE-Lmx1a ESC line).

Brain damage creates a local condition that can critically
determine the incorporation of new neurons into specific
neuronal circuits. When NPCs are transplanted, not only it is
necessary that they survive within the damaged area but also
that the environment is proper for specific neurogenesis.
Neurogenesis or a neurogenic environment sometimes arises
upon damage [22–24]. In the 6-OHDA-lesioned SNpc,
EBCs can still detect the preexisting neurogenic environ-
ment, but in contrast with the observations in the intact
SNpc, exogenous Lmx1a for DA specification appeared
superfluous and DA neuroblasts were also derived from
wild-type EBCs. These data suggest that the lesion by 6-
OHDA did not affect the neurogenic capacity of the SNpc
and, rather generates a condition that favors DA differenti-
ation. The possible specification molecules involved remain
to be identified.

In contrast with the results presented here, significant
survival and/or integration of DA neurons in the lesioned
SNpc has been previously achieved with differentiating DA
NPCs. For example, NPCs from mouse E12.5 developing
mesencephalons transplanted to the lesioned SNpc produce
a large number of DA neurons, in some cases showing the
ability to project to the striatum [12,13]. However, it is
relevant to mention that the NPCs transplanted in these
cases include many NPCs already committed to differentiate
into DA neurons, such that specific differentiation factors
are no longer required. Accordingly, in a study in which

NPCs at different stages of differentiation were selected and
transplanted to the nonlesioned SNpc or lesioned striatum,
DA neurons derived mainly from Neurog2+ NPCs which, in
the ventral mesencephalon, represent neuroblasts committed
to become DA neurons [22,27].

Committed DA NPCs derived from human ESC in vitro
might also be the source of projecting DA neurons emerging
in the lesioned SNpc after transplantation [14]. Therefore,
the inefficient differentiation and/or survival of DA neu-
roblasts in our study may be because of the inability of
EBC-derived NPCs to reach the committed stage. In the
lesioned SNpc this could not be determined because of
the few cells surviving after 6 dpt, probably because of
the adverse conditions within the damaged area. It will be
interesting, however, to determine whether the addition of
factors, such as Shh and Fgf8, needed for the progression
of DA differentiation and absent in the unlesioned or le-
sioned SNpc can increase the differentiation efficiency of
EBC into DA neurons after transplantation.

To increase the grafting efficiency, allotransplants
and xenotransplants are commonly performed with im-
munosuppressed host animals. Here mouse EBCs were
transplanted to the brain of immunocompetent rats, and
the use of immunosuppressors such as cyclosporine and
tacrolimus was avoided. This latter condition was taken
because we noted that EBC growth and neurogenesis is
reduced in the presence of these immunosuppressors
(unpublished data), an effect that appears to be related to their
antiangiogenic activity [28,29]. Although active immune re-
sponse could affect grafting, this did not appear to be evident
up to 15 dpt in the intact SNpc [15]. At 15 dpt, although DA
neuroblasts were not detected, many neuroblasts derived from
transplanted EBCs remained (Fig. 3D). Therefore, it is un-
likely that a specific immune rejection is the cause of lack of
EBC-derived DA neurons and, rather factors required for the
establishment of committed DA NPC are missing in the
SNpc, as mentioned previously.

Transplantation of undifferentiated NPCs for cell re-
placement therapies may favor their integration into specific
neuronal circuits. Although the SNpc holds a strong neu-
rogenic environment that, as shown here, was retained after
6-OHDA lesion, this was not sufficient to direct DA neu-
ronal differentiation. Lmx1a and the 6-OHDA lesion con-
tributed to promote the early DA specification stage of
EBCs, but according to the observations presented, addi-
tional factors were required to reach terminal differentiation.
Optimization of in vivo DA neuronal differentiation from
non-neuralized EBCs will require the addition of intrinsic
factors (eg, Foxa2) and/or extrinsic factors (eg, Shh and
Fgf8), a protocol that needs to ponder also the tumorigenic
potential of remaining undifferentiated EBCs.
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Av. Universidad 2001

Cuernavaca Mor. 62210
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Abstract

Objectives

To study the differences in the levels of nitrogen metabolites, such as ammonia and nitric

oxide and the correlations existing among them in both red blood cells (RBCs) and serum,

as well as the possible differences by gender in healthy subjects and patients with type 2

Diabetes Mellitus (DM).

Design and methods

This cross-sectional study included 80 patients diagnosed with type 2 DM (40 female and 40

male patients) and their corresponding controls paired by gender (40 female and 40 male).

We separated serum and RBC and determined metabolites mainly through colorimetric and

spectrophotometric assays. We evaluated changes in the levels of the main catabolic by-

products of blood nitrogen metabolism, nitric oxide (NO), and malondialdehyde (MDA).

Results

Healthy female and male controls showed a differential distribution of blood metabolites

involved in NO metabolism and arginine metabolism for the ornithine and urea formation.

Patients with DM had increased ammonia, citrulline, urea, uric acid, and ornithine, mainly in

the RBCs, whereas the level of arginine was significantly lower in men with type 2 DM.

These findings were associated with hyperglycemia, glycosylated hemoglobin (Hb A1C),

and levels of RBC’s MDA. Furthermore, most of the DM-induced alterations in nitrogen-

related metabolites appear to be associated with a difference in the RBC capacity for the
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release of these metabolites, thereby causing an abrogation of the gender-related differen-

tial management of nitrogen metabolites in healthy subjects.

Conclusions

We found evidence of a putative role of RBC as an extra-hepatic mechanism for controlling

serum levels of nitrogen-related metabolites, which differs according to gender in healthy

subjects. Type 2 DM promotes higher ammonia, citrulline, and MDA blood levels, which cul-

minate in a loss of the differential management of nitrogen-related metabolites seen in

healthy women and men.

Introduction

Diabetes mellitus (DM) is a worldwide disease frequently associated with a high risk of athero-

sclerosis and renal, nervous system, and ocular damage [1]. Reactive oxygen species (ROS)

have been implicated in the pathogenesis of DM [2], as well as in its complications [3,4].

Patients with type 2 DM frequently have vascular endothelium dysfunction, which is related to

hypercholesterolemia, and nitric oxide (NO) deficiency, a major factor that contributes to

endothelial dysfunction [5].

Another source of possible complications in DM patients could be derived from an altered

nitrogen metabolism, even in the absence of evident liver disease and/or nephropathy. Cer-

tainly, experimentally induced diabetic rats have lower gut amino acids utilization, which can

diminish alanine and ammonia release into the portal circulation [6]. Therefore, this type of

experiments could provide a background for the understanding of why DM patients with

hepatic encephalopathy have a lower liver glucose absorption and utilization [7]. Indeed, it has

been reported that DM patients have severe hepatic encephalopathy at early stages of chronic

liver disease, when compared with non-diabetic patients with hepatic dysfunction [8].

The red blood cells (RBC) play an important role in vascular function, delivering oxygen,

minimizing NO scavenging, and further delivering NO bioactivity in hypoxia, through the

compartmentalization of hemoglobin (Hb); therefore, RBC promote hemostasis through a

well-regulated delivery of oxygen [9]. In fact, reduced levels of NO derived from arginine has

been implicated in the vascular dysfunction of diabetic patients. This pathological process is

characterized by an impaired endothelial cell production of the vasodilator and an anti-platelet

adhesion factor, and/or a decreased NO bioavailability [10].

An increased activity and expression of arginase I is associated with diabetes-induced

increase in oxidative stress. It also initiates the feed-forward cycle of diminished NO levels and

oxidative stress [11]. Moreover, citrulline could promote NO production and endothelial func-

tion and improve peripheral insulin sensitivity [12], improving organ perfusion and the endo-

thelial metabolism, which might involve an antioxidant property [13].

In this context, we have found that type 2 DM alters the metabolite distribution between

serum and RBC. Results demonstrate that RBC regulate serum levels of nitrogen-related

metabolites, not only by their transport but also by metabolizing amino acids such as arginine,

probably through several enzyme-mediated metabolic pathways [14]. In fact, this extra-hepatic

nitrogen metabolism, mediated by blood cells, could have a role in the specific physiopathol-

ogy of type 2 DM. These findings indeed agree with proteomic profiling studies which showed

that the mature human RBC have a lot of proteins related to metabolic function, which reveals
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an unexpected level of complexity in the functional capabilities of human RBC metabolism

[15].

Moreover, it has been reported that there are differences in the nitrogen metabolism in

human subjects according to gender. Changes in vascular NO activity may contribute to

changes in cardiovascular risk associated mainly with males, probably related to the α-adreno-

ceptor responsiveness, among other mechanisms [16]. The renal vasculature of men becomes

more dependent on NO with age compared with that of women, suggesting that renal diseases

progress could be related to gender [17]. Despite the fact that there is little information regard-

ing the management of ammonia according to gender, it is noteworthy that hepatic myelopa-

thy and blood ammonia elevation were found mainly among middle-aged Japanese men with

chronic liver disease [18].

Based on the evidence above, we argue that patients with type 2 DM have an aggravated

dysregulation of nitrogen metabolism and, therefore, the disturbed intermediary metabolism

has more detrimental consequences in several organs. This altered nitrogen metabolism is

influenced by gender and oxidant status. Consequently, this study improves our understand-

ing of the relation between the disturbances in several metabolites reflecting nitrogen and

nitric oxide (NO) metabolism, and abnormal levels of blood ammonia in the absence of evi-

dent nephropathy and liver disease.

Subjects and methods

Study population

We recruited patients with type 2 DM at different stages of the disease, from the outpatient

clinics, mostly directly depending on the Ministry of Public Health (SSA, México), mainly

from the Xoco General Hospital. The study group consisted of 40 female and 40 male patients

with type 2 (non-insulin-dependent) DM. The patients were selected based upon the following

criteria: All patients were not active alcoholics, non-smokers, and were on regular treatment

for diabetes (with hypoglycemic agents). Patients were apparently free from any important sec-

ondary complications such as nephropathy or liver dysfunction. We studied in parallel a con-

trol group of healthy 40 female and 40 male who were non-smokers and non-alcoholics.

Following a 12 h overnight fast, all individuals were subjected to blood sampling and all

patients omitted their morning medication. This study was carried out in accordance with the

Declaration of Helsinki (2000) of the World Medical Association and approved by the Ethics

Committee of the General Hospital of Mexico (Ministry of Public Health), after written

informed consent.

Clinical tests

We measured in serum, through standardized procedures with kits from SPINREACT

(Spain), the following metabolites: glucose, cholesterol, triacylglycerols (TG), and the activities

of “marker enzymes” of liver damage, namely alanine (ALT-GPT) and aspartate (AST-GOT)

aminotransferases. Insulin level was measured with a kit from Ray Bio (USA) and Hb A1C was

measured with a kit from BioSys-Kovalent (Brasil) (Table 1).

Biochemical measurements

Whole blood was poured directly into ice-cold perchloric acid (8% w/v, final concentration).

After centrifugation, we obtained acid-extracts of serum and RBC. We determined, using

enzymatic methods, levels of ammonia [19] and free urea [20] in the neutralized perchloric

extracts and assessed the uric acid using a commercial kit (SpinReact, Spain). In addition, we
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measured arginine, citrulline, ornithine, nitrites, and malondialdehyde (MDA), with the meth-

ods previously described in detail [14]. (dx.doi.org/10.17504/protocols.io.q5qdy5w).

Preparation of RBC for metabolites release assays

Another set of anti-coagulated blood samples was obtained from healthy subjects (40 female

and 40 male) and diabetic patients (40 female and 40 male). The serum was rapidly separated

and removed after centrifugation at 900 g and 4˚C for 5 min, the buffy coat was removed, and

the erythrocyte pellet was washed four times with two volumes of cold (4˚C) buffered solution

of 20 mmol/L HEPES (pH = 7.42) and containing 0.9% NaCl. Thereafter, RBC were gently sus-

pended to a 33% hematocrit (Hct) with the same buffered solution and stored at 4˚C over-

night, completing 24 h after washing. We obtained acid extracts from aliquots taken from all

the washes, the overnight stored solution, and the remaining total RBC pellet. Then, we mea-

sured all the metabolites described above from them.

Arginase activity in RBC

The activity of arginase (EC 3.5.3.1) was determined in RBC lysates with 20 mmol/L arginine

at pH = 9.5, essentially as described by Colombo and Konarska [21]. The results are expressed

as nmol of ornithine • min-1 • mg-1 of Hb.

Calculations and statistical analysis

We calculated the concentration of serum and RBC metabolites as μmol • ml-1 or nmol • ml-1,

and the results are expressed as the mean ± SD for levels of metabolites showed. Statistical

analysis. We have a total of 84 determinations according to metabolite, blood compartment,

group, and gender. Each of these data sets has 40 values. We took several blood samples for

each patient and each person in the control group, and we obtained determinations from clus-

ters of samples (pooled samples for each individual). Consequently, all results and conclusions

drawn out from the analysis should consider that results correspond to the clusters and not to

individual patient’s data. All data sets are available at the Data sets section of the open science

Table 1. Clinical parameters in control subjects and in female and male patients with type 2 DM.

Subjects Healthy volunteers Patients with type 2 DM

Parameter Females Males Females Males

BMI 25.6 24.8 27.1 26.5

Glucose (mg %) 88 94 149 142

Insulin (μUnits/ml) 6.4 4.6 8.34 10.1

HOMA-IR 1.7 1.5 3.6 3.5

Hb A1C (%) 4.6 5.0 8.8 8.4

Hb A1C (mmols/mol) 27 29 73 70

TG (mg/dL) 141 148 185 175

Cholesterol (mg/dL) 150 138 185 179

ALT-GPT (IU/L) 18 21 22 23

AST-GOT (IU/L) 19 17 22 25

The results are expressed as medians. Abbreviations: BMI, body mass index; TG, triacylglycerols; ALT, alanine aminotransferase, and AST, aspartate aminotransferase.

Most of the distributions were best described by skewed distributions, thus the mean is no longer a good measure of central tendency. Consequently, we relied on the

median to compare between sets of data (S1 and S2 Files).

https://doi.org/10.1371/journal.pone.0219481.t001
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framework project (see https://osf.io/a6cd3/?view_only=90dfd426c06648f5bbb96470c689d

106).

The statistical analysis described in this section was performed in the Python 2.7 language

using the numpy and scipy libraries (see Statistical analysis code in open science framework

project: https://osf.io/a6cd3/?view_only=90dfd426c06648f5bbb96470c689d106). We com-

puted the following descriptive statistics for each set of data: mean, standard deviation, skew-

ness, and medians (S1 File). To study differences according to gender we focused on

comparing medians since most of the data is best described by skewed distributions and are

not normally distributed. In this situation, medians are a better measure of central tendency

than means.

Furthermore, to analyze statistical differences according to gender, we first fitted the data to

different distributions of continuous variables using maximum likelihood estimation and then

obtained estimators for shape, location, and scale parameters for the distributions. We fitted

the data to the following distributions: beta, exponential, exponential-weibull, exponential-

power law, Gilbrat, logistic, lognormal, normal, Pareto, power law, weibull minimum, and

weibull maximum. Then with the maximum likelihood estimators (MLEs), we performed the

Kolmogorov-Smirnov (KS) goodness of fit test to obtain the distribution that best described

the data for each determination. We chose the best approximation as the distribution which

had the smallest D-statistic among all distributions. The KS test for goodness of fit performs a

test of the distribution of an observed random variable against a given distribution under the

null hypothesis that the two distributions are identical. We report D-statistics and p-values of

the KS tests, and MLEs for each determination (S2 File).

Finally, we computed Spearman correlation coefficients and their p-values. We use the

Spearman correlation because it assesses monotonic relations and it does not assume a linear

relation between two sets of data. With the Spearman correlations, we constructed a correla-

tion matrix for all 84 determinations (see S3 File). Each row and each column corresponds to

a data set of one determination. The cells of the matrix are the Spearman correlation coeffi-

cient between two sets of data and the p-value. The Spearman correlation coefficient can take

values between -1 and 1, where 0 means no correlation.

Results

Clinical parameters

Most of the distributions were best described by skewed distributions, thus the mean is no lon-

ger a good measure of central tendency. Consequently, we relied on the median to compare

between sets of data. The medians obtained for the values of the distributions for some clinical

parameters (S1 File, Table 1). The medians for blood glucose, insulin, HbA1C and HOMA-IR,

obtained for the control subjects are within the established “normal ranges”. In fact, insulin

was lower in men, when compared to female healthy subjects. In the case of DM type 2 patients

we observed a pronounced post fasting hyperglycemia (> 100 mg/dl), increased levels of Hb

A1C (>7%), and hyperinsulinemia (>8 μU/ml). These values are those expected for the two

groups under study.

We performed the statistical analysis for each of these sets of values and compared the

results. When comparing results for glucose between genders in the control subjects, we found

that the best approximation shows different distributions (see S2 File, Table 1). The Spearman

correlation coefficient was weak S3 File, Table 1).

In the case of patients with type 2 DM, the best approximation for glucose showed the same

distribution in both genders, and interestingly, the same as in control men (logistic; S2 File,

Table 1). Nevertheless, the Spearman correlation coefficient between genders for glucose in
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diabetic patients indicate that the correlation between male and female is low (0.1581; p-value

0.3296; S3 File, Table 1). Indeed, the comparison between Spearman correlation coefficient of

glucose levels in control subjects and in diabetic patients, strongly suggest that together with

the difference in glucose management between genders, there is a significant difference

between the control subjects and the diabetic patients.

When we compared the values for insulin in the control groups of men and women, the

Spearman correlation coefficient suggested a low weak negative correlation according to gen-

der (-0.219; p- value 0.1742) (S3 File, Table 1). In the case of DM type 2 patients, the distribu-

tions of insulin were also different according to gender; these distributions were as well

different compared to those observed for glucose in the same group. When comparing the

Spearman correlation coefficient for insulin in the same gender, between control subjects and

diabetics, we found that for both men and women, there is a null correlation, but in the case of

women, the distribution is in the opposite direction (S3 File, Table 1). These differences may

indicate that the mechanisms involved are connected to other systems that work differently

between genders.

With respect to triglycerides, the best approximation for men and women, both for control

subjects and for diabetic patients, shows different distributions (see S2 File, Table 1), but the

Spearman correlation coefficients (S3 File, Table 1), indicate a low correlation between gen-

ders. These differences in distributions suggest differences in the production and regulation of

triglyceride synthesis between genders and also between both study groups. As to cholesterol,

the best approximation of values in both genders of control subjects and in diabetic men,

showed the same distribution (see S2 File, Table 1). Here, the Spearman correlation coefficient

indicated a low correlation in the distribution of cholesterol between women and men in con-

trol subjects (S3 File, Table 1). The distribution in diabetic women was different and the

Spearman correlation coefficient between genders of diabetic patients was close to zero, indi-

cating a null correlation (See S3 File, Table 1).

When comparing the Spearman correlation coefficient for cholesterol in the same gender,

between control subjects and diabetic patients, we found that, for both men and women, there

is a low correlation between the groups studied (S3 File, Table 1). In the case of women, the

distribution is in the opposite direction compared with men, in a manner similar to the distri-

bution of insulin, which suggests important differences in the interconnections between

genders.

Results of the statistical analysis of the data obtained for the transaminases enzymes ALT

and AST indicated that best approximation for both determinations was different between

men and women in control subjects as well as in DM type 2 patients (see S2 File, Table 1). In

control subjects the Spearman correlation coefficient suggests a weak and positive correlation

according to gender for ALT and AST (S3 File, Table 1), whereas in the case of DM type 2

patients, the relation between genders is null for ALT and weak negative for AST. These results

suggest a change in the behavior of activities of both enzymes as a result of pathology. The

analysis of the results of the clinical parameters in DM type 2 patients could indicate differ-

ences in their production or utilization according to gender. In general, results maintain the

differences between genders and also show different effects in the handling of glucose and cho-

lesterol between control subjects and DM type 2 patients.

Blood levels of ammonia, uric acid and urea in patients with type 2 DM

Ammonia, uric acid, and urea are products of the metabolism of proteins (nitrogen metabo-

lism). The median values obtained for our control groups are those shown in the Fig 1. In the

control groups, the “free” ammonia clearly predominated in the RBC over serum. Statistically,
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we found that the ammonia values for the control subjects are best described by different dis-

tributions according to gender and blood compartment (see S2 File, Fig 1). The Spearman

correlation coefficients for RBC-ammonia of the control subjects indicated a null correlation

between genders (S3 File, Fig 1).

We found an accumulation of ammonia in RBC as well as a drastic enhancement of serum

ammonia, in female and male patients with type 2 DM. Nevertheless, the RBC/serum ratio for

ammonia was similar in the four groups (Fig 1A). The Spearman correlation coefficients indi-

cate a low positive correlation between diabetic female and male ammonia levels in RBC (S3

File, Fig 1). These results give evidence in support of the differential regulation of ammonia

according to gender.

The blood urea levels, in all subjects were within normal values (< 3.33 μmol• ml-1). Urea

predominated in the RBC fraction in a similar way to the ammonia levels. We noted that

serum urea was lower in the male control group than the female control group, which led to

an increased RBC/serum ratio of urea in the male control group (Fig 1B). The data obtained

for the blood urea levels in the control groups showed different distributions depending on

genders and blood compartment (S2 File, Fig 1). Here, we found a null correlation in RBC

and a low positive correlation in serum levels (see S3 File, Fig 1), suggesting gender differences

in blood urea levels in control subjects (Fig 1B).

The type 2DM patients had a drastic increase of urea in both blood compartments except

for serum in women, also indicating clear gender differences for blood urea levels. Women

patients had a significantly higher RBC/serum ratio for urea than the female controls, while

DM male patients showed an opposite behavior (Fig 1B). These results show that in diabetic

patients, RBCs accumulate both ammonia and urea, possibly to keep these metabolites in

serum within normal levels, without gender differences. The statistical analysis pointed out of

the data obtained for the urea in the DM type 2 patients (see S2 File, Fig 1). The Spearman cor-

relation coefficient indicates a positive weak correlation between genders for urea levels in

RBC and serum (see S3 File, Fig 1). These results, together with the above, provide strong evi-

dence in favor of the differences in metabolic regulation according to gender.

The type 2 DM patients showed significantly lower serum levels for uric acid when com-

pared to their respective controls, without modifying those in the RBC fraction. This resulted

in higher RBC/serum ratios of uric acid in both genders with type 2 DM (Fig 1C). The statisti-

cal analysis for the uric acid determinations shows differences between genders. Nevertheless,

uric acid in serum of control and diabetic males, and in RBC and serum of diabetic females,

show the same distribution (see S2 File, Fig 1). The Spearman correlation coefficients indicate

a positive low correlation between RBC values of control female and males, but a strong posi-

tive correlation between the control male and female serum values for uric acid (0.6439, p-

value 0.0007). For DM type 2 patients the correlation was significant and positive in RBC

(0.6247, p-value 0.0001) and positive but weak in serum (0.2407, p-value 0.1344) (S3 File, Fig

1).

We also measured arginase activity in RBC from control subjects and patients with type 2

DM. We did not find differences by gender in control subjects (2.17 vs. 2.62 nmol • min-1 •

mg-1 of Hb, in women and men, respectively). On the contrary, in the DM type 2 patients

indeed increased this enzyme activity. The female patients showed an activity of 3.84 nmol •

Fig 1. Metabolites participating in nitrogen metabolism quantified in serum and RBC from control subjects and in patients with type 2

DM. The results are expressed as the medians for levels of ammonia, urea, and uric acid, in healthy control female (n = 40) and male volunteers

(n = 40), as well as in female patients with type 2 DM (n = 40) and male patients with type 2 DM (n = 40). Symbols for experimental groups at the

top. Descriptive statistics: Most of the distributions were best described by skewed distributions, thus the mean is no longer a good measure of

central tendency. Consequently, we relied on the median to compare between sets of data.

https://doi.org/10.1371/journal.pone.0219481.g001
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min-1 • mg-1 of Hb, which was even higher in diabetic men (6.06 nmol • min-1 • mg-1 of

Hb). These significant increases of arginase activity in RBC from patients with type 2 DM

could be explain the increased RBC urea amount in these patients (Fig 1B).

Upon comparing the Spearman correlation coefficients between arginase in RBC and urea

in serum, we observed that for both genders in DM type 2 patients, the Spearman correlation

coefficients indicate a moderate correlation between arginase in RBC and serum urea,

although in inverse senses (S3 File, Fig 1).

Metabolites involved in the generation of NO in patients with type 2 DM

The arginine metabolism involving nitric oxide synthetase (NOS) results in the production of

citrulline and NO [5]. We have shown that the human RBC in healthy subjects is capable to

metabolize arginine into nitrites, citrulline, ornithine, and urea [14], we analyzed these metab-

olites in DM type 2 patients and compared the results. In the control group we observed that

blood arginine was mostly present in RBC, compared to serum (Table 2). The statistical analy-

sis of RBC-arginine values from control subjects showed that the behavior for both genders

was best described by the same distribution (S2 File, Table 2), giving an evidence of a positive

and significant relation between the values according to gender. Serum arginine levels in the

same subjects were around 0.2 mmol • L-1 for both genders, and the Spearman correlation

coefficient showed a positive and weak correlation (S3 File, Table 2), indicating differences

according to gender and blood compartment.

We found an arginine RBC/serum ratio of 4.3 for control male subjects and 2.9 for control

female subjects (Table 2). In male patients with type 2 DM, there were not significant differ-

ences in serum arginine levels compared to RBC (Table 2). On the opposite, women with DM

had higher levels of RBC-arginine than male patients, with congruently higher RBC/serum

ratio for this amino acid, when compared to the control group (Table 2).

The medians of the nitrites determinations show that levels in RBC in control subjects and

diabetic patients were higher than in serum. We also found that nitrites determinations in

RBC and serum of control male subjects were higher than those of control female. On the con-

trary in patients with DM type 2, the women showed an upper levels of RBC-nitrites (S1 File,

Table 2). These results give evidence that type 2 DM reverted gender differences found for the

nitrites blood distribution observed in the control groups (Table 2).

The statistical analysis of the nitrites determinations in control subjects shows that in the

case of serum, the same distributions were obtained for control women and diabetic men. The

distributions of the nitrites levels from RBC in control men and RBC and serum of diabetic

women were also the same (S2 File, Table 2). There were positive weak and low correlations

of values in RBC and in serum, respectively, between the both gender in control subjects. How-

ever, whereas that the Spearman correlation coefficients indicate a low correlation between

levels of nitrites in RBC from female and male DM type 2 patients, (S3 File, Table 2), impor-

tantly a strong and positive correlation was obtained between levels of nitrites for diabetic men

and women in serum (S3 File, Table 2). As previously found for other metabolites, the statisti-

cal distributions and the Spearman correlation coefficients indicate differences in nitrites levels

according to gender and blood compartments.

Arginine is synthesized from citrulline by the sequential activities of the cytosolic enzymes

argininosuccinate synthetase (ASS) and argininosuccinate lyase (ASL), and these proteins have

already been identified in RBC [22]. While serum levels of ornithine showed no differences

according to gender, the male control group showed higher RBC-ornithine than the control

females (see S1 File, Table 2). Type 2 DM promoted higher ornithine content in RBC of

female patients but not of men. This led to a significant increase the RBC/serum ratio for
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ornithine in the female patients, in contrast to the gender differences found in healthy subjects

(Table 2).

On the contrary, blood citrulline was mainly found in serum, resulting in an RBC/serum

ratio for citrulline below one. Here, control men presented a significantly lower level of RBC-

citrulline than the healthy female group (Table 2). The onset of type 2 DM elicited an increase

of citrulline in both blood compartments but maintained the RBC/serum ratios for this amino

acid. Consequently, this pathology also annulled gender differences in the citrulline blood lev-

els observed in control subjects (Table 2).

Relations between blood metabolites in serum and RBC in patients with

type 2 DM

The aforementioned results allowed us to shed light on the possible metabolic paths followed

in serum and RBC. The arginine/nitrites and citrulline/nitrites relations in serum were higher

in healthy women compared to men (Table 3). However, the group of female patients with

type 2 DM showed altered relations of these nitrogen compounds when compared to healthy

women. The relations in serum of ammonia/urea, arginine/urea, and citrulline/ornithine were

significantly higher, while that of arginine/ornithine did not change. On the contrary, the

other relationships shown in Table 3 were found significantly lower in women with type 2

DM, when compared to the healthy female group. With respect to men, although the ammo-

nia/urea was lower in men with type 2 DM, the other serum relationships among nitrogen

compounds had the same pattern of behavior as that of type 2 DM women. However, the dif-

ferences were even larger in men (Table 3).

The relations in RBC were significantly different according to the gender (Table 3). In this

blood compartment, the relations arginine/ammonia, arginine/nitrites, and arginine/citrulline,

were also higher in control men than those found in the healthy female group. On the con-

trary, the citrulline/nitrites as well as the citrulline/ornithine relations were lower in the male

control group than in the healthy women (Table 3). These results, when related to the pattern

of relationships in serum of control subjects, argue in favor of gender differences in the “man-

agement” of ammonia and nitrogen-related compound (Table 3). In addition, with the

Table 2. RBC and serum levels of nitrogen-related metabolites and their ratios in female and male patients with type 2 DM.

Subjects Healthy volunteers Patients with type 2 DM

Parameter Females Males Females Males

Serum-Arginine 0.20 0.18 0.19 0.12

RBC-Arginine 0.47 0.77 0.89 0.67

RBC/serum ratio 2.9 4.3 4.7 5.6

Serum-Nitrites 0.010 0.017 0.056 0.040

RBC-Nitrites 0.094 0.117 0.074 0.068

RBC/serum ratio 9.4 6.9 1.3 1.7

Serum-Ornithine 0.062 0.064 0.060 0.069

RBC-Ornithine 0.127 0.176 0.207 0.177

RBC/serum ratio 2.0 2.8 3.5 2.6

Serum-Citrulline 0.233 0.245 0.606 0.577

RBC-Citrulline 0.179 0.151 0.364 0.311

RBC/serum ratio 0.77 0.62 0.60 0.54

The results are expressed as medians of the metabolites in μmol • ml-1. Most of the distributions were best described by skewed distributions, thus the mean is no longer

a good measure of central tendency. Consequently, we relied on the median to compare between sets of data (S1 and S2 Files).

https://doi.org/10.1371/journal.pone.0219481.t002
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exception of the relationships of ammonia/urea and arginine/ammonia, the onset of type 2

DM in male patients readily neutralized gender differences in the blood distribution of these

metabolites, seen in the healthy volunteers (Table 3).

Release of ammonia, urea, and arginine from RBC of patients with type 2

DM after washing and storage

Gender differences in amino acid concentrations in serum have been recorded in normal

healthy Japanese people [23]. Therefore, to make an effort to explain the gender differences in

healthy subjects and patients with DM we measured the metabolite “release” from the RBC of

both experimental groups. The RBC from control female and male subjects showed an efflux

of ammonia of 38.2% and 44.5% of total RBC content, respectively, after blood cells washing

and storage (Fig 2A). In this context, patients with DM released even more ammonia (56.9%

and 47.6% in women and men, respectively), which resulted in having a similar amount of

ammonia, when compared to healthy subjects (Fig 2A).

Interestingly, RBC from healthy subjects had an efflux of urea of 58.4% and 47.7% of total

RBC content in women and men, respectively. The patients with type 2 DM released a quite

similar amount of urea than healthy subjects (63.0% and 53.9% in women and men, respec-

tively, of the total RBC content) (Fig 2B). The RBC content of arginine showed a very small

release of 11.5% and 11.1% of total RBC content in control women and men, respectively (Fig

2C). RBC from the patients with DM almost doubled the release of arginine (19.4 and 20.8%

of total RBC content in women and men, respectively), even though the remaining RBC levels

for arginine (Fig 2C) were almost the same as those found in non-washed blood cells, mainly

in control preparations (Table 2).

Table 3. Nitrogen-related metabolites and their ratios in serum and RBC of patients with type 2 DM.

Subjects Healthy volunteers Patients with type 2 DM

Serum ratios Females Males Females Males

Ammomia/urea 0.12 0.13 0.24 0.04

Arginine/ammonia 4.1 3.6 2.4 1.6

Arginine/urea 0.49 0.47 0.58 0.06

Arginine/nitrites 20.0 10.6 3.2 3.0

Arginine/ornithine 3.2 2.8 3.2 1.7

Arginine/citrulline 0.86 0.73 0.31 0.21

Citrulline/nitrites 23.3 14.4 10.8 14.4

Citrulline/ornithine 3.8 3.8 10.1 8.4

RBC ratios Females Males Females Males

Ammomia/urea 0.29 0.24 0.22 0.26

Arginine/ammonia 11.7 23.9 14.0 10.9

Arginine/urea 3.5 5.8 3.0 2.8

Arginine/nitrites 41.9 59.3 99.1 82.4

Arginine/ornithine 31.0 36.5 35.4 31.6

Arginine/citrulline 22.0 42.5 20.1 18.0

Citrulline/nitrites 1.9 1.3 4.9 4.6

Citrulline/ornithine 1.4 0.9 1.8 1.8

Descriptive statistics. We computed the arithmetic mean, the variance, the skewness, and median for each determination. Most of the distributions were best described

by skewed distributions, thus the mean is no longer a good measure of central tendency. Consequently, we relied on the median to compare between sets of data.

https://doi.org/10.1371/journal.pone.0219481.t003
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Fig 2. Release of ammonia, urea, and arginine from RBC of patients with type 2 DM after washing and storage. The results are expressed as the mean ± SD

for levels of RBC ammonia, urea, and arginine, in healthy control female (n = 40) and male volunteers (n = 40), as well as in female (n = 40) and male DM type 2
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Release of nitrites, ornithine, and citrulline from RBC of patients with type

2 DM after washing and store

The RBC content of nitrites, which are NO oxidation products, also showed changes after

washing and storing the blood cells (Fig 3A). The efflux of nitrites from RBC in controls after

washing and storing was 34.3% and 37.9% of total RBC content in women and men, respec-

tively. On the contrary, RBC in patients with type 2 DM showed a lower release of nitrites (less

than 10% of total RBC content) in both experimental groups (Fig 3A), which contrasted with

the high levels of serum nitrites found in both, women and men DM patients (Table 2).

The efflux of ornithine in the RBC from DM patients, was closely similar to that of control

cells after washing and storage (Fig 3B). We conclude that RBC do not release ornithine, since

the rate of release of this amino acid was lower than 6% (Fig 3B). Interestingly, the citrulline

that differs very little chemically from ornithine was readily released after washing and storage

(more than 90% of the initial value) in female or male control subjects (Fig 3C). RBC-citrulline

in type 2 DM patients also showed a reliable efflux under our experimental conditions; how-

ever, this release was proportionally lower in type 2 DM patients. Nevertheless, we also

observed a gender difference, as men with type 2 DM retained more citrulline in their RBC

than women (Fig 3C). Indeed, present data confirm the existence of a net efflux of by-products

of RBC arginine metabolism in RBC of control and patients with type 2 DM, determined by

radio-labeled tracing as previously reported under these experimental conditions [14].

Correlation between levels of ammonia and MDA and their release from

RBC in patients with type 2 DM

For this section, we used the Pearson correlation coefficient and the mean and standard devia-

tions to report results. When we calculated the area under the curve (AUC) for the progressive

release of this ammonia from RBC of female subjects (6.4 ± 1.9 nmol • h-1 • ml-1 of RBC),

this value was not statistically different when compared to male volunteers (AUC = 5.2 ± 1.6

nmol • h-1 • ml-1 of RBC; Fig 4A and 4B). Female patients with type 2 DM showed a signifi-

cant increase of RBC ammonia release (AUC = 9.9 ± 2.5 nmol • h-1 • ml-1 of RBC) when com-

pared with healthy women (Fig 4A and 4B). Interestingly, we also found a larger liberation of

ammonia by RBC from diabetic male patients (AUC = 10.5 ± 2.9 nmol • h-1 • ml-1 of RBC),

which is twice that of found in normal male subjects.

In women with type 2 DM the released RBC amount of MDA, a byproduct of membrane’s

lipid peroxidation (AUC = 0.55 ± 0.15 nmol • h-1 • ml-1 of RBC) was not significantly different

from that found in healthy women (AUC = 0.58 ± 0.17 nmol • h-1 • ml-1 of RBC; Fig 4C). On

the contrary, male patients with type 2 DM released more MDA from their isolated RBC when

compared with healthy men (AUC = 0.60 ± 0.16 vs. 0.86 ± 0.25 nmol • h-1 • ml-1 of RBC, in

diabetic patients; Fig 4D).

Correlations among nitrogen metabolites with serum glucose in patients

with type 2 DM

In an attempt to define the specificity of the changes in blood nitrogen metabolism as a conse-

quence of the alterations found in patients with type 2 DM, we investigated correlations

among the different metabolites included in our experiments.

patients (n = 40), at time 0. Empty bars represent the release rate for each metabolite 24 h after washing and storage (time 24). Symbols for experimental groups

at the top. Statistical significance: �p< 0.01 against the control female group, and ��p< 0.01 vs. the corresponding gender control group.

https://doi.org/10.1371/journal.pone.0219481.g002
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There was a null Spearman correlation coefficient between RBC-arginine and glucose in

male diabetics, indicating that these metabolites are not related in this blood compartment.

When analyzing the correlations between arginine and glucose in serum we observed other-

wise, the diabetic women have a null correlation coefficient (0.0146, p-value 0.9286), whereas

Fig 3. Release of nitrites, ornithine, and citrulline from RBC of patients with type 2 DM after washing and storage. The results are expressed as the mean ± SD for

levels of RBC nitrites, ornithine, and citrulline, in healthy control female (n = 40) and male volunteers (n = 40), as well as in females (n = 40) and males (n = 40) with

type 2 DM at time 0. Empty bars represent the release rate for each metabolite 24 h after washing and store (Time 24). Symbols for experimental groups at the top.

Statistical significance as pointed out in the Fig 2.

https://doi.org/10.1371/journal.pone.0219481.g003

Fig 4. RBC amount and curves of release of ammonia and MDA from RBC of patients with type 2 DM after washing and storage. The results are expressed as the

mean ± SD for levels of RBC ammonia (panels A and B), as well as of malondialdehyde (MDA; panels C and D), in healthy control female (n = 40) and male volunteers

(n = 40), as well as in females (n = 40) and males (n = 40) with type 2 DM. The wash numbers 5 correspond to storage of RBC in the washing solution for 24 h. Symbols

for experimental groups at the top of the figure, and statistical significance as indicated in the Fig 2.

https://doi.org/10.1371/journal.pone.0219481.g004
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the diabetic men show a positive and low Spearman correlation coefficient (0.1420, p-value

0.3818; Fig 5B).

In diabetic males, the RBC-citrulline is inversely related with glucose, as evident from a

weak negative Spearman correlation coefficient (Fig 5C). Also interestingly, serum levels of

citrulline correlated directly with those of glucose in this patients with a low positive correla-

tion for serum citrulline and glucose (Fig 5D). However, these correlations are lost in the case

of diabetic women (Fig 5C and 5D).

The RBC levels of ornithine correlated weakly positive with serum glucose in both diabetic

genders, although the Spearman correlation coefficient is higher in diabetic women (S3 File,

Fig 5E). Conversely, Spearman correlation coefficient suggests a low negative relation between

serum ornithine and glycaemia in both diabetic genders (S3 File, Fig 5F).

We found that when the glucose serum levels increase, the levels of urea decrease in RBC

and serum in both genders. The Spearman correlation coefficient between urea in RBC and

glucose in serum is low from diabetic men and females (Fig 5G). Interestingly, the comport-

ment is opposite when we compared according to gender both compounds in serum (S3 File,

Fig 5H). The RBC and serum levels of ammonia had a low and inverse correlation with serum

Fig 5. Scatter plots for different determinations according to gender (males are circles and females are stars) and RBC (A,C,E,G and I) or serum (B,D,F,H, and J)

in DM type 2 patients. Scatter plots show the relation between two sets of data. This relation is summarized in the Spearman correlation coefficient (r) for each relation

in each scatter plot:: A (rM = 0.08, rF = 0.39), B (rM = 0.14, rF = -0.014), C (rM = -0.301, rF = -0.086), D (rM = 0.113, rF = -0.044), E (rM = 0.299, rF = 0.425), F (rM =

-0.133, rF = -0.163), G (rM = -0.227, rF = -0.04), H (rM = -0.013, rF = -0.559), I (rM = -0.132, rF = 0.322), and J (rM = -0.257, rF = 0.235). To see the p-values for each

correlation, see the correlation matrix (S3 File).

https://doi.org/10.1371/journal.pone.0219481.g005
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glucose in diabetic males (RBC: -0.132, p-value 0.1783; serum: -0.257, 0.1081. S3 File, Fig 5),

while RBC and serum-ammonia had also a low but direct correlated with hyperglycemia in

female patients with type 2 DM (S3 File, Fig 5I and 5J).

Correlations between serum nitrites with ammonia and urea in patients

with type 2 DM

It has been speculated that facultative anaerobic bacteria might reduce nitrite to NO and possi-

bly further to form ammonia [24]. Therefore, we searched relationships among the circulating

amounts of nitrites, arginine, urea, and ammonia.

In relation to gender, the Spearman correlations coefficients show that the correlations

between arginine and nitrites have an opposite behavior in control subjects, both in RBC and

in serum. A weak negative correlation can be observed between arginine and nitrites in RBC

of control men), whereas in RBC of control women the Spearman correlation coefficient indi-

cates a weak positive correlation (S3 File). In the case of serum, correlation between nitrites

and arginine showed an opposite pattern (S3 File, Fig 6A and 6B).

Fig 6. Scatter plots for different determinations for controls and diabetic patients according to gender (males are circles and females are stars) and RBC (left

column) or serum (right column). Scatter plots show the relation between two sets of data; this relation is summarized in the Spearman correlation coefficients. These

correlations are: A (rM = -0.439, rF = 0.269), B (rM = 0.276, rF = -0.22), C (rM = -0.2578, rF = -0.179), D (rM = 0.229, rF = -0.361). To see the p-values for each

correlation, see the correlation matrix (S3 File).

https://doi.org/10.1371/journal.pone.0219481.g006
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In serum of patients with DM type 2, the Spearman correlations coefficients between arginine

and nitrites, showed a weak and inverse correlation pattern, while in RBC both correlations are

weak and negative (S3 File, Fig 6C and 6D). If we compare the Spearman correlations coefficients

between the levels of arginine and nitrites in both genders of control subjects with those of

patients with type 2 DM, we observed that the pathology does not change the behavior of the cor-

relations, neither in serum nor in RBC, with the exception of RBC of women, where the Spearman

correlation coefficient goes from weak positive in control females to low negative in diabetics

females (S3 File, Fig 6). Regarding the correlations between ammonia and nitrite, when compar-

ing the Spearman correlations coefficients between RBC of control subjects and patients with type

2 DM of both genders, the pathology does not change the way in which they correlate (Fig 7A

and 7C). Importantly, in serum the Spearman correlations coefficients between ammonia and

nitrites change from null in control men to weak negative in diabetic men, whereas an inverse

behavior is observed in women (Fig 7B and 7D). Control women have a weak positive correlation

between ammonium and nitrites (S3 File, Fig 7), while DM type 2 women have a null correlation

in this relation. Once again, the comparison of the Spearman correlations coefficients between

genders shows us a different behavior in the correlations in both the groups studied.

Whereas we find null correlations between RBC or serum levels of nitrites and urea in con-

trol subjects (S3 File, Fig 7E and 7F), patients with DM type 2 exhibit different parameters.

For instance, female patients had a low negative correlation between RBC-nitrites and those

levels for urea (S3 File, Fig 7G), while in serum, the levels of nitrites and urea, both in male

and in female patients with type 2 DM, showed weak correlation in these metabolites (Fig

7H). Therefore, results from Figs 5, 6 and 7 strongly support the existence of a differential

blood metabolism for nitrogen-related compounds by gender, which is largely disturbed by

the presence of type 2 DM.

Discussion

The RBC are the most abundant cell in humans and their alterations are deeply involved in

health and disease. Indeed, as a result of the metabolomic and proteomic analysis, it has been

understood that they are very important in the physiology of the body; close to 2000 gene

products have been reported [25]. Moreover, to our knowledge, this study provides the first

documented evidence of a putative role of blood cells (mainly attributed to RBC) in the control

of serum levels of diverse metabolites, such as those related to the nitrogen metabolism in

humans, which is largely altered by pathologies such as type 2 DM. We highlight two main

findings. Firstly, the distribution of these metabolites in human blood compartments (serum

and RBC) is influenced by gender, probably affecting bi-directional transport through RBC

membranes and its metabolism [14]. Secondly, onset of type 2 DM abrogates many of the gen-

der-related differences found in healthy subjects.

The hyperglycemia and the increase in levels of HbA1C found in patients with DM were

closely associated with blood levels for either, ammonia or urea (Fig 5). These results suggested

that abnormal levels of blood glucose might induce alterations in the nitrogen metabolism.

The latter can be related to the fact that RBC may undergo suicidal death or eryptosis, which is

characterized by cell shrinkage and cell membrane alterations triggered by oxidative stress

[26]. Exposure of normal erythrocytes to high glucose concentrations in vitro intensified lipid

peroxidation (LP) and the loss of RBC enzyme activities [27]. Moreover, high levels of HbA1c

are closely related to LP in RBC, which are also associated to a significant reduction in mem-

brane Na+/K+-ATPase activity [28,29].

Type 2 DM is characterized by low-grade, chronic inflammation and an increased activity

of IkB/NFkB seems to provide a molecular mechanism responsible for inflammation and
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insulin resistance in type 2 DM, associated with increased risk of cardiovascular diseases [30].

In endothelial cells, excess free fatty acids activate the pro-inflammatory IKKβ–NF-κB path-

way causing cellular insulin resistance and impaired NO production [31]. In this scenario,

structural and/or functional alterations of RBC could be playing a role in the endothelial dys-

function noticed in patients with type 2 DM.

Studies have suggested that when the liver capacity for removing ammonia is reduced,

other organs interact to maintain ammonia levels [32]. Glutamine functions as a “trapper” for

excess ammonia, through the reaction of glutamine synthetase, and this occurs in the skeletal

muscle [33]. Indeed, blood patterns for these amino acids should be altered in patients with

chronic liver damage [34]; but, what about the alterations in the nitrogen metabolism found in

female and male patients in absence of liver failure?

The end-products of the nitrogen metabolism, ammonia and urea, were greatly elevated in

blood in diabetic patients (Fig 1, Table 2). Urea drastically augmented in RBC, which could be

accounted for by the blood cells capacity to uptake and transport these metabolites (Fig 1,

Table 2). Despite the apparent high production of urea by the liver of DM patients, ammonia

definitively increased. Increased serum ammonia and glutamic acid levels found in patients

with type 2 DM could be associated with delayed gastrointestinal transit [35], as well as with

the increased activity of monoamine oxidase DB [36]. Since the presence of high blood levels

for ammonia was not related to liver dysfunction, this could indicate that other extra-hepatic

cells, such as RBC, are participating in the control of nitrogen metabolism [25].

Ammonia toxicity may induce cell damage, as it occurs during neuro-degeneration in

aging, and Alzheimer disease [37] and, in diabetic rats there was a marked increase in the Na

+-dependent component of the L-glutamate transport, causing a higher intracellular concen-

tration of glutamate [38]. Whether the same occurs within blood cells remains to be studied;

however, our findings provide evidence that RBC from the patients with type 2 DM can trans-

port potential toxic nitrogen-related molecules (ammonia, urea, glutamic acid), which consti-

tutes an unexplored risk factor for further complications. In experimental models for DM, a

differential susceptibility for the harmful effects of ammonia on female or male animals has

been reported. A porta-caval shunt reduces growth and spontaneous motor activity in male

but not in female rats [39].

On the other hand, an intra-portal load of L-glutamine in rat with experimentally-induced

type 1 DM generates increased glucose output, accompanied by enhanced urea and ammonia

production [40]. These might be providing a background to explain the enhanced blood levels

for ammonia and urea found in our patients with type 2 DM (Figs 1, 2, 4 and 5). In this con-

text, we have recently shown an association between oxidant stress and elevated levels of

ammonia [41], where increased systemic free ammonia concentration was capable of mediat-

ing the deleterious effects of AZT on partial hepactectomy-Induced rat liver regeneration.

Indeed, the AZT significantly increased blood levels of ammonia and of MDA; despite this

nucleoside did not reduce the amount of urea in the whole blood, but rather did change its dis-

tribution in the blood compartments [41].

Hyperglycemia is associated with increasing levels of six amino acids (alanine, isoleucine,

leucine, valine, phenylalanine, and tyrosine) and with decreasing levels of histidine and gluta-

mine; these associations were explained by insulin sensitivity [42]. Plasma branched chain and

Fig 7. Scatter plots for different determinations for controls and diabetic patients according to gender (males are circles and females are stars)

and RBC (left column) or serum (right column). Scatter plots show the relation between two sets of data; this relation is summarized in the

Spearman correlation coefficients. These correlations are: A (rM = 0.562, rF = -0.0496), B (rM = -0.0388, rF = 0.3011), C (rM = 0.317, rF = -0.0588),

D (rM = -0.4465, rF = -0.047). E (rM = -0.096, rF = -0.0636), F (rM = 0.0018, rF = -0.048), G (rM = -0.031, rF = - 0.1318), and H (rM = 0.3665, rF =

-0.2506). To see the p-values for each correlation, see the correlation matrix (S3 File).

https://doi.org/10.1371/journal.pone.0219481.g007
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aromatic amino acids have been also associated with incident diabetes and underlying meta-

bolic abnormalities [43], which could be a focus for identifying novel etiological mechanisms

and treatment targets for DM.

An excess of ammonia can alter NO production; type 2 DM patients showed increased

serum nitrites levels, as well as those of citrulline in both blood compartments, associated with

a decreased blood arginine level, mainly observed in men with type 2 DM (Table 2). Interest-

ingly, the existence of gender differences in the NO metabolism is currently known. Systemic

NO production is higher in healthy premenopausal women than in men, paired by age, under

ambulatory conditions. This variance could explain the differences in endothelial production

of NO, and the differential vascular function observed in men and women [16,44]. Indeed,

estrogens can play a role in modifying NO response in women. Estrogens can inhibit Ca2+

influx mediated by L-type Ca2+ channels, representing one way through which estrogen pro-

tects ischemic hearts [45].

The present study gives evidence that in healthy subjects exist significant gender differences

in NO production and, for the first time, in arginine metabolism (Tables 2 and 3, S2 and S3

Files). The arginine/nitrites and arginine/citrulline ratios were bigger in RBC of healthy men

than in women, suggesting a lower flow of arginine through putative nitric oxide synthase in

men, and healthy men also seemed to use less arginine as substrate for arginase, i.e., the argi-

nine/urea ratio (Table 3). These data agree with the aforementioned speculation that women

seem to have a more active NO metabolism than men. Interestingly, serum arginine levels

were maintained within a normal range in patients with DM; hence, the importance of main-

taining normal serum arginine levels could be is related to its metabolic role as the ammonia

detoxification product, and to production of L-citrulline and NO [5,46], improving RBC func-

tion and extending cell life span in old RBC [47]. So, it was noteworthy to find that onset of

type 2 DM practically abrogates gender differences in nitrogen-related metabolites which are

observed in controls (S2 and S3 Files, Tables 2 and 3).

We found significant relationships between serum nitrites levels with those of ammonia

and urea, indicating the participation of NO metabolism in the management of blood ammo-

nia and of urea (Fig 6). As to citrulline, what could cause its elevation in blood of patients with

type 2 DM? Citrulline has beneficial effects such as the increased NO production and endothe-

lial function through its conversion to arginine [48]. Therefore, it is attractive to speculate

whether the massive outflow of citrulline from RBC is an attempt to reestablish NO metabo-

lism, functioning as an antioxidant in RBC of type 2 DM patients.

Which mechanism is most probably involved in these unexpected results is left to be

answered in future research. One possible explanation could be given by the role of RBC in

handling molecules participating in the nitrogen metabolic pathways and the fact that these

blood cells are altered by the occurrence of DM [14]. Indeed, we have shown that the RBC

capacity for metabolizing arginine depends on the oxidant status and the lipid composition of

RBC membranes, which are altered in patients with type 2 DM [49], and high glucose concen-

trations altered the content and distributions of three tubulin isotypes, reducing RBC deform-

ability and osmotic resistance [50]. Moreover, the RBC abnormalities in the membrane lipid

composition, associated with some perturbations, can significantly affect RBC receptor bind-

ing and enzyme activities, as it occurs in the diabetic retinopathy, where higher amounts of

phosphatidyl-choline species have been found in RBC [51].

In conclusion, this study provides the first documented findings giving strong evidence of a

putative role of RBC as an extra-hepatic mechanism for controlling serum levels of nitrogen-

related metabolites, which differs according to gender in healthy subjects. Type 2 DM pro-

motes a characteristic pattern of metabolic disturbances that culminates in a loss of the differ-

ential management of nitrogen-related metabolites seen in healthy women and men.
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Therefore, it is not unlikely that these characteristic patterns of blood metabolites elicited by

type 2 DM might be involved in the specific physiopathology of this disease, and changes in

the oxidative status, i.e., increased lipid peroxidation in RBC membranes of diabetic patients,

are playing a role in the metabolic alterations found in these blood cells.
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General Features and Dynamics of eRNAs
One of the most intriguing questions in biology is how cells 
achieve transcriptional regulation. In the case of multicellular 
organisms, development and response to external stimuli are 
complex processes that require fine regulation of gene expres-
sion. At the heart of metazoan transcriptional regulation are 
found the enhancers,1 which are DNA elements bound by 
cofactors and transcription factors (TFs) that are able to 
increase the transcription levels of their target genes by direct 
stimulation of their promoters often through chromatin loop-
ing.2 At the chromatin level, enhancers are characterized by 
prominent accessibility to DNase I and high levels of histone 
H3K4me1,3 as well as high levels of histone H3K27ac when 
active.4 An interesting discovery in the biology of enhancers 
came in 2010 when 2 groups independently found that enhanc-
ers were transcribed genome-wide into noncoding RNAs 
termed enhancer RNAs (eRNAs).5,6 This finding raised the 
question of the potential role that eRNAs could play in the 
regulation of gene expression, as several long noncoding RNAs 
(lncRNAs) have been shown to be functional molecules.7

eRNAs have been identified in diverse organisms like 
Caenorhabditis elegans, Drosophila melanogaster, and mouse, and 
in human cell lines, which suggest that transcription at enhanc-
ers is of ancient origin and might have an important role in 
enhancer activity.8–11 eRNAs have been described as usually 
bidirectional, on average separated by 180 base pairs and tran-
scribed at equal levels into nonpoly(A), unspliced molecules.9 
Most eRNAs are transcribed at lower levels than mRNAs and 
other noncoding RNAs such as lncRNAs and are rapidly 
degraded by the exosome.9,12 Interestingly, it has been observed 
that eRNAs can be subject to methylation.13,14 Recent single-cell 

genome-wide data of nascent transcription challenges some of 
the typical characteristics of eRNAs as it was shown that 
enhancer transcription is unidirectional, and therefore within a 
cellular population, some cells transcribe the sense strand and 
others the antisense strand.15 In the cases where both strands of 
eRNAs were detected in the same cell, single-molecule fluores-
cence in situ hybridization (FISH) experiments showed that 
colocalization of both RNA molecules was rare. Because typical 
RNA expression methodologies show an average for total cells, 
that would explain why eRNAs have been described as bidirec-
tional. Importantly, eRNAs were expressed at similar levels com-
pared with gene promoters in single cells and were detected in 
just a subset of cells, ie, displaying transcriptional bursting.15 
More single-cell measurements of nascent transcription in dif-
ferent conditions are needed to clarify the real nature of tran-
scripts originating from enhancers.

Active enhancers are the main source of eRNAs, and the 
transcription of enhancers into eRNAs has been correlated with 
increased transcription of nearby genes,5,9,16 suggesting that 
transcription, the eRNAs themselves, or both, might be impor-
tant for enhancer activity. In support of this, time course experi-
ments evaluating the response of cells to different stimuli have 
provided strong evidence of specific timing of transcription of 
enhancers into eRNAs.10,16 For example, in mammalian cells, 
upon stimulation with growth factors and exposure to patho-
gens, the eRNAs from active enhancers are transcribed first, 
then mRNAs that code for TFs, and finally non-TFs mRNAs. 
This suggests that upon stimuli, a concerted transcriptional 
response is established during which responsive enhancers are 
transcribed into eRNAs first and then genes coding for TFs 
which could ultimately lead to genome-wide changes in 
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transcription by directly regulating transcription at target genes. 
A possibility is that early responsive enhancers might produce 
eRNAs that contribute to a robust transcriptional induction of 
TF coding genes. It would be interesting to knockdown eRNAs 
from active enhancers contacting early inducible TF-genes and 
to characterize if they are actually playing a functional role in 
transcriptional activation as it might be suggested by their tim-
ing of transcription. An intriguing observation in B-lymphocytes 
during an innate antiviral immune response is that a subset of 
active enhancers continues to be transcribed despite loss of 
expression of its target genes.16 This is in contrast with the 
majority of cases where enhancer-promoter pairs are concord-
ant in their transcriptional status, ie, enhancer is transcribed 
first, then its target gene and then loss of enhancer transcription 
correlates with loss of transcription of its target gene.16

Overall, these observations suggest that eRNA transcrip-
tion at enhancers is a regulated and dynamic process. In many 
scenarios, stimulus-dependent transcription at enhancers pre-
cedes the transcription of associated genes. However, these are 
mostly correlative observations, and still little is known about 
the molecular function of eRNAs and how they can impact 
transcription.

Mechanisms of Action
In the past decade, loss and gain of function assays have been 
critical to characterize the function of many ncRNAs like the 
lncRNAs. Most of the described mechanisms involve the 
interaction of lncRNAs with key regulatory proteins, like 

Polycomb and Trithorax.17,18 In many of these cases, the RNA 
acted as a decoy, a scaffold, a guide, or even as an enhancer.7 In 
contrast to lncRNAs, assigning a molecular mechanism of 
action to eRNAs has been challenging mainly due to their 
unstable nature as well as their very low abundance (Box 1). 
However, over the past decade the function of some of these 
eRNAs, in very specific scenarios, has been characterized. We 
proceed to describe these examples and discuss their implica-
tions for eRNA functions and their impact in the control of 
transcription.

Stimulation of enzymatic activity

The strongest evidence for a common function of many eRNAs 
was the finding that eRNAs interact with CREB binding pro-
tein (CBP), an acetyltransferase that, alongside with p300, 
deposits the histone H3K27ac mark in chromatin.28 Native 
RNA immunoprecipitation and PAR-CLIP (photoactivatable 
ribonucleoside-enhanced cross-linking and immunoprecipita-
tion) experiments demonstrated a CBP-eRNAs interaction in 
vivo.28 In vitro assays showed that CBP-eRNAs interactions 
were independent of sequence, which suggest that a particular 
secondary structure of these RNAs may influence binding to 
CBP, as has been suggested for lncRNAs interacting with other 
regulatory proteins.29 Of note, CBP-eRNAs interactions are 
already detected at actively transcribed enhancers where CBP is 
already bound.28 This could mean that the interaction between 
CBP and eRNAs is not required for CBP recruitment. In line 

Box 1. A toolbox to work with eRNAs.

Cap analysis gene expression (CAGE) and global nuclear run-on sequencing (GRO-seq)-based methods as well as other recently developed 
experimental strategies that target nascent unstable transcripts are the best approaches to start characterizing eRNAs.9,19–22 The transcriptomic 
data can then be compared against ChIP-seq data for enhancer chromatin marks, as well as DNase I, and more recently, ATAC-seq data to 
annotate enhancers and in this way assign eRNAs to those genomic regions.
After identification of transcribed enhancers, the next desirable step is to assign enhancers to target genes. This can be done by assigning an 
enhancer to the closest gene; however, we find this undesirable and strongly suggest to use genome-wide 3C-based techniques like Hi-C,23 
Capture Hi-C,24 ChIA-PET,25 or HiChIP.26 Alternative, expression has also been used to link enhancers with promoters,9 and recent computational 
approaches have been developed to predict enhancer-promoter interactions.27 Once enhancer-promoter relationships have been established, 
the next step is to characterize either both the enhancer and its eRNAs or just the function of the eRNAs in this case when the enhancer has 
already been tested for function. In the former scenario, genome editing tools such as CRISPR-Cas9 can be used to assess the importance of 
a given transcribed enhancer by direct deletion of the genomic sequence. Evaluation of the expression levels of its target gene by quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) will inform on the transcriptional effect the enhancer has on that promoter while 3C 
or 4C-seq can inform on the contribution of that enhancer element on the topology of that locus.
To evaluate the functional contribution of eRNAs to enhancer activity and the regulation of the target promoter, several considerations should 
be taken. First, validate eRNAs presence by strand-specific RT-qPCR. If possible, perform a Northern blot analysis to identify large RNA 
molecules derived from the enhancer element. The data from CAGE, GRO-seq, strand-specific RT-qPCR, and Northern blot should provide 
critical information on the abundance of RNA species, if there is a strand that is particularly more abundant and on the size of the molecules. 
This information will be fundamental to design knockdown strategies to determine whether the RNA molecule itself is regulating expression. In 
this case, small interfering RNAs (siRNAs) or locked nucleic acid antisense oligonucleotides (LNAs) can be used to deplete eRNAs and should 
be preferentially designed against the most abundant RNA specie. However, it is important to notice that RNA interference machinery is found 
mainly in the cytoplasm, so techniques based on the use of antisense oligonucleotides might be better for loss of function assays to study 
eRNAs. In this regard, the efficiency of transfection can greatly affect the resulting knockdown efficiency and because of that a careful selection 
of a cell system remains fundamental.
To evaluate the effect of eRNA knockdown, we advise to measure transcription of target genes as well as possible changes in long-range 
interactions if it is the case. To further support a function of the mature eRNA, a dead-Cas9–based strategy can be used to bring an eRNA to 
an enhancer element and evaluate different features like changes in the chromatin organization, histone marks, DNA accessibility, and potency 
to increase transcription. Finally, to study the potential association of an eRNA with specific regulatory proteins, it is advisable to perform RNA 
immunoprecipitation against the protein of interest and evaluate enrichment of the eRNA. If there is no a priori knowledge of the involvement of 
a protein, pull down of the eRNA with nuclear or cytoplasmic extracts, protein purification, and mass-spectrometry of eluted proteins should 
inform on potential protein partners.
In some cases, it has been shown that the act of transcription rather than the RNA molecule itself can be important and therefore inserting early 
termination sites as poly(A) signals into the enhancer sequence could be useful to study the role of productive transcription on enhancer activity.
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with this, CBP-eRNA’s interaction stimulates the histone 
acetyltransferase activity of CBP by increasing its affinity for a 
histone substrate which results in higher deposition of H3K27ac 
as well as H4K5ac histone marks28 (Figure 1, Left). Knockdown 
of different eRNAs using antisense oligonucleotides resulted in 
a decrease in the histone H3K27ac level at the corresponding 
enhancer of origin and at the adjacent gene promoter with a 
concomitant reduction in the mRNA levels for target genes.28 
These data suggest that transcription of enhancers into eRNAs 
could enhance CBP acetyltransferase activity, which in turn 
might promote the acquisition of a chromatin environment per-
missive for enhancer function. In line with this, it has been 
shown that depletion of eRNAs during myogenesis results in a 
decrease in DNase I accessibility,30 although the chromatin 
remodeling complex responsible for this effect remains elusive.

TFs trapping

lncRNAs can interact with different proteins involved in chro-
matin modification or organization, such as PRC2, MLL1, and 
CTCF.17,18,31 Because enhancers are platforms for the binding 
of a variety of TFs, and Zinc Finger Domains of different TFs 
can interact with RNA31–33; therefore, eRNAs could interact 
with TFs, possibly influencing their residency time at enhancer 
elements. In line with this, YY1, a ubiquitously expressed TF in 
mammals, can interact in vivo with RNA when bound both at 
promoters and enhancers.33 Inhibiting transcription or the 
exosome resulted in a decrease of YY1 recruitment at enhanc-
ers. This suggests that it is the nascent transcription of the 
eRNAs that is important for YY1 binding at enhancers. In line 

with this, tethering a specific eRNA in the vicinity of six 
enhancers bound by YY1 resulted in an increase in the binding 
of YY1 to those sites33 (Figure 1, Right). Although the increase 
of YY1 binding to enhancers after eRNA tethering was mod-
est, it supports a model where eRNAs might help to increase 
binding or residency time of YY1 at enhancers.

eRNAs can also interact with bromodomain-containing 
protein 4 (BRD4),34 which is a member of the bromodomain 
and extraterminal domain (BET) family of proteins. It can 
bind to acetylated histones and stimulates elongation of pro-
tein-coding and noncoding RNAs. The interaction between 
eRNAs and BRD4 increases BRD4 binding to acetylated his-
tones in vitro and to its target enhancers in vivo.34 Knockdown 
of BRD4 interacting eRNAs results in loss of BRD4 and RNA 
polymerase II (RNA Pol II) binding at enhancer as well as loss 
of transcription of the target gene.34

Because other TFs have been shown to specifically interact 
with mRNAs and lncRNAs, like CTCF,31 it remains to be deter-
mined if they can also interact with eRNAs as well. In addition, it 
is currently unclear what could be the effect of increasing the resi-
dency time of a TF at enhancer elements. An attractive possibility 
is that eRNAs could increase the binding of TFs to low affinity 
sites at enhancers; however, this remains to be elucidated.

Chromatin loop formation

Enhancer-promoter interactions through chromatin looping 
are important for tight control of gene expression either during 
development or cell differentiation, or in response to specific 
stimuli.35,23 Defects in these interactions can have profound 

Figure 1. Enhancer RNAs (eRNAs) can influence catalytic activity of chromatin modifier proteins or act as traps for transcription factors. Left, 

eRNAs can directly interact with CBP, a histone acetyltransferase, and stimulate its enzymatic activity which results in a eRNA concentration dependent 

increase of H3K27ac as well acetylation in other amino acid residues of histones. Right, eRNAs at enhancers can trap transcription factors, like YY1, 

which results in an increase of signal for YY1 as evaluated by ChIP. This could mean that association with eRNAs increases residency time of TFs. CBP 

indicates CREB binding protein; TF, transcription factors.
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implications in development and disease generally due to 
changes in gene expression.36–38 Different architectural pro-
teins have shown to be important for promoting chromatin 
looping between regulatory elements, among them CTCF, 
YY1, and cohesin, as well as proteins involved in the general 
machinery of transcription like Mediator, RNA Pol II, 
Integrator, and cell-type-specific TFs.23,39–44 These proteins 
can bind, for example, at enhancers and promoters and induce 
the establishment or the stability of long-range interactions. 
Because enhancers can be transcribed into eRNAs, it has been 
tempting to speculate that they might influence looping inter-
actions between enhancers and promoters, which could ulti-
mately result in regulated changes in gene expression. In line 
with this, several studies have reported a contribution of 
eRNAs to chromatin looping between selected activated 
enhancers and promoter elements.12,16,40,45,46 In most of these 
studies, knockdown of eRNAs from selected enhancers either 
by small interfering RNAs (siRNAs) or locked nucleic acid 
antisense oligonucleotides (LNAs) results in quantitative and 
qualitative changes in looping contacts between transcribed 
enhancers and promoters which correlates with decreased tran-
scription of their target genes.

In some cases, it has been shown that eRNAs can directly 
recruit architectural proteins like cohesin to their enhancer 
elements and this could directly contribute to changes in 
long-range interactions.46 For example, in breast cancer cells 
the promoter of the NRIP1 locus interacts in cis through 
chromatin looping with and enhancer located ~250 kb away. 
Upon stimulation with estradiol, the estrogen receptor binds 
to the enhancer. This results in strong transcription into 
eRNAs, increased binding of cohesin subunits, and higher 

frequency of long-range interaction with the NRIP1 pro-
moter which correlates with upregulation of the NRIP1 
mRNA levels.46 Importantly, reduction of eRNAs by the use 
of LNAs leads to the loss of looping interactions and tran-
scription at NRIP1 locus. These changes are also accompa-
nied by decreased recruitment of cohesin subunits to the 
enhancer element. For this locus, the changes in long-range 
interactions are not just restricted to its enhancer element 
because depletion of eRNAs also results in loss of a ~27 Mb 
long-range interaction with the TFF1 locus, which itself has 
an inducible enhancer transcribed upon estrogen stimulation 
(Figure 2).

Other proteins like Mediator, an important regulator of 
RNA Pol II activity, have been documented to play a role in 
promoting looping interactions between enhancers and pro-
moters.39,45,47 In regard to eRNAs, some reports have suggested 
that eRNAs interact with Mediator to promote long-range 
interactions between transcriptionally active enhancers and 
their target promoters.45,47 However, a careful examination of 
current annotations for those locus suggest that those eRNAs 
are in fact lncRNAs that act in cis to regulate neighboring 
genes through direct interaction with Mediator and cell-type 
-specific TFs. Therefore, the role of Mediator in eRNA func-
tion requires further clarification.

The proper biogenesis of eRNAs is also important for stim-
ulus-dependent enhancer activity and the establishment of 
long-range interaction between such enhancers and their tar-
get promoters. In this regard, it has been documented that 
Integrator, a multisubunit complex associated with RNA Pol 
II, is recruited to enhancers in a stimulus-dependent manner 
and is necessary for release of eRNA transcripts for elongating 

Figure 2. eRNAs can stabilize chromatin long-range interactions between transcribing enhancers and target promoters. The NRIP1 promoter is 

in close proximity with an enhancer located ~250 kb upstream. Upon stimulation with estradiol, the transcription of both the enhancer and NRIP1 is 

induced. This transcriptional effect is accompanied by increased deposition of the cohesin subunits Rad21 and SMC3 at the enhancer, as well as an 

increased frequency of interaction between the enhancer and the NRIP1 promoter gene. This local reorganization is also accompanied by the gain of a 

novel interaction with TFF1, located 27 Mb away from NRIP1 gene that is also transcriptionally induced during estradiol treatment. Depletion of NRIP1-

associated eRNAs results in loss of NRIP1 transcription, decreased deposition of cohesin subunits at the enhancer, and importantly, a decreased 

frequency of long-range interactions between the enhancer and the NRIP1 promoter gene as evaluated by 3C and the loss of the 27 Mb interaction as 

evaluated by fluorescence in situ hybridization. Of note, eRNAs can directly interact with cohesin subunits. eRNA indicates enhancer RNAs; KD, 

knockdown; ER, Estrogen Receptor.
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RNA Pol II.40 Loss of Integrator results in accumulation of 
eRNAs primary transcripts. This effect compromises enhancer 
function, resulting in loss of chromatin looping between 
selected responsive enhancers and their target promoters with 
a corresponding loss of transcriptional induction. These data 
suggest that mature eRNAs, but not the transcription of 
enhancers, are required for long-range interactions between 
enhancers and promoters.

In this regard, it may be tempting to speculate that at 
stimulus-dependent enhancers, the induction of transcrip-
tion by binding of specific TFs results in the generation of 
mature eRNAs by the Integrator complex. Then, these 
eRNAs in conjunction with boundary proteins like CTCF 
or YY1, could promote the stalling of loop-extrusion fac-
tors, like cohesin, through direct RNA-protein interac-
tions.48 Therefore, depletion of eRNAs could result in the 
loss of an RNA-dependent boundary that results in a 
decrease of specific long-range interactions between pairs 
of enhancer-promoter sequences. Interestingly, an RNA-
dependent function of CTCF for chromatin looping has 
been recently reported.49–51

RNA Pol II productive elongation
eRNAs can regulate RNA Pol II elongation by interacting 
with proteins that either promote or inhibit elongation.52,53 For 
example, eRNAs can promote exit of RNA Pol II pausing at 
activity-dependent neuronal promoters throughout direct 
interaction with the negative elongation factor (NELF), which 
promotes RNA Pol II pausing.52 Knockdown of eRNAs asso-
ciated with the enhancers of the neuronal genes ARC and 
GADD45B did not affect long-range interactions between the 
enhancers and promoters but resulted in an increase of the 
NELF at their promoters, which was accompanied by a 
decrease of the corresponding mRNA52 (Figure 3). Because 
these eRNAs can interact with NELF via an RNA-binding 
domain, it was suggested that eRNAs could trap NELF, mim-
icking nascent transcription at target promoters. Therefore, 
eRNAs could promote RNA Pol II productive elongation by 
acting as a decoy for NELF, which in turn might be facilitated 
by the close physical proximity between the enhancers and pro-
moters by means of chromatin looping.

eRNAs can also promote elongation by interaction with the 
positive transcription elongation factor b (p-TEFb) complex 

Figure 3. Enhancer RNAs (eRNAs) can promote exit of RNA Pol II pausing at promoters by mimicking nascent transcripts and interacting with 
NElF. The ARC locus is in physical proximity with an enhancer element throughout chromatin looping. Upon neuron stimulation, the transcription of both 

the enhancer and ARC gene is induced. Interestingly, transcription of one of the enhancer strands is more abundant. This eRNA can directly interact with 

NELF acting as a decoy for that protein. This results in loss of NELF at ARC promoter and the release of the paused RNA Pol II which engages in 

productive elongation. NELF indicates negative elongation factor; RNA Pol II, RNA polymerase II.
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which promotes RNA Pol II elongation by phosphorylation of 
different targets including NELF and Pol II-Ser2.53–55 An 
eRNA transcribed from an enhancer that increases the expres-
sion of the target gene PSA can directly interact with the kinase 
CYCLIN T1 which is part of the p-TEFb complex.53 Loss of 
this interaction correlates with a diminishment of Pol II-Ser2 
phosphorylation and PSA expression. Interestingly, the interac-
tion between CYCLIN T1 was achieved via an HIV-1 TAR 
RNA-like motif found in the eRNA. The motif present in the 
eRNA is also similar to the one found in the 7SK small nuclear 
RNA which can inhibit p-TEFb function. Therefore, this 
eRNA could favor elongation by RNA Pol II by competing 
with 7SK for the interaction with the p-TEFb complex thought 
CYCLIN T1. This is an example of a functional embedded 
structure in an eRNA and opens up the possibility that a subset 
of eRNAs act through specific sequence motifs. However, as 
we know that enhancers poorly conserved, this case might 
rather be an exception.

Concluding Remarks
The discovery of the pervasive transcription of the genome 
into ncRNAs has opened a whole new field of study. Enhancer 
transcription is of interest as these regulatory elements are at 
the heart of transcriptional regulation in processes as diverse as 
development, cell differentiation, and response to stimuli. One 
of the most important questions in the field is if eRNAs have a 
function. Even though it has been suggested that most eRNAs 
might be transcriptional noise,56 for over almost a decade, dif-
ferent mechanisms of action have been characterized by which 
eRNAs could influence gene expression. Overall, eRNAs seem 
to exert their function by interacting with different regulatory 
proteins, similar to what has been discovered for lncRNAs. 
eRNAs can affect the chromatin environment of their enhancer, 
either by promoting chromatin accessibility, stimulating the 
histone acetyltransferase activity of CBP or enhancing the 
binding of TFs.

eRNAs can also stabilize chromatin looping contacts 
between enhancers and promoters by the recruitment of 
cohesin and can affect the transcriptional machinery already 
poised at promoters. In those cases, eRNAs can act as decoys 
for proteins like NELF, promoting elongation or influence the 
catalytic activity of other proteins associated with RNA Pol II.

Although progress has been made over the past years to 
uncover the potential molecular function of eRNAs, it should 
be pointed out that most of the examples covered here are 
restricted to a few loci. In many cases, although transcription 
of both strands of the enhancer is detected, one strand is 
prominently transcribed into an ncRNA that has a molecular 
function important for enhancer activity or gene transcription. 
This rise the concern of whether the molecular functions 
already reported for this subset of eRNAs could be a general 
feature of eRNAs or in fact they represent specific cases were 
eRNAs have acquired functions similar to lncRNAs or have 

been misannotated as eRNAs.57 In this regard, a clear working 
definition that helps to distinguish eRNAs from lncRNAs 
might be of great help.

Based on current evidence, we propose that transcription of 
enhancers into eRNAs could be an RNA-based mechanism to 
trap proteins relevant for enhancer activity. In support of this, 
an increasing number of proteins with key regulatory functions 
like CTCF, YY1, and CBP have been shown to interact with 
RNA, and this association can have important consequences 
for their activity. In this regard, transcription at enhancers 
could be a means to increase the residency time of both DNA-
binding proteins and cofactors.

For example, upon cell stimulation, specific TFs could bind 
to already CBP-bound enhancers and potentiate transcription. 
Those eRNAs could further stimulate the histone acetyltrans-
ferase activity of CBP which in turn could trigger BRD4 bind-
ing. Because eRNAs can also interact directly with BRD4 and 
increase the binding of this protein to the enhancer element, 
and BRD4 can promote elongation by recruitment of p-TEFb, 
Mediator, and RNA Pol II, these could lead to increased tran-
scription of the enhancer into eRNAs.34 All these can result in 
a net increase of RNA species at the enhancer that could lead 
to the establishment of a feed-forward loop where increasing 
eRNA molecules keep on promoting elongation at enhancer as 
well as acetylation of histones resulting in a chromatin struc-
ture that could boost enhancer activity over target promoters. 
Therefore, based on current evidence, we envision a general 
mechanism by which eRNAs favor the maintenance or rein-
forcement of a chromatin environment optimal for enhancer 
function. In some cases, these eRNAs could have evolved to 
acquire a specific molecular function and might be in a path 
toward becoming lncRNAs. Further work is needed, particu-
larly on developing high-throughput genome-wide tools, to 
assess the functional role of eRNAs and clarify their relevance 
on transcriptional regulation.
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Human mesenchymal stem cells (MSCs) are good candidates for brain cell replacement strategies and have already been used as
adjuvant treatments in neurological disorders. MSCs can be obtained from many different sources, and the present study
compares the potential of neuronal transdifferentiation in MSCs from adult and neonatal sources (Wharton’s jelly (WhJ), dental
pulp (DP), periodontal ligament (PDL), gingival tissue (GT), dermis (SK), placenta (PLAC), and umbilical cord blood (UCB))
with a protocol previously tested in bone marrow- (BM-) MSCs consisting of a cocktail of six small molecules: I-BET151,
CHIR99021, forskolin, RepSox, Y-27632, and dbcAMP (ICFRYA). Neuronal morphology and the presence of cells positive for
neuronal markers (TUJ1 and MAP2) were considered attributes of neuronal induction. The ICFRYA cocktail did not induce
neuronal features in WhJ-MSCs, and these features were only partial in the MSCs from dental tissues, SK-MSCs, and
PLAC-MSCs. The best response was found in UCB-MSCs, which was comparable to the response of BM-MSCs. The addition of
neurotrophic factors to the ICFRYA cocktail significantly increased the number of cells with complex neuron-like morphology
and increased the number of cells positive for mature neuronal markers in BM- and UCB-MSCs. The neuronal cells generated
from UCB-MSCs and BM-MSCs showed increased reactivity of the neuronal genes TUJ1, MAP2, NF-H, NCAM, ND1, TAU,
ENO2, GABA, and NeuN as well as down- and upregulation of MSC and neuronal genes, respectively. The present study
showed marked differences between the MSCs from different sources in response to the transdifferentiation protocol used here.
These results may contribute to identifying the best source of MSCs for potential cell replacement therapies.
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1. Introduction

The in vitro generation of neuronal cells from neural
(NSCs), embryonic (ESCs), and induced pluripotent stem
cells (iPSCs), or by neuronal transdifferentiation of
somatic cells by transcription factors (TF) has emerged
as a useful strategy for cell replacement therapies in neu-
rological disorders [1–3]; however, technical limitations,
graft rejection, ethical issues, and/or tumorigenic risk are
associated with the neurons derived from such processes
[4–6]. Therefore, recent efforts have been focused on find-
ing more suitable cell types or avoiding genetic manipula-
tion for the generation of neurons [4, 7–11]. In this
respect, mesenchymal stem cells (MSCs) offer some advan-
tages over other cell types. MSCs are potentially able to
differentiate into various cell lineages (including neurons),
are easy to isolate and expand, have a low tumorigenic
risk and low grafting rejection, and lack ethical issues
[12–15]. These properties point to MSCs as suitable
sources for cell replacement therapy in neurological disor-
ders [16–19]; however, an optimal protocol to induce their
conversion into neurons remains unestablished.

Chemical compounds known as small molecules have
been shown to replace exogenous TF during cell repro-
gramming [7–9, 11]. Recent reports demonstrated the
neuronal transdifferentiation of fibroblasts and astrocytes
by small molecule cocktails [20–23]. These molecules act
by modulating signaling pathways and epigenetic mecha-
nisms implicated in cell reprogramming, neuronal specifica-
tion, or neuronal survival [21], representing a convenient
strategy to avoid the risks of genetic manipulation in
the generation of induced neurons. In our previous
report, after a small molecule screening assay, we found
that a cocktail containing I-BET151, CHIR99021, forsko-
lin, RepSox, Y-27632, and cAMP (ICFRYA) induced the
formation of cells with neuron-like morphology and pos-
itive for TUJ1 and MAP2 from bone marrow- (BM-)
MSCs [10].

MSCs can be isolated from many adult and neonatal
tissues. However, comparative studies indicate that the
MSCs from different tissues present differences in the effi-
ciency of trilineage differentiation and other functional
abilities, even though they meet the properties to be con-
sidered MSCs [24–27]. The present study is aimed at com-
paring the neuronal transdifferentiation potential of adult
and neonatal MSCs obtained from different sources. To
this end, we evaluated the neuronal-like morphology and
neuronal markers induced by the ICFRYA cocktail in
MSCs obtained from bone marrow (BM), skin (SK), dental
pulp (DP), periodontal ligament (PDL), gingival tissue
(GT), Wharton jelly (WhJ), placenta (PLAC), and umbil-
ical cord blood (UCB). Neuronal induction was success-
ful in the MSCs from some but not all sources.
Strategies were selected to improve the induction of the
MSC sources that showed neuronal properties. The
presence of mature neuron markers, changes in global
gene expression, and electrophysiological activity were
examined in cells in which neuronal transdifferentiation
was presumed.

2. Materials and Methods

2.1. Reagents and Antibodies. Neurobasal medium, α-MEM,
RPMI medium, DMEM low glucose (DMEM-lg),
DMEM/F-12, fetal bovine serum (FBS), L-glutamine, dispase
II, Glutamax, antibiotics, trypsin/EDTA, human neuro-
trophic factors, N2, and B27 were all purchased from Gibco™
Thermo Fisher Scientific Inc. (MA, USA). Fibronectin, hepa-
rin, gelatin, nonessential amino acids, Hoechst 33258, and
normal goat serum (NGT) were acquired from Sigma-Al-
drich, Merck (St. Louis, MO, USA). The following primary
antibodies were used: mouse anti-TUJ1 (SC-80016) and
rabbit anti-MAP2 (SC-20172) obtained from Santa Cruz
Biotechnology (CA, USA); rabbit anti-GABAB (SC-376282),
ENO2 (GTX113428), TAU (GTX116044), and mouse
anti-NF-H (GTX27795) from GeneTex Inc. (CA, USA);
and rabbit anti-NeuN (MAB377) from Merck-Millipore
(Darmstadt, Germany). Secondary antibodies against goat
anti-mouse IgG conjugated to Alexa Fluor 488 and goat
anti-rabbit IgG conjugated to Alexa Fluor 568 were
obtained from Molecular Probes, Thermo Fisher Scientific
Inc. (MA, USA). Small molecules I-BET151, CHIR99021,
forskolin, RepSox, Y-27632, and dibutyryl cAMP were pur-
chased from Sigma-Aldrich, Merck (St. Louis, MO, USA).

2.2. MSC Isolation and Characterization. All samples were
isolated from healthy donors according to the Declaration
of Helsinki. The bone marrow samples were obtained
according to the Local Ethics Committee of the Villa Coapa
Hospital, Mexican Institute for Social Security (IMSS,
Mexico). The umbilical cord blood and placenta samples
were collected according to the Local Ethics Committee of
the Troncoso Hospital (IMSS, Mexico). The dental tissue
samples were obtained according to the local Ethics Commit-
tee of the Orthodontics Clinic and the Faculty of Dentistry,
National Autonomous University of Mexico. The skin sam-
ples were collected according to the Local Ethics Committee
of the Dermatology Hospital, Health Secretary, Mexico City
(SS, Mexico).

Mononuclear cells were isolated from bone marrow and
umbilical cord blood samples by a Ficoll gradient, and cells
from the internal area of the central placenta lobules were
obtained using an enzymatic digestion procedure (Trypsi-
n-EDTA). These cell samples were cultured in DMEM-lg
plus 4mM L-glutamine, 50U/mL of penicillin, 50μg/mL of
streptomycin, and 50μg/mL of gentamicin (DMEM-lg) and
supplemented with FBS-10% [28]. The Wharton’s jelly
(membrane), gingival tissue, periodontal ligament, and
dental pulp tissue samples were cut into small pieces and cul-
tured as explants in α-MEM supplemented with FBS-15%.
Finally, the skin samples were placed overnight in RPMI
medium and dispase II, and then, the dermis was
mechanically separated from the epidermis. Cells from
the dermis were isolated by allowing them to migrate
from the dermal segments placed in culture (DMEM-lg
supplemented with FBS-10%). For all samples, the
medium was changed every two days. The adherent cells
were subcultured using trypsin/EDTA at 2 × 102 cells/cm2

in DMEM-lg supplemented with FBS-10%. All experiments
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were performed with MSCs between the fourth and
sixth passages.

MSCs were characterized based on morphological,
phenotypic, and differentiation parameters [28, 29]. FITC,
PE, or APC-conjugated monoclonal antibodies against
CD73, CD90, CD45 (BD Biosciences, San Diego, CA,
USA), CD105, CD13, CD14, (Caltag, Buckingham, UK),
HLA-ABC,HLA-DR,CD31, andCD34 (Invitrogen,Carlsbad,
CA, USA) were used for immunophenotypic characteriza-
tions and analyzed on a FACSCanto II flow cytometer (BD
Biosciences, Fullerton CA, USA). Adipogenic differentiation
was determined by visualizing the presence of Oil Red
O-stained (Sigma-Aldrich, Merck) lipid vacuoles. Osteo-
genic differentiation was assessed by alkaline phosphatase
staining (FAST BCIP/NBT; Sigma-Aldrich, Merck). Chon-
drogenic differentiation was induced over 28 days with
10 ng/mL TGF-β (PeproTech). The resulting micromasses
were fixed, embedded, and sliced, and cross-sections were
stained with Alcian blue dye (Sigma-Aldrich, Merck).

2.3. Neuronal Induction by the ICFRYA Cocktail. Adult
and neonatal MSCs were seeded onto fibronectin
(2μg/cm2)/0.1% gelatin-coated plates at a density of 2 × 104
cells/cm2 and cultured in MSC growth medium for one
day. For chemical induction, the cells were washed with
serum-free medium and then cultured with neuronal induc-
tion medium (50% neurobasal medium, 50% DMEM/F12
with 1 × N2 and 1 × B27 with vitamin A, 1 × Glutamax,
1 × nonessential amino acids, and 20ng/mL FGF2 plus
5μg/mL heparin) plus the defined chemical cocktails for 8
or 4 days (as appropriate) at 37°C and 5% CO2. The concen-
trations of the molecules in the ICFRYA cocktail were 1μM
I-BET151, 20μM CHIR99021, 50μM forskolin, 1μM
RepSox, 5μM Y-27632, and 100μM dbcAMP [10]. The neu-
ronal induction medium was replaced on day 4. When indi-
cated, the neuronal induction medium plus the ICFRYA
cocktail was supplemented with human brain-derived neuro-
trophic factor (hBDNF), human glial cell-derived neuro-
trophic factor (hGDNF), and neurotrophin-3 (NT-3) at
20 ng/mL each.

2.4. In Situ Analysis of Cell Viability. Cells were incubated for
10min with 1μg/mL propidium iodide. Microphotographs
were obtained using a direct epifluorescence microscope
Olympus 1X71 with 10x magnification and the QCapture
Pro 6.0 software.

2.5. Immunocytochemistry. After culture, the cells were fix-
ed/permeabilized with cold methanol for 10min and washed
three times with PBS. The cells were blocked using PBS/0.1%
BSA + 10% GS (goat serum) for 1 h. Then, the cells were
incubated overnight at 4°C with primary antibodies: mouse
anti-TUJ1 (1 : 1000), anti-NF-H (1 : 250), and anti-NeuN
(1 : 200) and rabbit anti-MAP2 (1 : 500), anti-TAU
(1 : 1000), anti-GABAB (1 : 250), and anti-ENO2 (1 : 250).
Then, the cells were incubated for 1 h with goat anti-mouse
Alexa 488 or goat anti-rabbit Alexa 568 as appropriate. The
nuclei were counterstained with 1μg/mL Hoechst 33258
diluted in PBS. Microphotographs were obtained by the

direct epifluorescence microscope Olympus IX71 using the
QCapture Pro 6.0 software, and data were analyzed with
ImageJ software. At least 500 nuclei from five randomly
selected fields were counted to calculate the percentage of
positive cells.

2.6. Real-Time Quantitative PCR (qPCR). RNA samples from
cultures were extracted with the GenElute Mammalian Total
RNA Miniprep Kit (RTN70 Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. The con-
centration of RNA samples was quantified by a NanoDrop
spectrophotometer (Thermo Scientific). Complementary
DNA (cDNA) was synthesized from 1μg RNA with the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc., CA,
USA) and a Veriti® 96-Well Thermal Cycler (Applied Bio-
systems). PCR primers were designed using the last reference
sequence (RefSeq) version of each gene with the PrimerBlast
software; Supplementary Table 5 includes a list of primers
used in this study. The qPCR reactions were conducted
using a QuantiFast SYBR Green PCR Kit (Qiagen, MD,
USA), according to the manufacturer’s instructions, and
run on a StepOnePlus Real-Time PCR system (Applied
Biosystems). After amplification, the melting curves of the
RT-PCR products were determined to demonstrate product
specificity. PCR efficiency was optimal and ranged from
90% to 100% in the different target gene qPCR assays. For
the selection of the best reference gene, a comparison of the
transcriptional variation of different housekeeping genes
in response to the conditions was performed. The gene
with the least CT variation between treatments and
control cultures was selected. Thus, gene expression was
normalized to TATA-Box binding protein (TBP) mRNA.
The relative quantification of mRNA levels was performed
using the Pfaffl method [30].

2.7. Microarray Assay. Cells were incubated as described in
the neuronal maturation protocol. The samples were then
processed for RNA extraction. Total RNA (10μg) was used
for cDNA synthesis incorporating dUTP-Alexa 555 or
dUTP-Alexa 647 and employing the CyScribe First-Strand
cDNA labeling kit (Amersham). Equal quantities of labeled
cDNA were hybridized using the hybridization solution
HybIT2 (TeleChem International Inc.) on the collection of
human arrays (10K) for 14 h at 42°C. The acquisition and
quantification of array images were performed in the
ScanArray 4000 with its accompanying software from Pack-
ard BioChips. For each spot, the mean density, mean back-
ground, and mean normalized signal values were calculated
with the Array-Pro Analyzer software from Media Cybernet-
ics. Microarray data analysis was performed with the free
software genArise, which was developed in the Computing
Unit of the UNAM Cellular Physiology Institute (http://
www.ifc.unam.mx/genarise/). The microarray data were
deposited in the Gene Expression Omnibus database
repository (GSE120681). The functional annotation gene
analysis analyzed the up- and downregulated genes derived
from the microarray assay using DAVID 2.0 (https://david
.ncifcrf.gov/tools.jsp) and bioinformatics resources to obtain
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the Gene Ontology functional annotation classification of
the genes.

2.8. Electrophysiological Activity Recording. Whole-cell ion
currents were experimentally recorded with an arrangement
of Axopatch 200B/Digidata 1550/pCamp10 (amplifier/ana-
log-digital converter/software, all from Molecular Devices,
Sunnyvale, CA), analog filtered at 5 kHz and digitally sam-
pled at 10 kHz. Patch-clamp pipettes were made of borosili-
cate glass (World Precision Instrument) using a P-97 puller
(Sutter Instruments, Novato, CA). The intracellular pipette
filling solution was composed of (in mM) 10 NaCl, 40 KCl,
10 HEPES, 5 EGTA, 3MgCl2, 95 K-gluconate, and 10 glucose
(pH 7.2 adjusted with KOH). The extracellular solution
contained (in mM) 140 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 10
HEPES, and 5 glucose (pH 7.4 adjusted with NaOH). All
solutions were perfused using a custom-made gravity-based
perfusion system. The voltage-clamp protocol used in all
experiments was 200ms step pulses from -120 to +50mV
in 10mV increments from a holding voltage of -70mV.

2.9. Statistical Analysis. The results were expressed as the
mean ± standard error (SEM) from three independent exper-
iments of three biological samples or 4-6 independent exper-
iments from one biological sample as indicated. The
statistical analyses were performed using Student’s t-test for
between-group comparisons and a one-way ANOVA and
the Tukey test for multiple comparisons. GraphPad Prism
software forWindows version 6 (La Jolla, CA, USA) was used
for all statistical procedures. Differences with p < 0 05 were
considered statistically significant.

3. Results

3.1. MSC Characterization. Mesenchymal stem cells
(MSCs) were isolated from human adult or neonatal sources
(Supplementary Table 1) and characterized according to
the criteria defining human MSCs proposed by the
International Society for Cellular Therapy [31]. For all
MSC samples, the cells adhered to the plastic exhibited
fibroblastic morphology (Supplementary Figure 1), were
positive for MSC markers (CD105, CD90, and CD73), were
negative for hematopoietic markers and HLA-DR surface
molecules (Supplementary Table 2), and were capable of
differentiating into adipocytes, osteoblasts, and chondrocytes
(Supplementary Table 3). The neuronal medium per se
(NM: N2/B27/hFGF) did not induce neuronal morphology
or reactivity to neuronal markers (Supplementary Figure 3);
however, a weak reactivity against TUJ1 was observed in all
MSC sources (Figures 1(b)–1(h) left picture).

3.2. Neuronal Induction by the ICFRYA Cocktail of Adult and
Neonatal MSC Sources. Neuronal induction of all MSC
sources was conducted using the ICFRYA small molecule
cocktail protocol (Figure 1(a)) as previously reported for
BM-MSCs [10]. In addition to neuronal properties, necrotic
cell death was evaluated by propidium iodide staining. The
neuronal induction effects of the ICFRYA cocktail on MSCs
from different sources varied. Neuron-like cells with reac-
tivity to TUJ1 were induced in DP-MSCs (50 ± 7 7%),

PDL-MSCs (42 ± 7 1%), GT-MSCs (32 ± 1 9%), SK-MSCs
(34 ± 9 1%), and PLAC-MSCs (67 ± 2 3%); however, very
low percentages of MAP2+ cells were found (0.7% to
5.9%) (Figures 1(b)–1(f), right pictures and graphs). In
these MSC sources, the cocktail produced 48%-68% necro-
sis. In WhJ-MSCs, the chemical cocktail did not evoke
cells with neuronal properties, but high levels of necrosis
were present (Figure 1(g) right picture and graph). In
UCB-MSCs, the ICFRYA cocktail induced neuronal prop-
erties, i.e., bipolar morphology with a high percentage of
TUJ1+ cells (57 ± 3 3%) and coexpression of MAP2 in 27 ±
3 9%; however, a very high rate of necrosis (84 ± 6 8%) was
observed (Figure 1(h) right picture and graph). The removal
of I-BET151 from the chemical cocktail reduced the necrotic
cell death strongly in all MSC sources and also reduced the
expression of neuronal properties (Figures 1(b)–1(h), no
I-BET bars; Supplementary Table 4). It is noteworthy
that I-BET alone did not exhibit any effects on the
MSCs from any tissue (data not shown). I-BET151 and
forskolin are considered key molecules for chemical-based
neuronal transdifferentiation; in other reports, high
concentrations of these molecules have been used for
neuronal transdifferentiation [22]. However, increasing the
concentration of I-BET151 (1μM to 2μM) and/or forskolin
(50μM to 75μM) did not improve the expression of
neuronal properties on WhJ-, DP-, PDL-, GT-, SK-, or
PLAC-MSCs but did increase necrosis (Supplementary
Table 4 and Supplementary Figure 2). As illustrated in
Figures 2(a) and 2(e), very few cells from WhJ-MSCs
presented a bipolar morphology and reactivity to TUJ1. In
PDL-MSCs, although MAP2 reactivity was increased, the
signal was not associated with cell protrusions, and almost
all cells maintained the bipolar morphology (Figures 2(b)
and (e)). On the other hand, in UCB-MSCs incubated with
ICFRYA containing 2μM I-BET151, neuronal morphology
was observed after two days of induction (Figure 2(c)),
notably reducing the induction time from 8 to 4 days. At
this time, UCB-MSCs exhibited proper neuron-like
induction with 77 6 ± 10 7% TUJ1+ cells, protrusions with
secondary ramifications, MAP2 reactivity associated with
the branches, and only 25% necrotic death (Figures 2(c) and
2(d) and Supplementary Table 4). In our previous report,
the ICFRYA cocktail containing 1μM I-BET and 50μM
forskolin induced neuron-like cells from BM-MSCs with
reactivity to TUJ1 and MAP2. BM-MSCs were added as the
gold standard to compare neuronal induction with the other
sources. Using different concentrations of the molecules,
neuronal morphology was evident after 4 days (Figure 2(d)),
and the original ICFRYA molecule concentration showed
the best induction in BM-MSCs (Figures 2(d) and 2(e) and
Supplementary Table 4).

3.3. Neurotrophic Factors Improve Neuronal Induction of
BM- and UCB-MSCs by ICFRYA. To examine a possible
effect of neurotrophic factors on the improvement of neuro-
nal induction by the ICFRYA cocktail, BM- and UCB-MSCs
were cocultured with astrocytes and/or in the presence of
neurotrophic factors (BDNF, GDNF, and neurotrophin-3)
and fetal bovine serum (FBS) 1%. Coculturing with astrocytes
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Figure 1: Continued.
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during chemical induction strongly decreased cell viability
and did not improve the neuronal properties (data not
shown). The ICFRYA cocktail plus neurotrophic factors
and FBS was the best neuronal induction condition. In both
BM- and UCB-MSCs, this condition generated neuron-like
cells with multiple arborizing dendritic-like structures and
high percentages of cells positive for MAP2, NF-H, TAU,
and other mature neuron markers such as ENO2, GABA,
and NeuN (Figures 3(a) and 3(b)). No significant differences
were found between the positive neuron-like cells induced
from BM- or UCB-MSCs (Figure 3(c)). BM-MSCs and
UCB-MSCs in control conditions did not show reactivity to
the neuronal markers, and no cells positive for the glial
marker GFAP were detected in the control or induced
cultures (Supplementary Figure 3).

Changes in the gene expression of neuronal, glial, and
MSC markers as detected by qRT-PCR were analyzed after
the induction process. The neuron-like cells derived from
UCB-MSCs and BM-MSCs showed increased expression of
neuronal genes, such as TUJ1, MAP2, NF-H, DCX, NCAM,
ND1, NCAM, TAU, ENO2, GABA, and NeuN, and down-
regulated expression of the MSC markers CD90 and CD105
(Figure 4(a)). The fold change in expression of CD90,
CD105, DCX, and ND1 was significantly higher in the cul-
tures generated from UCB-MSCs than from BM-MSC cells.

To evaluate the transdifferentiation process, we con-
ducted a global RNA expression analysis. In the presence of
the ICFRYA cocktail, both UCB- and BM-MSC cells upregu-
lated the expression of neuronal regulators and other genes
associated with neurodevelopment and functional properties

(Figure 4(b)). Among the genes implicated in functional dif-
ferentiation, the potassium voltage-gated gene KCNC1 was
upregulated in BMs, and the KCNC1 and KCNJ16 genes
were upregulated in UCB-MSCs. The glial genes GFAP and
S100B remained unchanged, and positive regulators of the
cell cycle and genes associated with mesenchymal and fibro-
blastic lineages were downregulated (Figure 4(b)). Gene
Ontology term analysis indicated enrichment in the genes
related to processes such as small molecule metabolism,
cell signal, cell differentiation, positive regulation of neuro-
genesis, neuronal differentiation, functional neuron activi-
ties, dendritic spine development, and action potentials
(Figure 4(c)). Altogether, the results indicate that the
neuron-like cells obtained can be considered induced neurons
(iNs) generated from UCB-MSCs (UCB-iNs) or iNs gener-
ated from BM-MSCs (BM-iNs). Although the UCB-iNs and
BM-iNs have similar neuronal features, there was a higher
number of genes regulated in each Gene Ontology process
and a higher p value in the UCB-iNs (Figure 4(c)).

3.4. Ion Currents in BM-iNs and UCB-iNs. Whole-cell ion
currents were evaluated in control cells (UCB-MSCs and
BM-MSCs) and in cells with complex neuron-like mor-
phology from UCB-iNs and BM-iNs (Figures 5(a) and
5(b)). Fast inward sodium-like currents were not detected
in the control nor treated conditions. Outward noninacti-
vating ion potassium-like currents were also evaluated.
Slight and irregular potassium-like currents were recorded
in BM-iNs and no different to those in control BM-MSCs
(Figures 5(c) and 5(d)). Potassium-like currents of high
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Figure 1: Neuronal properties induced by the ICFRYA small molecule cocktail in different sources of human mesenchymal stem cells
(hMSCs). (a) Schematic diagram of the neuronal induction protocol. One day prior to the neuronal induction, MSCs were seeded on
FN/GL-treated plates, and the medium was replaced with neuronal medium (NM: N2/B27/FGF/EGF) or NM containing the ICFRYA
small molecule cocktail: I: I-BET151; C: CHIR99021; F: forskolin; R: RepSox; Y: Y27632; A: cAMP. NM or NM plus the ICFRYA cocktail
was changed at day 4, and the neuronal properties and necrosis were evaluated on day 8. (b–h) Representative images and percentages of
neuron-like morphology cells positive for TUJ1 (green bars), TUJ1/MAP2 (red bars), and necrotic cells (black bars). MSCs cultured with
NM maintained fibroblastic morphology (panels (b–h) left picture) and acquired neuron-like morphology only under small molecule
stimulation (panels (b–h) right picture). The presence of neuronal markers was estimated by immunostaining, and necrosis was evaluated
in situ using propidium iodide (PI). In addition to marker reactivity, neuronal-like morphology was considered to define TUJ1+ cells and
TUJ1+/MAP2+ cells. The data are presented as the mean ± SEM of n = 8 from three biological replicates in three independent experiments.
Scale bars represent 100μm. FN/GL: fibronectin-gelatin; FBS: fetal bovine serum; NM: neuronal medium; ICFRYA: I-BET151,
CHIR99021, forskolin, RepSox, Y27632, cAMP.

6 Stem Cells International



WhJ-MSC (I-BET151 2 𝜇M, forskolin 75 𝜇M)
TUJ1 MAP2Merge

(a)

PDL-MSC (I-BET151 2 𝜇M, forskolin 75 𝜇M)
TUJ1 MAP2Merge

(b)

UCB-MSC (I-BET151 2 𝜇M, forskolin 50 𝜇M)

TUJ1 MAP2Merge

1 day 2 days 3 days 4 days

(c)

BM-MSC (I-BET151 1 𝜇M, forskolin 50 𝜇M)

TUJ1 MAP2Merge

2 days 4 days 8 days6 days

(d)

W
hJ

-
PD

L-
U

CB
-

BM
-

W
hJ

-
PD

L-
U

CB
-

BM
-

W
hJ

-
PD

L-
U

CB
-

BM
-

W
hJ

-
PD

L-
U

CB
-

BM
-

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

TUJ1 MAP2 Necrosis Induction efficiency

‡ ‡

#
#

⁎

⁎

(e)

Figure 2: Effect of increasing I-BET151 and/or forskolin concentration on neuronal induction. Neuronal induction was conducted as in
Figure 1, but the I-BET151 concentration was increased from 1μM to 2 μM and/or forskolin concentration was increased from 50 μM to
75μM. (a) Wharton’s jelly cells did not show neuronal induction. (b) PDL-MSCs are shown as the representative source of an
intermediate response (Supplementary Table 4), and (c, d) UCB and BM-MSCs show highly efficient neuronal induction. The
morphological changes throughout culturing are shown in bright field pictures. UCB acquired neuron-like morphology after 2 days of
induction, developing complex neuronal morphology at 4 days, while BM developed similar morphology after 8 days. Immunostaining
shows that UCB- and BM-MSC developed complex TUJ1+ and MAP2+ neurite-like outgrowths. (e) Quantification of TUJ1+ cells, MAP2+

cells, and necrotic cells as in Figure 1. Induction efficiencies were calculated as the percentage of induced TUJ1+ neuronal cells versus
initial cell number at day 0. The data are presented as the mean ± SEM. Significant differences were determined using ANOVA and
Tukey’s test. p < 0 05: ‡WhJ-MSCs or #UCB-MSCs vs. the other sources, and ∗p < 0 05 between sources indicated with dotted lines. n = 8
from three independent biological replicates. Scale bars represent 100μm.

7Stem Cells International



BM-MSC: I-BET151 (2 𝜇M)+NF+FBS 1% day 8

TUJ1 GABA BMerge

TUJ1 MAP2Merge

NF-H TAUMerge

NeuN ENO2Merge

(a)

UCB-MSC: I-BET151 (2 𝜇M)+NF+FBS 1% day 4
TUJ1 MAP2Merge

NF-H TAUMerge

TUJ1 GABA BMerge

NeuN ENO2Merge

(b)

BM
-iN

s

UC
B-

iN
s

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100
MAP2

BM
-iN

UC
B-

iN

BM
-iN

UC
B-

iN

BM
-iN

UC
B-

iN

BM
-iN

UC
B-

iN

NF-H

BM
-iN

UC
B-

iN

BM
-iN

UC
B-

iN

TAU GABA NeuN ENO2TUJ1

(c)

Figure 3: Presence of mature neuronal markers after induction with ICFRYA plus neurotrophic factors and FBS in UCB- and BM-MSCs.
(a, b) Representative pictures of TUJ1, MAP2, TAU, NF-H, GABA B, ENO2, and NeuN positive cells after neuronal induction. The images on
A show the merge, and the images on B and C show the individual signal for each antibody. (a) BM-MSCs after 8 days of induction and
(b) UCB-MSCs after 4 days of induction. (c) Quantification of cells positive for the neuronal markers induced by the ICFRYA cocktail plus
neurotrophic factors. The data are presented as the mean ± SEM (∗p < 0 05, Student’s t-test) of n = 8 from three independent experiments.
Scale bars represent 100μm.
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Figure 4: Gene expression analysis in neuron cells induced from UCB-MSCs (UCB-iNs) or BM-MSCs (BM-iNs). (a) Real-time qPCR
evaluation of the expression of representative mesenchymal and neuronal genes. Data are shown as fold change versus noninduced MSCs
(mean ± SEM, n = 3 independent experiments) (∗ p < 0 05; Student’s t-test). (b, c) Global gene expression analysis. (b) Heat map showing
the change in expression of neuronal, glial, mesenchymal, and cell cycle genes from the microarray data after 8 and 4 days (BM-iNs and
UCB-iNs, respectively) of induction by the ICFRYA cocktail plus neurotrophic factors. The fold change in expression was calculated by
comparison with noninduced cells from the respective tissue source. Red color indicates increased gene expression while green indicates a
decrease. (c) Gene Ontology (GO) analysis demonstrated that in BM-iNs and UCB-iNs, the genes with a ≥1.5-fold change in expression
are implicated in the regulation of the neurogenic process. Highlighted in blue are the categories present in both BM- and UCB-INs. The
number of genes implicated per category is indicated over the bars.
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magnitude were recorded in 6 of the 14 UCB-iNs, whereas
in controls (UCB-MSCs), only small and irregular currents
were recorded.

4. Discussion

Neuronal transdifferentiation without genetic manipulation
from a suitable cell source is the most relevant cell replace-
ment strategy in the brain. This strategy was approached in
the present study by generating neuron-like cells from
human MSCs with a small molecule cocktail.

The neuronal induction potential of neonatal and adult
MSC sources was compared since some studies suggest that
MSCs from neonatal sources may have greater plasticity

and stemness than adult sources, possibly due to their lower
degree of commitment [24, 32, 33]. This hypothesis was not
confirmed in the protocol using the ICFRYA small molecule
cocktail as the neuronal inductor because the best sources to
generate cells with neuronal features were BM-MSCs and
UCB-MSCs. In contrast, neuronal traits were not induced
from WhJ-MSCs or were limited in the MSCs from dental
tissues, SK-MSCs, and PLAC-MSCs.

In addition to the neuronal transdifferentiation potential,
other studies have shown that MSCs from different tissues
exhibit differences in other functional activities, such as cell
proliferation, immune regulation properties, and trilineage
differentiation potential [12, 26, 27]. The intrinsic properties
of each MSC source or their tissue-specified functions may
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Figure 5: Ion currents in UCB-iNs and BM-iNs: (a) the voltage-clamp protocol used in all experiments (200ms step pulses from -120
to +50mV in 10mV increments from a holding voltage of -70mV); (b) iN-UCBs or iN-BMs with complex neuron-like morphology
were selected for electrophysiological recordings; (c) representative traces of the currents recorded from the control or induced cells.
UCB cells presented potassium-like currents, but Na+-like currents were not detected. (d) Current-to-voltage relationships. The data
are presented as the mean ± SEM.
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explain the different responses; however, this has not been
demonstrated. Each of the small molecules in the ICFRYA
cocktail used to induce neuronal transdifferentiation regu-
lates specific signaling pathways or epigenetic mechanisms
[7, 9, 11, 34, 35]. By performing screening assays with small
molecule combinations, it is possible to define whether the
differences in the neuronal induction efficiency of each spe-
cific cocktail are related to the particular signaling pathway
or epigenetic mechanism affected by the cocktail molecules
in the different MSC sources.

Another relevant feature to be considered in the process
of neuronal transdifferentiation is that cell death may func-
tion as a regulatory strategy in vivo to accomplish successful
neurogenesis and neuronal connection in the neural network
[36, 37]. During in vitro neuronal transdifferentiation, cell
death could be a destabilization product of the process itself
(activation/inhibition of metabolic pathways), resulting in
the elimination of cells that could not adapt to changes. In
other studies of neuronal transdifferentiation with small mol-
ecule cocktail protocols, cell viability was not examined or
presented as a marker of induction efficiency [20, 21]. Here,
we evaluated a possible correlation between necrosis and
neuronal induction efficiency and found that the ICFRYA
cocktail evoked high cell death without neuronal induction
in WhJ-MSCs and high neuronal induction efficiency
with low cell death in BM- and UCB-MSCs (Figure 2 and
Supplement Table 4).

The relevant role of I-BET151 in the neuronal induction
by small molecule cocktails has been reported for mouse
fibroblasts [22], human astrocytes [20], and in our previous
study on BM-MSCs [10]. This effect was extended for all
the MSC sources studied here, since removing I-BET151
from the cocktail blocked the presence of neuronal properties
regardless of the tissue source. I-BET151 is a regulator that
disrupts the epigenetic memory of the original cell, thus
favoring cell reprogramming [34, 38–40]. I-BET151 also
arrests the cell cycle, a process that is associated with neuro-
nal transdifferentiation [34, 41]; however, I-BET151 alone
did not induce neuronal properties. The ICFRYA cocktail
contains forskolin and dbcAMP, which increase the levels
and synthesis of intracellular cAMP. CHIR99021 inhibits
GSK3/beta catenin and promotes the expression of neuronal
genes. RepSox is involved in the reprogramming processes
that inhibit SMADS, and Y27632 inhibits ROCK to maintain
cell viability [7, 35, 42]. Altogether, this suggests that the pro-
cess of neuronal transdifferentiation requires the synergic
regulation of pathways involved in neuronal transdifferentia-
tion, neuronal specification, and survival.

During direct transdifferentiation, the original cells must
first undergo partial dedifferentiation, allowing the repres-
sion of the lineage of origin and then differentiate into a
new cell type [43, 44]; moreover, the cells have to arrest
the cell cycle at the same time that the chromatin is modu-
lated [41]. In BM-MSCs and UCB-MSCs, the ICFRYA cock-
tail enriched with neurotrophic factors (NT3, BDNF, and
GDNF) favors the generation of cells with complex neuronal
morphology, reactivity to mature neuronal markers, and
upregulated neuronal genes and neuronal process. More-
over, mesenchymal markers were decreased, and genes

related to mitosis, cell cycle, and mesenchymal lineage were
downregulated. Considering all these criteria, the transdif-
ferentiated cells were determined to be induced neurons
generated from BM-MSCs (BM-iNs) and UCB-MSCs
(UCB-iNs).

To be considered a functional iN, cells should exhibit
electrophysiological activity, such as action potentials and
synaptic transmission. To examine functional properties,
the presence of voltage-gated potassium and sodium currents
was evaluated in BM-iNs and UCB-iNs. Sodium currents
were not detected, and potassium-like currents were present
only in UCB-iNs. These results suggest that UCB-iNs may be
in a transition phase towards functionally induced neurons.
To obtain functional neurons, it is necessary to test other
maturation strategies. Three-dimensional (3D) cultures have
been shown to be an option to obtain functionally mature
cells during the reprogramming or transdifferentiation pro-
cesses of several cell types [45]. This option, together with
the ICFRYA cocktail, may be a convenient strategy to gener-
ate functional iNs from MSCs.

It has been recognized thatMSCs present advantages over
other cell types and have a low tumorigenic risk in cell
replacement therapies. Moreover, clinical studies in human
and neurodegenerative animal models indicate that MSCs
improve regeneration capacity and ameliorate brain inju-
ries. Although BM-MSCs are commonly considered the
“gold standard,” other MSC sources are more accessible
and raise fewer ethical issues. Therefore, identifying the
most suitable cell type and cell source for neuronal con-
version is an essential matter in cell therapy approaches
for neurological disorders.

5. Conclusion

This study determines that human MSCs can be converted
into transgene-free neuronal cells and establishes UCB-
MSCs as the most suitable sources for undergoing neuronal
transdifferentiation by a specific small molecule cocktail.
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A B S T R A C T

ISG15 (interferon-stimulated gene 15) exists as free ISG15 or conjugated ISG15 modifying its target proteins via
ISGylation. Few proteins have been identified and studied as ISGylation targets, and their relevance is not
completely clear. Here, we isolated ISG15 from MDA-MB-231 breast cancer cells using immunoprecipitation and
identified non-muscle myosin IIA (NMIIA) using mass spectrometry as endogenously associated with ISG15. The
identification of NMIIA as an ISG15-interacting protein was important, because levels of NMIIA mRNA were not
deregulated in all breast cancers, and because our in silico analysis indicated that NMIIA was the target of
different posttranslational modifications and had an interactome associated with cytoskeletal remodeling.
Furthermore, our experimental assays of co-immunoprecipitation and immunofluorescence confirmed that
ISG15 was covalently associated with NMIIA in the cytoplasm of breast cancer cells and that interferon γ (IFN-γ)
increased this association without alterations in the NMIIA levels. Thus, NMIIA ISGylation is regulated by IFN-γ,
and this modification may modulate its interactions with proteins that remodel the cytoskeleton, participating in
the growth and progression of mammary tumors.

1. Introduction

Interferon-stimulated gene 15 (ISG15) encodes a small l5 kDa pro-
tein made up of two ubiquitin-like domains and the amino acid se-
quence LRLRGG in the C-terminal domain. This sequence has been
shown to covalently bind target proteins, resulting in ISGylation, a
modification that requires a system similar to ubiquitination formed by
the UBE1L (E1-activating), UBCH8 (E2-conjugating), and E3 ligase
enzymes such as HERC5, EFP, and HHARI. Additionally, this ISGylation
system contains an enzyme to remove ISGylation, the USP18 de-
ISGylase enzyme, also named UBP43 (Basters et al., 2014; Dastur et al.,
2006; Feng et al., 2008; Okumura et al., 2007; Wong et al., 2006; Zou
and Zhang, 2006; Kim et al., 2004; Zhao et al., 2004). Nonetheless,
ISG15 can be detected when it is not covalently bound to its target
proteins, designated as free ISG15. The free ISG15 form can be secreted
from lymphocytes and monocytes and can be recognized by the lym-
phocyte function-associated antigen 1 (LFA-1) receptor to induce in-
terferon γ (IFN-γ) release from natural killer cells (D’Cunha et al., 1996;
Knight and Cordova, 1991; Swaim et al., 2017). So far, it has been
proposed that protein ISGylation can interfere or collaborate with the

ubiquitination pathway and/or can affect the interactions between
proteins. Moreover, the majority of ISGylated proteins seem to be
monoISGylated (Burks et al., 2014; Desai et al., 2006; Fan et al., 2015;
Huang and Bulavin, 2014; Jeon et al., 2009; Liu et al., 2003).

With respect to the regulation of ISGylation, ISG15 is upregulated in
several cancer types (Chen et al., 2016; Mao et al., 2016; Padovan et al.,
2002; Satake et al., 2010; Wan et al., 2013). Moreover, type I inter-
ferons (IFN-α and IFN-β) have been shown to be inducers of ISG15 in
several cell types, and, recently, we demonstrated that IFN-γ increased
free ISG15 and ISGylation levels in ERα+ and ERα− breast cancer
cells (Malakhova et al., 2003; Recht et al., 1991; Tecalco Cruz and
Mejia-Barreto, 2017; Tecalco-Cruz and Cruz-Ramos, 2018). IFN-γ is a
unique member of type II interferons that can transduce its signal via a
specific heterotetrameric receptor that activates the Janus protein tyr-
osine kinase (JAK)/signal transducer and activator of transcription 1
(STAT1) system to modulate the transcription of its target genes. IFN-γ
has immunoregulatory functions and dual roles in some cancer types. In
breast cancer, IFN-γ seems to induce cycle arrest and apoptosis, and
gene signatures for interferons have been associated with the resistance
to chemotherapy or endocrine therapy (Gooch et al., 2000; Legrier
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et al., 2016; Ning et al., 2010; Niu et al., 2015).
Hence, the effects of IFN-γ on breast cancer cells are important as

mammary tumors are highly heterogeneous, able to present or develop
resistance to treatments, and progress to invade other tissues because of
several deregulated molecular pathways, including nuclear receptors
signaling (Tecalco-Cruz, 2018; Tecalco-Cruz and Ramirez-Jarquin,
2017). Furthermore, it has been suggested that free ISG15 has anti-
tumor functions in vivo; however, downregulation of ISG15 decreases
proliferation and migration of breast cancer cell lines (Burks et al.,
2014, 2015; Desai et al., 2012). Nevertheless, ISGylation functions have
yet to be elucidated, as only a limited number of proteins modified by
ISG15 are known. Likewise, IFN-γ signaling and its relationship with
specific protein modification by ISGylation in breast cancer have not
been studied. Here, we identified non-muscle myosin IIA (NMIIA) as a
cytoplasmic protein that is modified via ISGylation and modulated by
IFN-γ in breast cancer cells.

2. Results

2.1. NMIIA is an endogenous ISG15-interacting protein in breast cancer
cells

In order to identify endogenous ISGylation target proteins in breast
cancer cells, we decided to use MDA-MB-231 cells as they had higher
levels of conjugated ISG15 than free, as shown by western blotting
(WB) against ISG15 using total extracts of these cells (Fig. 1A). These
cells acted as an adequate model to identify proteins covalently con-
jugated to ISG15. Next, we used the total extracts from these cells to
carry out an immunoprecipitation assay using a specific monoclonal
antibody for ISG15. The endogenous ISG15 was immunoprecipitated
and separated using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) followed by Coomassie staining using IgG
and a mock immunoprecipitation as negative controls. Among the de-
tected bands, we selected one very dense band (approximately 250 kDa
in size) to identify the ISG15-associated protein (Fig. 1B). Mass spec-
trometry (MS) revealed that this band corresponded to NMIIA (230 kDa
in size) encoded by MYH9, a member of the non-muscle myosin family
(NMII A, B, and C) (Fig. 1C and D). These proteins are comprised of a
heavy chain encompassing a globular head domain that binds actin and
adenosine triphosphate (ATP), a neck region that binds essential light
chain (ELC), and a regulatory light chain (RLC) as well as a tail region
that homodimerizes in a helical fashion. Light and heavy chains are
conserved among NMII proteins; however, the end of the heavy chain
tail is a sequence with considerable divergence between the NMII iso-
forms, as implicated in their regulation. NMII proteins associate with
actin filaments, contracting them and forming the actomyosin complex
that participates in cytoskeletal remodeling and regulation of shape,
organization, polarity, and motility of the cell (Newell-Litwa et al.,
2015; Ouderkirk and Krendel, 2014). Interestingly, our results indicate
that only one of the NMII proteins described in humans, NMIIA, is
endogenously associated with ISG15 in MDA-MB-231 breast cancer
cells.

2.2. NMIIA mRNA is not deregulated in breast cancers, but NMIIA seems to
be highly affected by posttranslational modifications and protein-protein
interactions

Initially, we decided to explore the role of NMIIA expression in
breast cancer and its regulation. We analyzed the expression of MYH9
in normal mammary tissue and mammary tumors from patients. Using
Oncomine, we selected the Curtis (2136 samples) database for this
analysis and determined that MYH9 expression was similar in breast
cancers and normal conditions, as statistical analyses revealed that
MYH9 expression was not significantly different between breast cancer
and normal mammary tissues (Fig. 2A). We also analyzed the reported
and predicted posttranslational modifications for NMIIA using

PhosphoSitePlus (PSP). Remarkably, NMIIA was a highly modified
protein, mainly by phosphorylation but also through other modifica-
tions, including acetylation and ubiquitination (Fig. 2B). Using the
Search Tool for the Retrieval of Interacting Genes (STRING) software,
we also found proteins associated with cytoskeletal remodeling (RhoA,
Ras, Cdc42, and ACTG1) in the interactome for NMIIA (Fig. 2C). Thus,
MYH9 expression was not deregulated in all mammary tumors from
patients, suggesting that protein-protein interactions of NMIIA and its
posttranslational modifications, including ISGylation, could be critical
and interconnected in the regulation of the levels and functions of this
protein.

2.3. Subcellular distribution of NMIIA and ISGylation mark in breast
cancer cells

Because NMIIA has been reported as the central element of acto-
myosin, we first evaluated the subcellular distribution of this protein.
We transfected the enhanced green fluorescent protein (EGFP)-NMIIA
plasmid in AD293 cells (kidney cells with high transfection efficiency)
and detected its localization in the cytoplasm using immuno-
fluorescence (Fig. 3A). Next, we analyzed the localization of en-
dogenous NMIIA protein in MDA-MB-231 and MCF-7 breast cancer cells
using subcellular fractionation and immunofluorescence assays. NMIIA
was detected mainly in the cytoplasmic fraction of these cells
(Fig. 3B–D). Free ISG15 was localized in cytoplasm, and ISGylation was
detected in both the nucleus and cytoplasm of these cells (Fig. 3B, C).
We also performed immunofluorescence assays using anti-ISG15 and
anti-NMIIA antibodies for the endogenous detection of these proteins in
MDA-MB-231 and MCF-7 cells (Fig. 3D). Similarly, the results showed
that NMIIA was mostly detected outside the nucleus, and ISG15 was
detected in the cytoplasm and in the nucleus. Thus, NMIIA and ISG15
are principally co-localized in the cell cytoplasm as indicated by the
merge of these images (Fig. 3D, E).

2.4. NMIIA is associated specifically with ISG15 in vivo

Based on our results, we evaluated whether ISG15 interacted spe-
cifically with NMIIA in vivo. We chose AD293 cells that had high levels
of conjugated ISG15 and undetectable free ISG15 levels (Fig. 4A). Then,
we used total extracts from AD293 cells transfected with EGFP-NMIIA
and performed an immunoprecipitation assay to enrich endogenous
conjugated ISG15 protein, followed by WB to detect EGFP-NMIIA. We
determined that EGFP-NMIIA was contained in the immunoprecipitated
ISG15 (Fig. 4B).

Similarly, AD293 cells were transfected with the EGFP-NMIIA
plasmid. We performed an immunoprecipitation experiment for con-
jugated ISG15 and used anti-NMIIA antibody for the WB, resulting in
detection of the exogenous (∼260 kDa) and endogenous (∼230 kDa)
form of NMIIA in the transfected cells. Only endogenous NMIIA was
observed in non-transfected cells, indicating a specific interaction be-
tween these proteins (Fig. 4C). Interestingly, ISG15-NMIIA interaction
resulted in a shifted band compared to the band corresponding to
NMIIA protein detected in total extracts by WB, suggesting that the
association of these proteins occurred in a covalent manner.

2.5. NMIIA is an ISGylated protein in breast cancer cells

Based on the specific interaction between ISG15 and NMIIA, we
verified this interaction in an endogenous context of breast cancer cells.
We performed an immunoprecipitation assay using monoclonal anti-
body against ISG15 as well as IgG and/or mock immunoprecipitation as
negative controls, followed by WB for NMIIA to demonstrate the spe-
cific endogenous binding between ISG15 and NMIIA in MDA-MB231
and MCF-7 cells (Fig. 5A). ISG15-NMIIA interaction (IP ISG15 WB
NMIIA) resulted in a shifted band compared to the band of NMIIA
protein detected by WB using total extracts (input) from breast cancer
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cells, indicating the covalent association between these proteins
(Fig. 5A). The same assay was performed using cytoplasmic and nuclear
extracts from these cells, and the interaction between ISG15 and NMIIA
was strongly detected in the cytoplasm of these cells (Fig. 5B). Thus, we
validated the endogenous interaction indicated by MS between ISG15
and NMIIA protein in breast cancer cells.

To discard the hypothesis of a non-covalent interaction between free
ISG15 and NMIIA, we used MCF-7 cells, where both conjugated ISG15
and free ISG15 could be detected (Fig. 5C). We performed a reciprocal

immunoprecipitation through the NMIIA protein immunoprecipitation,
followed by a WB against ISG15 (Fig. 5D). Free ISG15 was detected in
the total extracts (input); however, free ISG15 was not present in the
immunoprecipitated NMIIA, suggesting that the interaction between
ISG15 and NMIIA did not occur in a non-covalent manner but cova-
lently via ISGylation. As control, the efficiency of NMIIA im-
munoprecipitation was tested, and the covalent interaction between
ISG15 and NMIIA in these cells was confirmed (Fig. 5D bottom). These
results indicate that ISG15 protein is covalently associated with NMIIA.

Fig. 1. Identification of non-muscle myosin IIA (NMIIA) as a putative interferon-stimulated gene 15 (ISG15)-associated protein.
A) Total extracts from MDA-MB-231 cells were analyzed by western blotting (WB) against interferon-stimulated gene 15 (ISG15). B) Coomassie staining of ISG15-
immunoprecipitated complexes from MDA-MB-231 lysates. A band approximately 250 kDa in size was excised for analysis by mass spectrometry. Samples were
analyzed in duplicate. C) ISG15-interacting protein identified by mass spectrometry is shown in the table. The identified peptides are indicated in green (bold) on
non-muscle myosin IIA (NMIIA) protein sequence. NMIIA peptide coverage was 20%. D) Structural organization of NMIIA identified protein.
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2.6. IFN-γ modulates NMIIA ISGylation in breast cancer cells

We previously showed that IFN-γ increased ISGylation levels in
breast cancer cells; therefore, we sought to determine whether NMIIA
ISGylation increased by treatment with IFN-γ. Using total extracts from
MDA-MB-231 cells treated with IFN-γ or left untreated, we performed
an ISG15 immunoprecipitation. The Coomassie staining showed that
the band identified as NMIIA by MS was increased by IFN-γ treatment
(Fig. 6A). Furthermore, we demonstrated that the specific interaction
between ISG15 and NMIIA in MDA-MB-231 cells increased by IFN-γ
treatment using WB with an anti-NMIIA antibody (Fig. 6B). This in-
teraction was also enhanced by IFN-γ treatment in MCF-7 cells
(Fig. 6C). Although IFN-γ enhanced the ISG15 and ISGylation levels
after 24 h, no changes in the amount of NMIIA were detected in re-
sponse to IFN-γ treatment in MDA-MB-231 and MCF-7 cells under these
conditions (Fig. 6D and E)., suggesting that the availability of NMIIA
was not affected by IFN-γ-induced ISGylation (Fig. 6F and G).

ISGylation has been reported to be associated with an increase or
decrease in the protein stability and also in the protein-protein inter-
actions. As NMIIA levels were not altered by IFN-γ-increased
ISGylation, this modification could act affecting the interactions of
NMIIA, many of them linked to cytoskeletal (Fig. 2C). For this reason,
we performed an analysis using STRING software, evidencing an in-
terconnection between the IFN-γ signaling pathway, ISGylation, and
NMIIA, in which actin was the common protein that connected these

pathways, similar to IQ motif containing GTPase activating protein 1
(IQGAP1), a cytoskeleton protein that has been reported to be a ISGy-
lated target (Cerikan and Schiebel, 2017; Cerikan et al., 2016). Thus,
our study demonstrated a new connection generated by the ISGylation
of NMIIA modulated by IFN-γ. Moreover, our study suggests that IFN-γ
may regulate the ISGylation of many other cytoskeleton proteins par-
ticipating in the cytoskeletal dynamic in breast cancer cells (Fig. 7.

2.7. IFN-γ/ISG15-NMIIA-actin axis in cytoskeleton organization is
important in modulation of the morphology of breast cancer cells

ISG15 conjugation to NMIIA had no effect on its stability (Fig. 6),
but a functional interactome between NMIIA, cytoskeletal proteins and
the IFN-γ/ISG15 route was suggested by our data (Fig. 7). Additionally,
NMIIA interacts with F-actin to modulate cytoskeletal organization
(Ouderkirk and Krendel, 2014). Based on these data, we considered that
covalent interaction between ISG15 and NMIIA might have an effect on
the cell morphology. Presently, immunofluorescence assays revealed
greater elongation of MDA-MB-231 cells treated with IFN-γ, with an
increasing co-localization of NMIIA with ISG15 in the cytoplasmic and
perinuclear regions, in comparison with cells that were not treated with
IFN-γ (Fig. 8A). Furthermore, co-localization of NMIIA and F-actin in
the cytoplasm and at the edge of cells in response to IFN-γ was evident
(Fig. 8B). Co-localization of NMIIA, ISG15, and F-actin occurred mainly
in the cytoplasm of MDA-MB-231 cells treated with IFN-γ (Fig. 8C),

Fig. 2. Non-muscle myosin IIA (MYH9) mRNA levels in breast cancer and the modifications and protein-protein interactions for NMIIA.
A) Curtis datasets from Oncomine were analyzed to evaluateMYH9 expression in human mammary tumors compared to normal tissue. B) Evaluation of sites target of
posttranslational modification for non-muscle myosin IIA (NMIIA) using PhosphoSite. C) Analysis of NMIIA interactome using STRING. Known interactions from
curated databases, text mining, experimental determination, and protein homology are indicated in blue, green, purple, and dark blue lines, respectively. Kyoto
Encyclopedia of Genes and Genomes (KEGG). Gene Ontology (GO).
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suggesting that IFN-γ acting through ISG15 may be important to reg-
ulate the functional association of NMIIA and F-actin in the cytoplasm
of breast cancer cells.

We decided to evaluate whether morphological changes induced by
IFN-γ were associated with protein ISGylation (as ISGylated NMIIA),
and whether this occurred in other breast cancer cell types. To this end,
we examined MCF-7 cells, because they maintain an epithelial mor-
phology, in contrast to MDA-MB-231 cells that present a mesenchymal-
like morphology. Initially, we transfected these cells with EGFP-NMIIA
or EGFP-NMIIA with ISG15, E1 (UBE1L), and E2 (UbcH8) ISGylation
enzymes. ISGylation was increased when ISG15 and the ISGylation
system was transfected (Fig. 8D). Under this condition, the im-
munoprecipitation of ISG15 and WB for NMIIA revealed the enhanced

association of ISG15 with NMIIA, as well as EGFP-NMIIA (Fig. 8D
bottom). Thus, ISG15-NMIIA interaction was increased when ISGyla-
tion enhanced, and MCF-7 cells displayed stress fibers with discrete
morphological changes (Fig. 8E and 8F). Likewise, co-localization of
NMIIA-ISG15 and NMIIA-F-actin was detected under the condition of
ISGylation, in a manner similar to the co-localization of these proteins
in MDA-MB-231 cells treated with IFN-γ (Fig. 8E and F). The results
indicate that NMIIA ISGylation contributes to the changes in the mor-
phology associated with F-actin organization in breast cancer cells.

2.8. NMIIA-ISG15 interaction occurs during spreading of breast cancer cells

Cell spreading is a critical event that involves actin polymerization

Fig. 3. Non-muscle myosin IIA (NMIIA) is a cytoplasmic protein associated with interferon-stimulated gene 15 (ISG15) in breast cancer cells.
A) Enhanced green fluorescent protein-non-muscle myosin IIA (EGFP-NMIIA) was detected in cytoplasm of AD293 cells. B) and C) Cytoplasmic and nuclear extracts
from MDA-MB-231 and MCF-7 cells were analyzed by western blotting (WB) against NMIIA using tubulin and lamin as controls for cytoplasm and nucleus, re-
spectively. D) Evaluation of subcellular distribution of interferon-stimulated gene 15 (ISG15) and NMIIA protein in MDA-MB-231 and MCF-7 using immuno-
fluorescence assay. E) Analysis of co-localization for ISG15 and NMIIA in breast cancer cells.
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to generate a cellular contact area with the extracellular matrix or
substrate. NMII proteins participate differently in the generation of
protrusive forces that regulate cell spreading for cell motility. NMIIA
and NMIIB are recruited in the lamellar margin during the spreading of

MDA-MB-231 breast cancer cells participating in the regulation of this
process (Betapudi, 2010; Betapudi et al., 2006)

Since cell spreading is a fundamental NMII-regulated event, we
examined whether NMIIA-ISG15 interaction can occur in the spreading

Fig. 4. Non-muscle myosin IIA (NMIIA) is
specifically associated with interferon-sti-
mulated gene 15 (ISG15).
A) Western blotting (WB) for interferon-sti-
mulated gene 15 (ISG15) using 25 and 50 μg
from AD293 cell total extracts. B) AD293 cells
were transfected with or without enhanced
green fluorescent protein-non-muscle myosin
IIA (EGPF-NMIIA). After 48 h, the total extracts
were used for ISG15 immunoprecipitation and
WB for EGFP or C) WB for NMIIA.

Fig. 5. Interferon-stimulated gene 15 (ISG15) is covalently associated with non-muscle myosin IIA (NMIIA) in breast cancer cells.
A) Interferon-stimulated gene 15 (ISG15) was immunoprecipitated from MDA-MB-231 and MCF-7 cell total extracts, and western blotting (WB) with anti-non-muscle
myosin IIA (NMIIA) was performed. B) Cytoplasmic and nuclear fractions from MDA-MB-231 and MCF-7 cells were used for ISG15 immunoprecipitation followed by
WB for NMIIA. Anti-tubulin and anti-lamin were used as controls for the cytoplasmic and nuclear extracts. C) WB for ISG15 using 25 and 50 μg from MCF-7 cell total
extracts. D) Endogenous NMIIA immunoprecipitation from MCF-7 followed by WB for ISG15 was analyzed on 12% gels. Bottom: endogenous NMIIA and ISG15
immunoprecipitation followed by WB for NMIIA using total extract from MCF-7 cells.
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of MDA-MB-231 cells. We seeded cells in wells that were uncoated or
coated with the fibronectin (FN) extracellular protein for 30 and
120min. The early stage of spreading was detected at 30min, whereas
a well-defined spreading was observed at 120min in the MDA-MB-231
cells seeded on FN in comparison with those seeded in uncoated wells
(Fig. 9A and B). Since the later stages of cell spreading involve actin
polymerization and myosin contraction, we analyzed the co-localiza-
tion of NMIIA and ISG15, 120min after seeding of MDA-MB-231 cells
on glass treated with FN. ISG15 displayed mainly an extranuclear dis-
tribution that included its presence in lamellar margin, whereas NMIIA
was detected completely as an extranuclear protein enriched in the
lamellar margin. The collective results indicated that both proteins can
co-localize during cell spreading, suggesting that ISG15-NMIIA

association can occur in the marginal spreading lamellar region of
MDA-MB-231 cells, as well as in more central regions in the cytoplasm
of these cells during this event (Fig. 9C, arrowheads). Our results in-
dicate that ISG15 and, NMIIA co-localize in the cytoplasm and lamellar
region, and suggest that the association between these proteins may be
critical in NMIIA-driven protrusive spreading events, in addition to the
formation of focal adhesion complexes with the extracellular matrix.

3. Discussion

In contrast to other posttranslational modifications, ISGylation has
not been extensively studied. This modification occurs when ISG15, an
ubiquitin-like protein, is covalently bound to target proteins through an

Fig. 6. Association between interferon-stimulated gene 15 (ISG15) and non-muscle myosin IIA (NMIIA) is increased by interferon γ (IFN-γ) treatment in
breast cancer cells.
A) Coomassie staining of interferon-stimulated gene 15 (ISG15) immunoprecipitated complexes from MDA-MB-231 lysates treated or not treated with interferon γ
(IFN-γ) (100 ng/mL) for 24 h. The band approximately 230 kDa in size that corresponds to NMIIA is enhanced in response to IFN-γ treatment. B) Endogenous ISG15
immunoprecipitation followed by western blotting (WB) for non-muscle myosin IIA (NMIIA), using total extract from MDA-MB-231 and C) MCF-7 cells treated or not
treated with IFN-γ (100 ng/mL). D) and E) Total extract MDA-MB-231 and MCF-7 cells treated or not treated with IFN-γ (100 ng/mL) were analyzed by WB for NMIIA
and ISG15, using tubulin as a loading control. F) and G) Densitometry of NMIIA protein levels in MDA-MB-231 and MCF-7 treated or not treated with IFN-γ. Not
significant was indicated as N.S.
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enzymatic system similar to ubiquitination. A small number of candi-
date proteins have been proposed as ISGylation targets, and an even
smaller number of ISGylated proteins have been studied mechan-
istically and functionally, including FILAMIN B, proliferating cell nu-
clear antigen (PCNA), IQGAP1, PARKIN, and C-terminus of Hsc70-in-
teracting protein (CHIP). ISG15-dependent regulation of these proteins
has important biological implications through modulating the stability
and/or interactions of these proteins. Moreover, poly-ISGylation is not
common as most proteins are mono or di-ISGylated (Jeon et al., 2009;
Cerikan and Schiebel, 2017; Im et al., 2016; Park et al., 2014; Yoo et al.,
2018).

ISG15 is upregulated in several cancer types, including breast
cancer that has a characteristic profile of free ISG15 and ISGylation
levels increased by IFN-γ (Tecalco Cruz and Mejia-Barreto, 2017;
Tecalco-Cruz and Cruz-Ramos, 2018). However, proteins identified as
ISGylation targets in this cancer are currently not studied. Here, we
showed that NMIIA was endogenously associated with ISG15 in breast
cancer cells using MS. This protein of high molecular weight (230 kDa)
is important, as it is an element of actomyosin, participating in the
cytoskeletal organization. Interestingly, our analysis indicated that
MHY9 expression was not altered in all mammary tumors compared to
normal tissue, suggesting that posttranslational modifications might
play a central role in regulating the NMIIA function. Bioinformatics
analyses also showed many target sites in NMIIA for several different
modifications that appeared to be critical in breast cancer. For example,
NMIIA phosphorylation has been related to the contraction of actin fi-
laments in the formation of protrusions and migration (Dulyaninova
et al., 2007).

We identified NMIIA as an ISG15-interacting protein. This interac-
tion occurred covalently in breast cancer cells. The results showed a
migration for the band corresponding to ISG15-NMIIA interaction, re-
vealing a band discretely higher than the detected band for NMIIA in
total extracts. Our result was also validated by several co-im-
munoprecipitation assays using cell lines with high levels of conjugated
ISG15. However, free ISG15 was not detectable, suggesting that pro-
teins associated with ISG15 in these cells were ISGylated. In addition,
our results are reinforced in part by a previous report that suggests that
one of the several candidate proteins of ISGylation is NMIIA, confirming
this covalent interaction in a non-endogenous system in 293T cells

(Giannakopoulos et al., 2005). Thus, we showed an endogenous cova-
lent association between ISG15 and NMIIA in breast cancer cells and
demonstrated that this ISGylation of NMIIA was positively regulated by
IFN-γ.

What is the function of ISGylation? It is a question not easily to
understand so far, since this modification has been related to increased
or decreased protein stability, and with stability-independent actions as
the modulation of protein-protein interactions. Importantly, it has been
reported that the NMIIA modification by monoubiquitination regulates
its protein-protein interactions more than its stability or other func-
tional aspects (Li et al., 2016). This is relevant because we show that the
interaction between ISG15 ubiquitin-like protein and NMIIA in re-
sponse to IFN-γ treatment has no effect on the abundance of this myosin
but may affect its association with its protein partners. This observation
is also supported by the fact that ISGylation alters some protein-protein
interactions. For instance, FILAMIN B that binds actin and connects
actin filaments to the cell membrane is also a scaffold for IFN-β sig-
naling. Interestingly, IFN-β induces FILAMIN B ISGylation, and as a
result, Ras-related C3 botulinum toxin substrate 1 (RAC1), MEKK1, and
MKK4 are dissociated from FILAMIN B, thus blocking the activation of
c-Jun N-terminal kinases (JNK) signaling. This occurs without any
changes in FILAMIN B stability (Jeon et al., 2009). Moreover, ISGyla-
tion seems to be an important regulator of cytoskeleton dynamic as
other proteins that participate in this process like IQGAP1 are modu-
lated by this modification (Cerikan and Schiebel, 2017; Cerikan et al.,
2016).

Hence, ISGylation is associated with stability and degradation of
some proteins but also acts as a regulator of interactions between
proteins. Therefore, NMIIA ISGylation may participate in modulating
protein-protein interactions. The interactome analysis of NMIIA showed
that many of its protein partners were related to cytoskeletal proteins
and/or signaling and regulation of the actin cytoskeleton. Thus, NMIIA
ISGylation induced by IFN-γ may affect the association between NMIIA
and other cytoplasmic proteins involved in cytoskeletal remodeling.
Furthermore, our data suggest that IFN-γ increases ISG15 levels and the
ISGylation of its target proteins, including NMIIA. For this reason, the
transfection of the ISGylation system also promoted an increase in the
ISG15-NMIIA association. This association was apparent in the cyto-
plasm and perinuclear region of breast cancer cells. The increase of

Fig. 7. Interconnection between interferon
γ (IFN-γ) pathway, ISGylation system, and
non-muscle myosin IIA (NMIIA).
Relationship between interferon γ (IFN-γ), in-
terferon-stimulated gene 15 (ISG15), NMIIA.
Analysis using STRING. Known interactions
from curated databases, text mining, experi-
mental determination, and protein homology
are indicated in blue, green, purple, and dark
blue lines, respectively. Connection of func-
tional interactomes for IFN-γ, ISGylation
system, NMIIA, and other proteins linked to
cytoskeleton dynamic, is shown. Dashed red
line indicates the interconnections suggested
by our data.
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Fig. 8. Association induced by IFN-γ and the ISGylation system of non-muscle myosin IIA (NMIIA) and interferon-stimulated gene 15 (ISG15) is implicated
in the morphology of breast cancer cells.
A-C) Evaluation of the subcellular distribution of NMIIA, and F-actin and/or interferon-stimulated gene 15 (ISG15) in MDA-MB-231 cells that were untreated or
treated with IFN-γ using an immunofluorescence assay. D) Enhanced green fluorescent protein-non-muscle myosin IIA (EGFP-NMIIA) was expressed with or without
ISG15 and E1 and E2 enzyme in MCF-7 cells. ISG15 and Tubulin were detected by western blotting (WB). Endogenous ISG15 immunoprecipitation was followed by
WB for non-muscle myosin IIA (NMIIA), using total extract from MCF-7 cells. E and F) Immunofluorescence assay of the subcellular distribution of NMIIA and F-actin
or interferon-stimulated gene 15 (ISG15) in control MCF-7 cells or cells expressing ISG15 and ISGylation system. Arrowheads, co-localization of NMIIA, ISG15 or F-
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ISG15-NMIIA association was accompanied by a more elongated mor-
phology of the MDA-MB-231 cells (Fig. 8A–C), as well as with the
formation of stress fibers of F-actin in MCF-7 cells (Fig. 8E). Thus, IS-
Gylation of NMIIA may have implications in actin-cytoskeleton re-
modeling.

The dynamics of the cytoskeleton is also important in cell spreading,
which is modulated by myosin proteins, and represents a critical step
for the attachment and detachment of the cells with the substrate, a
central event in cell migration. NMIIA and NMIIB are enriched in the
lamellar margin. However, their functions are unclear. It has been
suggested that they may have an opposite effect on spreading, with
NMIIB promoting cell spreading (Betapudi, 2010; Betapudi et al., 2006;
Cai et al., 2006). Interestingly, the ISG15-NMIIA association seems to
occur in the spreading of breast cancer cells induced by FN, and this
association is specific for NMIIA, but not for NMIIB. In addition, FN
may induce ISG15 expression and protein ISGylation via integrin-de-
pendent signaling (Hermann et al., 2016).

Our findings are relevant since they open new avenues to under-
stand ISG15 as a regulator of the NMIIA as a motor of the F-actin, and
its effects in the spreading and migration of breast cancer cells, and its
modulation by interferons and proteins of extracellular matrix as FN.

NMIIA has a high identity percentage with NMIIB and NMIIC iso-
forms (79% and 65%, respectively). Because NMIIA is a protein with

high molecular weight, containing 10.56% lysine residues, there are
many possible lysine residues for ISGylation. Our MS results identifying
NMIIA suggest that lysines only in NMIIA but not in NMIIB and NMIIC
may be involved in this covalent interaction. The generation of mutants
of NMIIA to block its ISGylation may help to understand the function of
this modification in NMIIA in breast cancer cells.

In conclusion, we have identified NMIIA as an endogenously and
covalently ISG15-associated protein in the cytoplasm of breast cancer
cells. NMIIA is modified by ISGylation, and this modification may
regulate its protein-protein interactions, including its association with
F-actin for cytoskeletal reorganization. IFN-γ treatment increases
ISGylation of NMIIA and promotes changes in the morphology of breast
cancer cells with the formation of stress fibers. The FN extracellular
matrix protein may induce ISG15 expression and increases the
ISGylation of NMIIA. This ISG15-NMIIA association seems also occur in
the FN-induced and NMII-modulated spreading of MDA-MB-231 cells
(Fig. 10). This new link between IFN-γ, ISGylation, and cytoskeletal
proteins may be important in the progression of some cancers such as
breast cancer.

Fig. 9. Association of non-muscle myosin IIA (NMIIA) and interferon-stimulated gene 15 (ISG15) is implicated in the spreading of breast cancer cells
induced by fibronectin (FN).
A and B) MDA-MB-231 cells were seeded in uncoated wells or wells coated with fibronectin (FN) and analyzed after 30 or 120min. C) Immunofluorescence assay of
the distribution and co-localization of NMIIA and ISG15 in MDA-MB-231 cells seeded in FN-coated wells after 120min. Arrowheads and zoom image show co-
localization regions.
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4. Materials and methods

4.1. Cell lines and reagents

The AD293 human embryonic kidney cell line and the MDA-MB-231
(ERα−, triple negative) and MCF-7 (ERα+) breast cancer cell lines
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 5% fetal bovine serum and penicillin/streptomycin. Recombinant
human IFN-γ (285-IF-00) was obtained from R&D systems. Culture
media were obtained from Invitrogen, and reagents were obtained from
Sigma-Aldrich, AMRESCO-VWR, and Bio-Rad.

4.2. Plasmids and transfections

The pEGFPMIIAC3 plasmid was a gift from Dr. Anne R. Bresnick
(Albert Einstein College of Medicine, USA) and plasmids pCAGGS-5HA-
mISG15, pFlagCMV2-UbcH8, and pCAGGS-HA-hUBE1L were a gift
from Dr. Dong-Er Zhang (Department of Pathology, Moores Cancer
Center University of California, San Diego). AD293 or MCF-7 cells were

seeded and grown to 80% confluence for transient transfection with
plasmid DNA using the Lipofectamine 2000 system, according to the
manufacturer’s instructions (Invitrogen).

4.3. Total, cytoplasmic, and nuclear extract preparation

To obtain total extracts, cells were lysed with TNTE buffer (50mM
Tris−HCl, 150mM NaCl, 5 mM ethylenediaminetetraacetic acid
(EDTA), and 0.5% Triton-X-100) or radioimmunoprecipitation assay
(RIPA) buffer (50mM Tris−HCl pH 7.4, 150mM NaCl, 1 mM EDTA,
0.5% deoxycholic acid, 1% NP-40, and 0.1% SDS) containing protease
and phosphatase inhibitors. Subcellular fractionation was performed to
obtain nuclear and cytoplasmic fractions, as described previously
(Tecalco Cruz and Mejia-Barreto, 2017; Grewal et al., 2000). Briefly,
cells were homogenized in homogenization buffer (250mM sucrose,
3 mM imidazole, and protease and phosphatase inhibitors), passed
through a 22−gauge needle 15 times for MDA-MB-231 cells and 12
times for MCF-7 cells, and then centrifuged at 700 × g for 10min. The
supernatant (cytoplasmic fraction) was separated from the pellet

Fig. 10. Proposed model.
NMIIA is covalently associated with ISG15 in breast cancer cells. A) This modification of NMIIA by ISGylation may modulate the actomyosin complex (NMIIA-F-actin),
which affects the reorganization of cytoskeleton and consequently the morphology of the cells. B) Extracellular matrix proteins like FN seem to induce ISG15
expression, with subsequently increased NMIIA ISGylation. These events may be critical in FN-induced cell spreading, in which actomyosin activity is also required.
C) In response to IFN-γ, ISG15 expression and NMIIA ISGylation are increased, and changes in the cell morphology associated with F-actin organization are produced.
These events are also generated by the overexpression of the ISGylation system. Thus, NMIIA ISGylation may have central implications in the proliferation and
migration of mammary tumor cells. BC: breast cancer. In gray: ISG15, NMIIA and actin co-localization.
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(nuclear fraction). Both fractions were lysed with RIPA buffer at 4 °C for
1 h. Protein extracts were quantified using the Bradford method for the
WB and immunoprecipitation assays.

4.4. Immunoprecipitation, Coomassie staining, and MS

Immunoprecipitation assays were performed with 0.6 or 1 μg of
anti-ISG15 and anti-NMIIA antibodies, respectively.
Immunoprecipitated complexes in Laemmli solution were separated by
SDS-PAGE, followed by Coomassie Blue G staining for the selection of
bands for MS analysis. The MS service from Instituto Nacional de
Medicina Genómica (INMEGEN), Unidad de Proteómica, was utilized.
The visible band was manually cut and reduced with dithiothreitol
(DTT) 10mM, alquilated with iodoacetamide 100mM and destained
with acetonitrile (ACN) (NH4HCO3 50mM, 50:50 v/v). Protein diges-
tion was carried out for 18 h at 37 °C with trypsin (Promega V528 A).
The obtained peptides were extracted (ACN:H2O:formic acid, 50:45:5),
the volume was reduced in a concentrator, and the sample was desa-
linated using a column C18 (ZipTipC18). The sample was loaded 6-fold
using alpha-cyano as a matrix and analyzed using a MALDITOF/TOF
4800. A search was performed with the obtained MS/MS spectrums,
using the Paragon algorithm from the software ProteinPilot.

4.5. Co-immunoprecipitation assays and WB

Cells were lysed using RIPA or TNTE lysis buffer as described pre-
viously (Tecalco-Cruz and Cruz-Ramos, 2018). Proteins were im-
munoprecipitated with specific anti–ISG15 (Santa Cruz Biotechnology),
anti–NMIIA (Sigma-Aldrich), or anti–GFP (Clontech) antibodies. The
immunoprecipitated proteins were separated by SDS-PAGE, followed
by immunoblotting with specific primary antibodies (anti–GFP, anti-
NMIIA, or anti-ISG15). The experiments were performed in triplicate,
and representative images were shown. For analysis of total, cyto-
plasmic, and nuclear extracts, 25–100 μg of protein lysates were used.
Protein lysates were separated by SDS-PAGE and then subjected to
immunoblotting with anti-ISG15 (1:1000) (F-9, sc-166755), anti-α-tu-
bulin (1:3000) (B7, sc-5286) obtained from Santa-Cruz Biotechnology,
anti-lamin B1 (1:2000) obtained from Cell Signaling (D4Q4Z), anti-
NMIIA (1:3000) (M8064), and anti-EGFP (1:3000) (632592) obtained
from ClonTech. A secondary anti-rabbit IgG antibody was used
(1:10,000 for anti-lamin and anti-GFP, 1:25,000 for anti-NMIIA) (sc-
2004; Santa Cruz Biotechnology) as well as peroxidase AffiniPure goat
anti-mouse (1:10,000 for anti-tubulin and anti-ISG15) (115-035-003,
Jackson). Protein detection was performed using SuperSignal West Pico
Chemiluminescent Substrates (Thermo Fisher Scientific) or Immobilon
Western (Millipore). All experiments were performed in triplicate.

4.6. Immunofluorescence assay

Cells were seeded on glass coverslips coated with poly-L-lysine in 6-
well plates. The cells were fixed in 4% paraformaldehyde for 10min
and then permeabilized with 0.1% Triton X-100 for 10min. After
blocking with 1% albumin for 1 h, cells were incubated overnight with
anti-ISG15 (F-9, sc-166755; 1:100) and anti-NMIIA (M8064). After
primary incubation, cells were washed and incubated with Alexa Fluor
647 anti-mouse IgG secondary antibody (ab150107, Abcam; 1:750) and
Alexa Fluor 488 anti-rabbit IgG secondary antibody (ab150073, Abcam;
1:500) for 1 h in the dark. The slides were prepared with ProLong
Diamond Antifade Mountant with 4′,6-diamidino-2-phenylindole
(DAPI) (Invitrogen). For phalloidin assays (F-actin detection), after
blocking, the cells were incubated for 1 h with phalloidin (1:40) and
mounted with DAPI solution. An Olympus IX2 and FV10i confocal laser-
scanning microscopes were used to visualize the cells, and ImageJ
software was used for the imaging, processing, and analysis of results.

4.7. Spreading assays

MDA-MB-231 cells were seeded on wells or glass coverslips in 6-well
plates treated with FN (25mg/mL) for 1 h. After 30 or 120min fol-
lowing seeding, cells were fixed and visualized, or were prepared for
immunofluorescence assay. Cell morphology was evaluated using an
Invitrogen EVOS FL Cell Imaging System. Co-localization was analyzed
using an Olympus FV10i confocal laser scanning microscope.

4.8. Bioinformatics

The cancer microarray database Oncomine (www.oncomine.org)
was consulted to analyze MYH9 expression in patient-derived mam-
mary tumors and normal mammary tissue. The analysis of post-
translational modifications for NMIIA was performed with PhosphoSite
(Hornbeck et al., 2015) (www.phosphosite.org), and analysis of pro-
tein-protein interactions for NMIIA was carried out using STRING 10.5
version (https://string-db.org/cgi/network.pl) (Szklarczyk et al.,
2017).

4.9. Statistical analysis

Statistical analysis was performed with Student’s t-test using
GraphPad Prism 5 software (GraphPad). Densitometry for WB assays
were performed using Fiji-ImageJ. Results were expressed as significant
when p < 0.05 (*), p < 0.01 (**) and p<0.001 (***). Not sig-
nificant is described as N.S.
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Abstract

Non‐alcoholic fatty liver disease (NAFLD) encompasses a broad spectrum of

histopathological changes ranging from non‐inflammatory intracellular fat deposition

to non‐alcoholic steatohepatitis (NASH), which may progress into hepatic fibrosis,

cirrhosis, or hepatocellular carcinoma. Recent data suggest that impaired hepatic

cholesterol homeostasis and its accumulation are relevant to the pathogenesis of

NAFLD/NASH. Despite a vital physiological function of cholesterol, mitochondrial

dysfunction is an important consequence of dietary‐induced hypercholesterolemia

and was, subsequently, linked to many pathophysiological conditions. The aim in the

current study was to evaluate the morphological and molecular changes of

cholesterol overload in mouse liver and particularly, in mitochondria, induced by a

high‐cholesterol (HC) diet for one month. Histopathological studies revealed

microvesicular hepatic steatosis and significantly elevated levels of liver cholesterol

and triglycerides leading to impaired liver synthesis. Further, high levels of oxidative

stress could be determined in liver tissue as well as primary hepatocyte culture.

Transcriptomic changes induced by the HC diet involved disruption in key pathways

related to cell death and oxidative stress as well as upregulation of genes related to

glutathione homeostasis. Impaired liver function could be associated with a decrease

in mitochondrial membrane potential and ATP content and significant alterations in

mitochondrial dynamics. We demonstrate that cholesterol overload in the liver leads

to mitochondrial changes which may render damaged hepatocytes proliferative and

resistant to cell death whereby perpetuating liver damage.
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1 | INTRODUCTION

Non‐alcoholic fatty liver disease (NAFLD) is the most common form

of chronic liver disease (Lonardo et al., 2017). Patients with NAFLD

are at high risk of developing inflammatory steatohepatitis (NASH)

which can progress into fibrosis, cirrhosis, and ultimately, hepato-

cellular carcinoma (HCC; Calvisi et al., 2011). Several lines of

evidence indicate that structural and functional alterations of

mitochondria significantly contribute to changes of the cellular lipid

metabolism as well as oxidant stress response. Consistently,

mitochondrial dysfunction is frequently associated with the devel-

opment of NAFLD (Auger, Alhasawi, Contavadoo, & Appanna, 2015;

Serviddio & Sastre, 2010). Oxidative stress is one of the key

mediators of hepatic damage and a major contributor to the

progression from steatosis to NASH, particularly when mitochondria

are compromised (Bellanti et al., 2018). Oxidative stress can result in

various deleterious processes that stem from an imbalance between

the excessive formation of pro‐oxidants and the counteracting

antioxidant mechanisms (Gomez‐Quiroz, Gutierrez Ruiz, Marquardt,

Factor, & Thorgeirsson, 2017). It is well known that mitochondrial

dysfunction can be induced by dietary‐induced hypercholesterolemia,

leading to organ insufficiency or failure, particularly in the liver (Marí

et al., 2006). Although mitochondria, particularly the inner mem-

brane, only have low levels of cholesterol in the cell, cholesterol

content is essential for the proper functionality of mitochondria

(Garcia‐Ruiz et al., 2009). Alterations in mitochondrial cholesterol

have been associated with a wide range of pathological conditions,

including steatosis and cancer (Enríquez‐Cortina et al., 2017).

Recently, it has been published that a high cholesterol (HC) diet

(1.25% cholesterol) in combination with a high fat diet (60% cocoa

butter) synergistically enables development and progression of

NAFLD to NASH by a mechanism driven by cholesterol derivatives

(oxysterols) in presence of free fatty acids with impact in

mitochondrial function and dynamics (Bellanti et al., 2018), but the

effects displayed by dietary cholesterol alone remains partially

characterized. In the present work, we were aimed to figure out

the effects of cholesterol overload in the liver, particularly in

hepatocytes, and the influence on the transcriptome and in the

cholesterol‐overloaded mitochondria dynamic.

2 | MATERIAL AND METHODS

All chemicals and reagents were of the highest analytical grade, and

most of them were purchased from Sigma (St. Louis, MO). Reagents

obtained from other suppliers are detailed in the text.

2.1 | Animal model

C57BL/6 male mice (8–10 weeks old) were purchased from

Jackson Laboratory (Bar Harbor, ME) and were maintained in

pathogen‐free conditions with controlled temperature and

humidity on a 12 hr light–dark cycle in the animal facility at the

Universidad Autonoma Metropolitana. The experimental proto-

cols used were approved and performed in accordance with the

Animal Care Committee of the Universidad Autonoma Metropo-

litana and the NIH Guide for the Care and Use of Laboratory

Animals.

2.2 | Experimental design

Twenty mice were randomly divided in two groups, 10 animals were

fed with an HC diet (2% cholesterol and 0.5% sodium cholate;

Gomez‐Quiroz et al., 2016; Nuño‐Lámbarri et al., 2016) for 30 days,

the second group was fed with control standard Chow diet (LabDiet

#5001) for the same period. After 30 days, animals were killed. Liver

weight was monitored, and liver tissue, as well as serum, was

collected for subsequent analyzes.

2.3 | Histological analysis

Liver sections from all groups were fixed in absolute ethanol and

embedded in paraffin for routine hematoxylin and eosin (H&E)

staining, and both, morphometric and NAFLD activity score (NAS;

Kleiner et al., 2005) studies were performed. For morphometric

study five H&E slides, five random‐ view fields were selected, and

100 cells were counted in each field. Data are reported as cell

percentage considering normal, regenerative, and death phenotypes

(Enriquez‐Cortina et al., 2013). Tissue for Oil Red O staining were

fixed in 4% paraformaldehyde/phosphate‐buffered saline (PBS) for

30min and was stained with freshly diluted 0.2% Oil red O solution

for 4 hr after that we proceeded to microphotography.

2.4 | Primary mouse hepatocytes isolation and
culture

Hepatocytes were isolated from HC and Chow mice by the two‐step
collagenase perfusion, as we previously reported (Gómez‐Quiroz

et al., 2008). The viability was assessed by trypan blue exclusion and

generally exceeded >90%. Hepatocytes were seeded at 2.5 × 105

cells per cm2 either in Lab‐Tek chambered slides or in 10‐cm dishes

(Nalge, Nunc) in Ham’s F‐12/Dulbecco’s modified Eagle’s basal

hepatocyte growth medium supplemented with 10% fetal bovine

serum. After 24 hr, cells were used for reactive oxygen species (ROS)

determination, Oil Red O staining, cholesterol, and mitochondrial

potential determination.

2.5 | Biochemical determinations and analysis of
liver function

Blood samples were obtained from the orbital venous plexus under

Avertin (2‐2‐2 tribromoethanol) anesthesia before sacrifice. Serum

activity of aspartate aminotransferase (AST), alanine transferase

(ALT), and alkaline phosphatase (ALP) were determined by an

automated method using Reflovet Plus (Roche, Mannheim, Germany).
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2.6 | Cholesterol determination

For total cholesterol determination, 10mg of liver or mitochondrial

protein was saponified with alcoholic KOH in a 60°C heating block

for 30min. After the mixture had cooled, 3 ml of hexane and 600 μl of

distilled water were added and shaken to ensure complete mixing.

Appropriate aliquots of the hexane layer were evaporated under

nitrogen with vacuum (Speed Vac, Savant, Cranbury, NJ) and used for

cholesterol measurement with O‐phthalaldehyde dissolved in acetic

acid (0.5 mg/ml). After that sulfuric acid (1ml) was added and then

read at 550 in a spectrophotometer (Rudel & Morris, 1973).

2.7 | Triglycerides determination

Triglycerides (TG) content was determined using the triglyceride

determination kit (Sigma‐Aldrich, St Louis, MO) following manufac-

turer’s instructions.

2.8 | Oil red O staining

To detect intracellular neutral lipids accumulation, the cells were

seeded into 24‐well chambers. After treatments, cells were washed

with ice‐cold PBS and then fixed with 2.5% paraformaldehyde for

1 hr. The cells were stained with freshly diluted 0.2% Oil red O

solution for 4 hr; after that, we proceeded to microphotography.

2.9 | In situ ROS determination

Animals were euthanized in parallel exclusively for in situ ROS

determination. Fresh tissue was rapidly sectioned, frozen in liquid

nitrogen, and embedded in optimum cutting temperature reagent

(Sakura Finetec, Torrance, CA). Subsequently, 8‐μm frozen sections

were obtained in a cryostat (Leica CM‐3050S) at −20°C and the

slides were immediately incubated for 15min, in the dark, at room

temperature with either 2′,7′–dichlorofluorescin diacetate (DCFDA,

5 μM), a cell‐permeable non‐fluorescent probe that is intracellularly

de‐esterified and converted to the highly fluorescent 2′,7′‐dichloro-
fluorescein (DCFH) upon oxidation by ROS, particularly peroxides, or

with dihydroethidium (DHE, 1 μM) for determination of superoxide

anion radical detecting ethidium fluorescence. Samples were covered

and observed using a confocal microscope at excitation and emission

wavelengths of 480 and 520 nm, respectively, for DCFDA; and

excitation and emission wavelengths of 485 and 570 nm, respec-

tively, for DHE‐derived ethidium fluorescence, as we previously

reported (Nuño‐Lámbarri et al., 2016).

2.10 | Western blot

The whole liver homogenate was prepared in ice‐cold PBS using

dounce homogenizer. The cellular pellet was suspended in 200 μl of

M‐PER (Pierce Chemical, Rockford, IL); lysis buffer was supplemen-

ted with proteases and phosphatases inhibitors (Roche). Lysis was

performed on ice for 15min, and cell debris was removed by

centrifugation at 13,000g at 4°C for 10min and the supernatant was

recovered (Hernández et al., 2015). Total protein concentration was

determined using a bicinchoninic acid kit (Pierce Thermo Scientific,

Rockford, IL), according to the manufacturer’s instructions. Proteins

were separated by electrophoresis using 10% gradient Duramide

precast gels (Cambrex, Rockland, ME) and transferred to a

polyvinylidene difluoride membranes (Invitrogen, Carlsbad, CA;

Clavijo‐Cornejo et al., 2013). Immunodetection was performed using

antibodies listed in Supporting Information Table 1.

2.11 | Mitochondria isolation

Mitochondria were obtained by homogenization and differential

centrifugation. Briefly, cells were suspended 50% w/v in mitochon-

drial buffer 0.22M mannitol, 0.7M sucrose, 2 mM HEPES, pH 7.4)

plus 0.1% BSA and were homogenized. The homogenate was

centrifuged in an F21‐ 8 × 50 y Sorvall rotor at 1017g for 5 min.

Then the supernatant was recovered and centrifuged at 10,700g for

10min. The pellet was suspended in mitochondrial buffer containing

BSA and centrifuged at 3,600g for 5 min. The supernatant was

recovered and centrifuged at 17,000g for 10min. The resulting pellet

was suspended in a small volume of mitochondrial buffer (without

BSA), and protein was determined by Biuret (Rosas‐Lemus, Uribe‐
Alvarez, Chiquete‐Félix, & Uribe‐Carvajal, 2014).

2.12 | Mitochondrial transmembrane
potential (ΔΨ)

The Δψ was determined using 10 μM safranine‐O, following the

absorbance changes at 511–533 nm in a DW2000 Aminco spectro-

photometer in dual mode (Åkerman &Wikström, 1976). At the end of

each trace, Δψ was collapsed by adding 5 μM of the protonophoro m‐
chlorophenylhydrazone (CCCP). Additionally, changes in mitochon-

dria membrane potential were addressed by using the rhodamine‐
based dye Mito Red, which upon mitochondria localization emits

fluorescence in a membrane potential‐dependent manner.

2.13 | ATP determination

Hepatic ATP concentration was determined colorimetrically in liver

homogenates of Chow and HC mice using the Abcam ATP‐assay kit

(Abcam, MA) according to the manufacturer’s instructions. Briefly,

30mg of liver was lysed in the ATP assay buffer and centrifuged at

13,000g for 2 min to pellet‐insoluble materials. Samples were

deproteinized and neutralized with PCA‐KOH. The supernatant was

added to a 96‐well plate and followed by the addition of 50 μl of the

Reaction Mix to each well and was incubated at the room

temperature in the dark for 30min. Absorbance was read at

570 nm using a multimode detector DTX 880 (Beckman Coulter).

The ATP content was calculated based on a standard curve

generated at the same time.
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2.14 | Electron microscopy

Tissues were fixed with 2% glutaraldehyde in 0.1M phosphate buffer

(pH 7.4) followed by 1% OsO4. After dehydration, thin sections were

stained with uranyl acetate and lead citrate for observation under an

EOL JEM 12000 EII transmission electron microscope (TEM).

2.15 | Global transcriptomic analysis by microarray

Microarray analysis was performed as we previously described

(Gomez‐Quiroz et al., 2016). As input, 200 ng total RNA from liver

tissue were used for the in vitro transcription reactions, which were

incubated for 16 hr at 37°C. Hybridization, washing, detection (Cy3‐
streptavidin, Amersham Biosciences, GE Healthcare), and scanning

were performed on an Illumina iScan system (Illumina) using reagents

and protocols supplied by the manufacturer. The biotinylated cRNA

(750 ng per sample) was hybridized on Sentrix whole genome

beadchips mouse Ref‐8v2 for 18 hr at 58°C while rocking (5 rpm).

The beadchip covers ~24,000 RefSeq transcripts. Image analysis and

data extraction were performed automatically using Illumina

GenomeScan Software. Gene expression values were adjusted by

subtracting background noises in each spot by GenomeStudio

(Illumina) and normalized by quantile normalization method across

all samples. A signal intensity with a detection p‐value greater than

0.05 was treated as a missing value, and only genes with sufficient

representation across the samples were included in further data

analysis (presence in ≥2 replicates/group). Differentially expressed

genes were identified by Bootstrap t‐test with 10,000 repetitions

(Neuhauser & Jockel, 2006). Genes with a Bootstrap p‐value ≤ 0.01

were considered significantly different. Only genes with more than

two fold differences and p‐value ≤ 0.01 were included in further

analyzes. Ingenuity Pathway Analysis tool (IPA, Ingenuity Systems

Inc.) was used to explore the functional relationships among the

differentially expressed genes. The significance of each network,

function, and pathway was determined by the scoring system

provided by IPA tool. The microarray datasets have been deposited

to the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.

gov/geo, accession number GSE30651).

2.16 | Caspase 3 activity

Tissue was lysed in reaction buffer and incubated for 30min on ice.

For each reaction, caspase 3 synthetic tetrapeptide fluorogenic

substrate (Ac‐DEVD‐AMC) was added (BD Pharmigen) and then the

tissue lysate; after that, the samples were incubated for 1 hr. The

amount of AMC released was measured by fluorometry at an

excitation wavelength of 380 nm and an emission wavelength of

420 nm.

2.17 | Statistical analysis

The data are presented as mean ± standard error (SE). for at least

three independent experiments. Comparisons between groups were

made using Student’s T‐test follow post ad hoc by U Mann–Whitney

using GraphPad Prism 6 for Mac OSX, a p ≤ 0.05 was considered

significant.

3 | RESULTS

3.1 | An HC diet consumption resulted in hepatic
steatosis and liver damage

Livers of C57BL/6 mice fed with HC diet for 30 days showed

hepatomegaly, the characteristic pale color of the fatty liver and

increased liver to body weight ratio (Figure 1b,c). An increase in lipid

content in the tissue was confirmed by Oil Red staining (Figure 1e).

Further, total liver cholesterol increased 6.5‐fold and triglycerides

5.2‐fold compared with Chow diet fed mice (Figure 1f,g). Consis-

tently, a steatotic phenotype and alterations of the liver architecture

was present (Figure 1i), dispersed inflammation (white arrow) and

hepatocyte ballooning (yellow arrow) were consistent with NASH

according to the NAS (or Kleiner Scoring System, Supporting

Information Table 2; Kleiner et al., 2005).

In addition, cellular hypertrophy with numerous hyperchro-

matic hepatocytes unveiling nuclear condensation were observed

(Figure 1i, asterisks). The morphometric analysis confirmed

significantly higher percentages of both, dead and proliferating

cells, as well as a decrease in normal cells in liver from HC fed

animals (Figure 1j). Mice fed with HC showed increased signs of

liver injury, judged by an increased activity in ALT, AST, and ALP

(Figure 1k).

In confirmation of the steatotic phenotype observed and the

increment of neutral lipids in the liver of HC mice, oil red O staining,

and filipin fluorescence further demonstrated that cultured primary

hepatocytes isolated from HC mice maintained high levels neutral

lipids (Supporting Information Figure 1b), and free cholesterol

content (Supporting Information Figure 1d).

3.2 | Global transcriptomic analysis

Next, transcriptomic profiling of HC diet livers was performed. In

comparison to Chow, a total of 938 differentially expressed genes

(439 upregulated and 499 downregulated (Supporting Information

Table 3) could be detected. These genes were highly efficient in

separating the two different diets using unsupervised clustering

analysis (Figure 2a). We found that a significant number of

differentially expressed genes related to hepatic cell death and

oxidative stress (Ccnd1, Cers2, E2F1, Sod2, Scd, Pon3, Hmox 1, Sod1,

Plin5, App, Usp10, Adar, Casp7, Nr1i3, Gstz1, Gnmt, Irf5; Figure 2b–

d). Interestingly, most of the genes related to glutathione home-

ostasis were upregulated (Gsta1, Gsta2, Gstm4, Gpx4, Gss), and

many nuclear genes encoding mitochondrial proteins were down-

regulated (Abcb8, Abcb6, Mtif3, Shmt2, Slc25a23, Slc25a10, Hmgcs2,

Gls2, Hsd17b10Bcat2) clearly indicating a compromise of mitochon-

drial functions.
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Consistently, affected toxicological functions were involved in

liver cell death, steatosis, cholestasis, and HCC (Figure 2e), while top

networks affected were cancer, organismal injury, metabolic diseases

and lipid metabolism, among others (Figure 2f). Data clearly show an

extensive impact in gene expression, indicating a profound adapta-

tion of the cholesterol‐overloaded liver.

F IGURE 1 A high cholesterol diet
consumption resulted in hepatic steatosis
and liver damage. Gross inspection of the

liver from mice fed with (a) chow control
diet, (b) HC diet, (c) Liver to body weight
ratio. Neutral lipid content determined by

oil red O staining in liver tissue from
animals fed with (d) chow control diet
(e), HC diet. Biochemical determination of

(f) triglycerides and, (g) cholesterol content
in liver tissue. Histology analysis by H&E
staining of liver tissue from mice fed with
(i) HC diet or, (h) chow control diet.

Original magnification 100 ×, (inset 200 × ),
yellow arrow, hepatocyte ballooning;
asterisk, nuclei condensation; white arrow

inflammation. (h) Morphometric analysis of
the H&E staining. (k) Liver function test.
Each column represents the

mean ± standard error of the mean (SEM) in
at least four different mice. *p ≤ 0.05
versus Chow control mice. Images are

representative of at least three
independent experiments. ALT, alanine
aminotransferase; AST, aspartate
aminotransferase; ALP, alkaline

phosphatase; HC: high cholesterol; H&E:
hematoxylin and eosin
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3.3 | An HC diet induces increment of reactive
oxygen species and oxidative stress

To evaluate the effect of cholesterol overload in the production of

ROS, peroxides and superoxide were determined using specific

probes for the superoxide anion (DHE) and peroxides (DCFH). Data

show that lipid overload remarkably increased DHE fluorescence,

showing that superoxide increased in both, liver tissue (Figure 3b,e)

cultured primary hepatocytes (Supporting Information Figure 2b).

Also, peroxides were considerably elevated, as shown by increased

DCFH fluorescence (Figure 3d,e Supporting Information Figure 2d).

Next, we determined the content of the main enzymes

responsible for peroxide and superoxide detoxification, as well as

the levels of Nrf2, a key transcription factor involved in antioxidant

response (Figure 3f). As expected, Nrf2 expression decreased

dramatically in livers of animals fed with HC diet, whereas catalase

content did not change. Further, while SOD1, a cytoplasmic enzyme

responsible for converting superoxide radical to molecular oxygen

and hydrogen peroxide, decreased in HC livers, SOD2, a mitochon-

drial manganese‐dependent SOD increased dramatically. GST, an

enzyme that conjugates xenobiotics, among them hydroperoxides to

glutathione (GSH) and thereby detoxify cellular environments,

markedly raised in lipid‐overloaded tissue.

We also assessed the content of two intracellular GSH‐
dependent selenoperoxidases known to catalyze organoperoxides

detoxification, GPx‐1 and GPx‐4. Consistent with our results from

the gene expression profiling GPx‐1 levels were significantly lower in

HC livers, while GPx‐4 significantly increased (Figure 3f). All Western

blot results corroborate the data obtained by microarrays. Densito-

metric analysis of Western blots could be found in Supporting

Information Figure 3.

3.4 | The development of hepatic steatosis and
altered mitochondrial homeostasis in HC livers

Consistent with the hypercholesterolemic phenotype, cholesterol

content in isolated mitochondria of HC livers revealed a two‐fold
increment compared to Chow (Figure 4a). To further characterize the

influence of cholesterol overload in mitochondria functionality, we

determined mitochondrial membrane potential using Mito Red. A

significantly reduced fluorescence was observed in HC hepatocytes

F IGURE 2 Global transcriptomic analyzes by microarray. (a) Unsupervised hierarchical cluster analyses of liver tissue from mice fed with an

HC diet or normal Chow diet for 30 days. A total of 938 differentially expressed genes were identified using bootstrap t‐test with 10,000
repetitions (p‐value 0.01). Gene regulatory networks associated with (b) cell death, (c) apoptosis and (d) oxidative stress in the liver overloaded
with cholesterol, determined by IPA analysis. (e) Top toxicological functions and (f) top networks involved in cholesterol overload in the liver,
determined by IPA analysis. HC: high cholesterol; IPA: ingenuity pathway analysis
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(Figure 4c), indicating that the membrane potential of mitochondria was

decreased when compared cwith hepatocytes from Chow fed mice

(Figure 4b). This result was corroborated in isolated mitochondria from

mice under both diets. A significantly diminished membrane potential of

liver mitochondria from HC fed mice determined by spectrophotometry

using safranine was present (Figure 4d). HC mitochondria exhibited

50% of loss in membrane potential compared with those from Chow

livers. In line with this, a 60% decrease in ATP content could be revealed

for HC livers (Figure 4e), clearly suggesting impairment of mitochondrial

functionality.

3.5 | HC diet causes imbalance of mitochondrial
dynamics and fission

To estimate the structural impairment of mitochondria induced by

HC diet, we performed TEM. HC diet led to abnormal mitochondria,

with loss of cristae, rarefied matrix, and lipid droplet accumulation

(Figure 5b). These signs of mitochondrial damage were not seen in

cells from Chow fed mice (Figure 5a). Congruently, while the number

of mitochondria was significantly increased the corresponding size in

HC livers was reduced (Figure 5c). To evaluate the impact of HC diet

on mitochondrial dysfunction, we studied the content of the main

proteins involved in mitochondrial dynamic: PGC‐1α, a central

regulator of mitochondrial biogenesis through interactions with

multiple transcription factors; Drp1, a main regulator in mitochon-

drial fission; OPA1, a mitochondrial dynamin like GTPase located at

the inner membrane that regulates mitochondrial fusion and cristae

remodeling alongside with mitofusin (Mfn) 1 and 2. Figure 5d,

Supporting Information Figure 4, show an increase in the activation

of Drp1 (Ser‐616), and in the expression of PGC‐1α, whereas OPA1,

Mfn1, and Mtn2 all decreased significantly in the hepatocytes from

HC mice. These results suggest that components regulating

mitochondrial fission and biogenesis were increased by HC diet,

contributing to the imbalance in mitochondrial dynamics.

3.6 | HC diet promotes cell survival

Compromised mitochondria homeostasis might affect cellular survi-

val. Therefore, we evaluated the expression levels of the main

mitochondrial survival‐related proteins (Figure 6a, Supporting In-

formation Figure 5). Interestingly, pro‐apoptotic Bax protein was

significantly increased and Bcl‐2 was downregulated, but feasible

compensatory antiapoptotic response was displayed by the incre-

ment of Bcl‐XL and, remarkably by Mcl‐1.
The outstanding elevation in Mcl‐1 was also associated with a

strong activation of Stat3 in HC samples, its main transcription factor.

As expected, apoptosis was unaffected, judged by caspase 3 activity,

(Figure 6b), suggesting that cholesterol overload in mitochondrial

F IGURE 3 A high cholesterol diet
induces increment of reactive oxygen

species and oxidative stress. Reactive
oxygen species content in liver tissue were
determined by both, DHE (1 μM, in red)
and DCFH (5 μM in green) fluorescence, in

liver tissue from mice fed with Chow diet
(a,c), and high cholesterol diet (b,d),
representative images obtained by

confocal microscopy. Original
magnification ×100. (e) Fluorescence
quantification. Each column represents the

mean ± standard error of the mean (SEM) in
at least four different mice. *p ≤ 0.05
versus Chow control mice. (f) Western blot
analysis of the main antioxidant proteins

using antibodies depicted in Supporting
Information Figure 1. GAPDH was used as
loading control. Images are representative

of at least three independent experiments.
DCFH: 2′,7′‐dichlorofluorescein; DHE:
dihydroethidium; GAPDH: glyceraldehyde‐
3‐phosphate dehydrogenase

DOMÍNGUEZ‐PÉREZ ET AL. | 7219



might yield to apoptosis resistance, despite ROS overproduction by a

mechanism that could be mediated, particularly, by Mcl‐1.

4 | DISCUSSION

We and others have reported that cholesterol overload in the liver

promotes oxidative stress, liver damage and sensitizes to a more

severe damage (Domínguez‐Pérez et al., 2016; López‐Islas et al.,

2016; López‐Reyes et al., 2015; Mari et al., 2006) in the context of

relevant cytotoxic stimuli ultimately leading to advanced liver disease

as well as cancer (Enríquez‐Cortina et al., 2017). Moreover,

mitochondrial dysfunction has been implicated in the progression

of steatosis to NASH (Kim et al., 2017). Although mitochondria

dysfunction has been frequently associated to chronic liver diseases

and hepatocarcinogenesis, detailed molecular and functional char-

acteristics remain partially characterized, in addition to the unknown

effect in global gene expression signature.

In the current study, we aimed to dissect the effects of

cholesterol overload in the mouse liver with emphasis on the

mitochondria homeostasis and the relevance in the transcriptome.

An increased liver content of TG and cholesterol were observed,

although HC mice maintained the same body weight as control, due

to both experimental diets being isocaloric. Histopathological

examination of the liver revealed microvesicular steatosis after 30

days of HC diet feeding (Figures 1i, and 5b), phenotype in agreement

with that observed in rats under same diet (Marí et al., 2006). Liver

function tests were elevated, and an increase in ROS content was

found in tissue and in hepatocytes primary culture. Previous data

from our group showed the ratio of reduced GSH to oxidized GSH

(GSSG) was significantly decreased by the HC diet as compared to

the corresponding Chow fed mice. HC mice also displayed a greater

increase in lipid oxidation as measure by the rate of production of

thiobarbituric acid‐reactive substances (Gomez‐Quiroz et al., 2016).

One of our main interest was to address the gene expression profile

induced by cholesterol liver overload, HC diet induced dysregulation

938 genes, 493 were upregulated, and 499 downregulated, indicating a

prominent impact in gene expression tending to an adaptive response,

that could be related, among other physiological processes, to apoptosis

resistance in a mechanism involving mitochondria homeostasis and

function, narrowed linked to changes in mitochondria redox state,

judged by the overexpression of SOD2 (Figures 2b and 3f) key regulator

F IGURE 4 The high cholesterol diet induces mitochondria overload in mitochondria altering mitochondrial morphology and functionality. (a)
Mitochondrial cholesterol content. Confocal Microscopy inspection of the mitochondrial transmembrane potential assayed by Mito Red
fluorescence in cultured primary hepatocytes isolated from (b) HC diet fed mice and (c) Chow diet fed mice. (d) Mitochondrial transmembrane

potential (ΔΨ) determined by using 10 μM safranine‐O, following the absorbance changes at 511–533 nm. Δψ was collapsed by adding 5 μM of
the protonophoro m‐chlorophenylhydrazone (CCCP). Images are representative of at least three independent experiments. (e) ATP
determination in liver homogenates from both HC and Chow diet fed mice. Each column represents the mean ± standard error of the mean

(SEM), at least four independent experiments. *p ≤ 0.05 versus Chow
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of the mitochondria redox status, and the selenoprotein (Selenop)

another antioxidant protein particularly expressed in the liver.

Figure 2e,f show that this gene expression signature favoring

particularly hepathopaties such as cholestasis, HCC, and hyperplasia,

consistent with our previous findings in a mice model of HCC (Enríquez‐
Cortina et al., 2017), previous work we have reported that under HC

diet, and in the presence of a carcinogenic stimulus, mice develop an

aggressive phenotype of HCC (Enríquez‐Cortina et al., 2017), correlat-

ing with the present transcriptomic data; interestingly, we found the

overexpression of Hspb1, a gene encoding the HSP 27, which has been

reported to be associated with poor clinical outcome (Choi et al., 2017),

in fact, we reported the finding of metastasis in lungs, and resistance to

F IGURE 5 High cholesterol diet
induces an imbalance in mitochondrial

dynamics favoring the susceptibility to
fission. TEM of primary hepatocytes
isolated from mice fed with (a) Chow

control diet, or (b) high cholesterol diet.
(c) Morphometric analysis of TEM. Each
column represents the mean ± standard
error of the mean (SEM) in at least four

independent experiments. *p ≤ 0.05 versus
Chow. (d) Western blot analysis of the
main mitochondria dynamics‐related
proteins using antibodies depicted in
Supporting Information Table 1. GAPDH
and actin were used as loading control.

GAPDH: Glyceraldehyde‐3‐phosphate
dehydrogenase; TEM: transmission
electron microscopy

F IGURE 6 High cholesterol diet promotes cell survival. (a) Western blot analysis of the main apoptosis‐related proteins using antibodies

depicted in Supporting Information Figure 1. GAPDH was used as loading control. (b) Caspase 3 activity. Each column represents the
mean ± standard error of the mean (SEM) in at least three independent experiments. GAPDH: glyceraldehyde‐3‐phosphate dehydrogenase
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cell death, but in the present work we are observing that this issue

is related to cholesterol overload rather than N‐diethylnitrosamine

carcinogenic effect.

HC diet induced liver damage and dysfunction, associated with a

decrease in mitochondrial membrane potential and ATP content. It

has been reported that increased mitochondrial cholesterol content

can lead to mitochondrial dysfunction (Balboa et al., 2017), including

reduced fluidity of mitochondrial membranes (Garcia‐Ruiz et al.,

2009), reduced ATP generation (Yu et al., 2005), and decreased

mitochondrial GSH import (Marí et al., 2006). Our data show

decreased mitochondrial membrane potential, ATP production, and

increased cholesterol levels in the organelle.

From the perspective of HC diet, we found that it induced

several patterns of mitochondrial alteration: (a) increment in

cholesterol content, which plays an important role in the change of

membrane fluidity (Marí et al., 2006), (b) it induced sensitization to

oxidative stress, leading to mitochondrial insufficiency and meta-

bolic abnormality, (c) it impaired mitochondrial bioenergetics, and

(d) it promoted steatohepatitis, leading to the retardation of

mitochondrial function, as it has been recently reported (Bellanti

et al., 2018). Mitochondria obtained from HC liver presented twice

cholesterol content compared to control, and biogenesis and

mitochondrial fission were observed. Mitochondrial cholesterol

content is relevant for the transport of mitochondrial‐reduced
GSH. In fact, it has been found that cholesterol incorporation in

isolated mitochondria decreases mGSH stores (Fernandez‐Checa
& Kaplowitz, 2005). Furthermore, we found alterations in

mitochondrial dynamics in HC cells. Our study provides evidence

of an increase in the activation of Drp1 related with increased

fission (increased mitochondrial number), but not fusion, as

suggested by the downregulation of Mfn1, Mfn2 and OPA‐1 in

addition, the increment of PGC‐1α, strongly suggest mitochondrial

biogenesis Both fission and fusion are critical mechanisms for the

growth, redistribution, and maintenance of healthy mitochondria

or disease‐related processes, especially apoptosis and mitophagy.

In the current study, HC diet induced the imbalance of fission and

fusion proteins as shown by a high activation of Drp‐1 and a low

expression of OPA‐1 and mitofusins.

An increased content of antiapoptotic proteins, particularly

Mcl‐1, in HC livers explains the result of caspase 3 activity which

shows no changes despite Bax increment and Bcl‐2 decrement.

Lucken‐Ardjomande and coworkers (Lucken‐Ardjomande, Mon-

tessuit, & Martinou, 2008) using the cationic sterol U18666A as a

tool to increase mitochondrial cholesterol levels, reported that

cholesterol prevents apoptosis impeding Bax activation after its

insertion into the mitochondrial outer membrane. Mitochondria

could sense stress to allow for cellular adaptation to the environ-

ment, with the flexibility to adapt. Our results show that mitochon-

dria adapt to high levels of cholesterol content increasing fission.

Also, a decrease in apoptosis was observed conferring cell survival in

HC adverse condition. Thus, an increase in cholesterol could favor

that damaged hepatocytes do not enter apoptosis and proliferate,

perpetuating liver damage.

STAT3, a cell proliferation related transcription factor that

modulates many genes related to apoptosis, cell cycle and epithelial

to mesenchymal transition, was activated in HC hepatocytes.

All findings in this study, and the increase in p‐STAT3 (Ser727)

content and DNA oxidation (data not shown) in liver after one month

HC diet could suggest that damaged hepatocytes could proliferate

and perpetuate liver damage. NAFLD is an increasing cause HCC.

Recently, we have reported that an HC diet increases oxidative

DNA damage and a rapid carcinogenic process, this was associated to

an impairment in the activation of DNA repair enzymes, resulting in

liver tumors with an aggressive phenotype in comparison with

animals under Chow diet (Enríquez‐Cortina et al., 2017), demonstrat-

ing that certainly, cholesterol could display tumor promoter proper-

ties. Even more, recently it was published that free fatty acids and

cholesterol derivatives by autoxidation, synergically facilitates

development and progression of NAFLD to NASH by impairing

mitochondria function, supporting our findings particularly on

cholesterol effects (Bellanti et al., 2018), although This study

remarkably shows the relevance of cholesterol participation in

NAFLD to NASH progression, our work focuses on the impact of

cholesterol alone, providing evidence that mitochondria impairment

is independent of free fatty acids overload.

In summary, cholesterol overload in the liver, and particularly in

mitochondria, induces remarkably transcriptomic changes, mainly

associated to mitochondria function and dynamic which favors

oxidative stress, apoptosis resistance that could promote transfor-

mation, as we recently probed.
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Whole-Genome Duplication and Yeast’s
Fruitful Way of Life
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Highlights
S. cerevisiae genomic duplication
resulting from an allopolyploidization
event gave rise to a hybrid
allotetraploid.

Retention and diversification of WGD
paralogous genes allowed the estab-
lishment of fermentative metabolism.
Studies on the fate of Saccharomyces cerevisiae paralogous gene pairs that
arose through a whole-genome duplication event have shown diversification of
retained duplicated genes. Paralogous functional specialization often results in
improved function and/or novel function that could contribute to the adaptation
of the organism to a new lifestyle. Here, we analyze and discuss particular case
studies of paralogous functional diversification that could have played a role in
the acquisition of yeast fermentative metabolism.
Global analysis and case-specific stu-
dies are beginning to uncover the
molecular mechanisms by which
WGD paralogous diversification
enabled the development and estab-
lishment of a ‘new way of life’.
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Origin and Significance of Yeast’s Whole-Genome Duplication
Saccharomyces cerevisiae was the first eukaryote whose genome was fully sequenced.
Genome analysis revealed the presence of duplicated gene blocks, indicating that this yeast
lineage arose from a whole-genome duplication (WGD) (see Glossary) [1–3]. WGDs are a
recurring phenomenon in evolution. Some fungi, most species of flowering plants, and verte-
brates descend from ancestors that doubled their genomes. WGDs have been associated with
the acquisition of novel traits as well as increased species richness [4].

It has been proposed that the selective conservation of duplicated genes in S. cerevisiae has
been essential for the acquisition of a predominantly fermentative lifestyle, also termed the
‘make-accumulate-consume’ strategy (i.e., upon sugar availability, ethanol is produced, accu-
mulated, and finally consumed). This strategy largely relies on the Crabtree effect (Box 1) that
allows yeast to out-compete other microorganisms [5]. The retention of 551 WGD gene pairs
involved in different cellular processes and the complexity of the Crabtree effect make it difficult
to demonstrate whether the selective retention of WGD paralogous genes led to ‘a new way of
life’. S. cerevisiae is presently the best suited model to study this phenomenon due to the vast
amount of technical resources and information available for this organism [6]. In addition, the
advancement of whole-genome sequencing and phenotyping of 1011 S. cerevisiae isolates
from diverse geographical locations has provided valuable information into the ecological and
evolutive niche of this yeast [7]. This review examines evidence provided by different experi-
mental approaches addressing the role of WGD in the acquisition of fermentative metabolism in
S. cerevisiae.

Mapping the Beginning of the Fermentative Lifestyle
After the publication of the complete S. cerevisiae genome sequence in 1996, several studies
focused on understanding its origins and evolution. While some groups supported the idea that
the duplicated regions observed in this yeast’s genome were the signatures of an ancient WGD
[3,5], others proposed that these duplicated regions arose independently by local duplication
events [8]. This controversy was not solved until 2004, when the genomic sequences of other
yeast species were published and used for comparative genomic analyses. Independent
studies revealed that the genome of S. cerevisiae mapped in 2:1 manner to non-WGD yeast
genomes, supporting the WGD model [9–11]. Further scrutiny and the development of the
42 Trends in Genetics, January 2019, Vol. 35, No. 1 https://doi.org/10.1016/j.tig.2018.09.008
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Glossary
Adaptive radiation: evolution of
organisms into a wide variety of
types adapted to specialized modes
of life.
Allopolyploidization: a mechanism
that generates an individual or strain
with two complete sets of
chromosomes, each one from a
different species.
Autopolyploidization: in contrast to
allopolyploidization, the two different
sets of chromosomes are from the
same species.
Biased fractionation: a
phenomenon observed after WGDs
where the ohnologues of a
subgenome are preferentially lost.
Feedback inhibition: the
phenomenon where the output of a
process is used as an input to
control the behavior of the process
itself.
Genome dominance: a
phenomenon observed after WGD
where, in general, the ohnologues
from one subgenome display higher
transcriptional levels than their
onhologous pair derived from the
other subgenome.
Hetero-oligomers: a complex made
of different protein subunits is called
a hetero-oligomer; when only one
type of protein subunit is used in the
complex, it is called a homo-
oligomer.
Moonlighting functions: protein
moonlighting function is a
phenomenon by which a protein can
perform more than one biological
role.
Orthologous: genes in different
species that evolved from a common
ancestral gene by speciation;
orthologs retain the same function in
the course of evolution.
Paralogous or ohnologous genes:
duplicated genes in the same
organism that were evolved from
either a gene duplication, an
autopolyploidization event, or an
allopolyploidization event.
Robustness: the ability of a system
to maintain its function despite a
perturbation.
Small-scale duplication (SSD):
doubling of a small-scale genomic
regions involving one to a few genes.
Subgenome: set of genomic regions
of a WGD species inherited from one
of the parental species.

Box 1. Saccharomyces cerevisiae Fermentative Metabolism

The majority of cells only use fermentation when respiration is impaired, for example, when oxygen concentration is low
(Pasteur effect). However, in the presence of high glucose concentrations and regardless of oxygen availability,
Saccharomyces cerevisiae prefers to ferment glucose to ethanol. This physiological phenomenon is named the
Crabtree effect [64]. In this metabolic state, the cytoplasmic pyruvate produced by glycolysis is transformed to
acetaldehyde and then to ethanol, which diffuses to the extracellular medium [21].

During fermentation, the energy for growth is mainly provided by glycolysis and not by the oxidative respiration pathway.
However, the amount of energy produced from a glucose molecule by fermentation is lower than that produced by its
complete oxidation. Consequently, during fermentation S. cerevisiae displays a high glycolytic flux to match its growth
requirements. The increased glycolytic rate under the fermentative regime helps yeasts grow much faster than when
they grow in non-fermentable carbon sources, such as ethanol, where the oxidative respiration pathway is used to
produce energy [65].

During fermentation, glucose repression reduces the mass and energy flux through the tricarboxylic acid (TCA) cycle,
the respiratory chain, and the oxidative phosphorylation. However, the TCA cycle displays enough activity to provide the
necessary precursors to produce the macromolecular components to sustain rapid growth rate [65,66]. Under these
conditions, the TCA cycle does not work as a cycle, but rather in a branched manner, mainly because the succinate
dehydrogenase complex does not operate under these conditions [67]. When glucose becomes limiting, cells undergo
a so-called diauxic shift, a transient phase in which they switch to a fully respiratory metabolism, catabolizing the
released ethanol via the TCA cycle [65].

S. cerevisiae response to sugar availability is dependent on different time scales and biological levels, from the
reprogramming of gene expression to enzyme allosteric regulation, including post-transcriptional and post-translational
regulatory mechanisms. It also involves a variety of cellular processes as different signal transduction pathways, energy
and fatty acid metabolism, carbohydrate storage, and amino acid biosynthesis [68].
Yeast Gene Order Browser, an online tool for visualizing gene order context (synteny) of any
gene from several yeast genomes [9,10,12], showed that the whole S. cerevisiae genome is
duplicated [1–3,12]. Furthermore, it has now been confirmed that as well as S. cerevisiae,
several other yeasts such as Candida glabrata arose from WGDs [13]. When WGD was initially
proposed [3], it was not possible to tell whether it was the result of an autopolyploidization or
an allopolyploidization event [14,15]. However, autopolyploidization constituted the most
parsimonious hypothesis. Later, evidence was presented in favor of allopolyploidization,
indicating that the S. cerevisiae lineage arose from an interspecies hybridization between a
strain related to the Kluyveromyces, Lachancea, and Eremothecium (KLE) clade and another
related to Zygosaccharomyces rouxii and Torulaspora delbrueckii (ZT) clade [9,16]. This
proposal was extensively analyzed and accepted [2]. Therefore, the pair of paralogous genes
that are observed today could have both originated from one of the parental species (ohnol-
ogous pairs), or each one of the parental species involved in the allopoliplodization event could
have independently generated one member of the pair (homeologous genes) [16].

Even before the WGD controversy was settled (1996–2004), the fact that the WGD could have
allowed S. cerevisiae to develop an oxygen-independent metabolism, through the retention
and further specialization of duplicated genes/products, was considered for the first time [3,5]
(Box 2). This proposition was based on the observation that the majority of yeasts were unable
to grow in absence of oxygen [17].

The progress in comparative genomics in the 2000s allowed a better understanding of the
evolution of the S. cerevisiae genome and a proper classification of the phylogenetic relation-
ships among yeasts [13,18]. The new phylogenetic trees provided a framework to locate some
major evolutionary events that could have contributed to the improved fermentation ability of
Trends in Genetics, January 2019, Vol. 35, No. 1 43



Whole-genome duplication
(WGD): mechanism by which an
organism doubles its chromosome
number.

Box 2. Fate of Duplicated Genes

Gene duplicates, also called paralogs, are found in all three domains of life, suggesting that an important amount of
genes were generated by gene duplication [69]. Although the immediate consequence of gene duplication is the
doubling of the ancestral function (functional redundancy), after duplication genes can experience divergence that may
result in the generation of new or specialized functions and thus shape evolution. This box summarizes the possible
scenarios determining the fate of duplicated genes.

Loss of function: Loss of function occurs when functional redundancy is not advantageous and therefore one of the
paralogous genes gradually becomes a pseudogene, through the accumulation of loss-of-function mutations [70].
Interestingly, soon after WGDs polyploids experience a rapid loss of genetic redundancy. The current hypothesis is that
when WGDs result from an autopolyploidization, the loss of duplicated genes is randomly distributed between the two
parental subgenomes (non-biased fractionation). By contrast, when the WGD derives from an allopoliploidization, loss
of duplicated genes is biased towards a certain parental subgenome (biased fractionation), frequently towards the
one displaying lower gene expression, a phenomenon called genome dominance [71,72].

Gene-dosage amplification: Gene-dosage amplification holds that after gene duplication, both gene copies are
conserved since either incrementing the ancestral function represents a selective advantage or both copies are
necessary to maintain the appropriate stoichiometry of higher complexes (e.g., protein complexes) [16,71,73,74].
However, it must be considered that increased gene copy number does not necessarily lead to an equivalent function
increment, since function/product dosage can be negatively regulated [75–77]. Thus, the gene-dosage amplification
requires that the increment in copy number produce an increase in the codified function.

Subfunctionalization: Subfunctionalization occurs when the ancestral function(s) is distributed between the two copies
or is differentially specialized in each one, as a result of either the accumulation of degenerative mutations (duplication-
degeneration-complementation model) or by positive selection (escape from adaptive conflict model). In both cases,
both paralogs are necessary to perform the function that, in the ancestor, was carried out by a single gene [78–81].

Neofunctionalization: Neofunctionalization is the mechanism explaining the origin of novel functions through gene
duplication. It considers that while one of the copies conserves the ancestral function, the other is free to acquire a new
adaptative function through the accumulation of neutral mutations [82].
yeasts, such as the loss of the respiratory complex I, the horizontal transfer of the bacterial
URA1, and the rewiring of rapid growth elements [19].

Starting in 2007, the role of the WGD in the acquisition of yeast fermentative metabolism began
to be recognized, mainly through the characterization of the phenotypic responses of various
representative species of the Saccharomycetaceae [19–21]. It was found that the Crabtree
effect was present in several species of the above-mentioned family. However, yeasts closer to
Saccharomyces in the phylogenetic tree displayed a more pronounced Crabtree effect, and
with the exception of the Tetrapisispora group, were able to generate non-respiring mutants,
while most of the non-WGD species could not [19,21]. As for the ability to grow under
anaerobiosis, the post-WGD species were able to generate sufficient energy to grow under
strictly anaerobic conditions, while non-WGD species showed a reduced Crabtree effect and
ability to grow in the absence of oxygen [20]. These contributions support the proposition that
yeasts’ transition to a fermentative lifestyle began before the WGD in non-WGD yeasts in a
rather multistep process. However, for Saccharomycetae, this metabolic trait was established
after the WGD event [19]. This comparative physiological evidence, and the dating of both the
WGD (from 150 to 100 Mya) and the adaptive radiation of flowering plants (from 101 to 66
Mya) in the Late Cretaceous [3,22,23], led to the hypothesis that the WGD allowed yeasts to
compete for the increased amount of sugars present in fruits [19]. It could thus be expected that
retained WGD genes could be enriched in cellular processes related to the make-accumulate-
consume strategy.
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WGD and Small-Scale Duplications Contribution to Fermentative
Metabolism
The contribution of WGD to S. cerevisiae fermentative lifestyle could be assessed comparing
WGD and small-scale duplication (SSD) gene sets in terms of genetic interactions and
divergence in expression and functions. One of the first studies on this matter proposed that
WGD, but not SSD, must have provided the raw material for conservation of dosage-sensitive
genes and groups of genes expressed at a precise stoichiometric ratio, such as those encoding
ribosomal proteins [24]. It has been proposed that such dosage and stoichiometric effects
could have been involved in the conservation of glycolytic genes [25]. Consistent with this it was
found that gene duplicates (combined WGD and SSD) were overrepresented in central carbon
metabolism and hexose transport [26]. However, the separate analysis of the gene sets
revealed that enrichment in genes involved in carbohydrate metabolism was higher for
WGD than for SSD [27]. Divergence in the expression patterns between members of a pair
has also been reported to be higher for the WGD than for the SSD set of paralogs [27]. It may be
possible that divergent regulation between members of some duplicated pairs could have
contributed to the specialization of one paralog for glycolysis-ethanol production and the other
for gluconeogenesis-ethanol consumption phases. The impact of such differential regulation on
the acquisition of fermentative metabolism could be estimated by comparing the rates of
negative expression correlations between members of a pair during growth on glucose or
ethanol as carbon sources. To explore this possibility, data from a quantitative proteomic study
were used where the relative abundances of 3609 proteins were determined [28]. Comparison
of the abundance of both paralogs during fermentation, diauxic shift, and glucose exhaustion
phases indicated that 29% of WGD and 19% of SSD duplicates showed differential regulation
during fermentative and respiratory metabolism. The same trend was observed using data from
a transcriptomic study that determined the fold change in transcript levels for 5800 genes from
cells cultured on rich media with glucose or ethanol as carbon sources [29]; the estimated
percentage of divergent expression was 26% for the WGD and 14% for the SSD duplicates (for
analysis details of proteomic and transcriptomic data, see the legend of Figure S1 in the
supplemental information online). Interestingly, the enzyme-coding subset of genes with
differential expression during fermentative and respiratory metabolism among WGD genes
clustered around carbohydrate metabolism (Figure 1A; Figure S1A). By contrast, enzymes
encoded by SSD paralogs seem to be randomly dispersed around various metabolic pathways
(Figure 1B; Figure S1B) [28,29].

Comparison of gene ontology (GO) categories’ fold enrichment between divergent and com-
plete sets of genes (Figure 2) shows that for the WGD group, glucose metabolism GO terms are
overrepresented (Figure 2A). Furthermore, the WGD divergent set displays a higher fold
enrichment in glucose metabolism GO terms than that exhibited by the WGD complete set
(Figure 1A; Figure S1A). Moreover, glucose metabolism is not represented in the SSD group
(Figure 2B), which for divergent and complete categories is enriched in biosynthetic processes,
suggesting a different evolutionary trend. Overall, these results indicate that the WGD set of
genes display a more relevant contribution than those of SSD set to the acquisition of a
fermentative lifestyle in the S. cerevisiae lineage.

Duplicated Genes Case Studies Uncover Molecular Mechanisms behind
Subfunctionalization
Detailed analysis of subfunctionalization of particular paralogous pairs is necessary to identify
the molecular mechanisms involved in functional diversification and the roles of specific
duplicate genes in the acquisition of fermentative metabolism. We first analyze four examples
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Figure 1. Duplicated Gene Pairs Originated from WGD Are Enriched for Genes Encoding Enzymes Involved
in Carbohydrate Metabolism. Enzymes encoded by whole-genome duplication (WGD) (A) or small-scale duplication
(SSD) (B) paralogs were mapped on the Kyoto Encyclopedia of Genes and Genomes refer pathway map (http://www.
genome.jp/kegg/pathway/map/map01100.html) [84]. Coregulated or differentially regulated paralogs were selected
according to their regulation pattern during fermentative or respiratory conditions from global studies [28,29]. For pathway
details, gene identity, and analysis, please see Figure S1 in the supplemental information online.
of gene pairs that, according to the phylogeny-based prediction of PhylomeDB v4, could be
proposed as ohnologous WGD pairs [30].

ENO1- and ENO2-encoded phosphopyruvate hydratases catalyze the reversible conversion of
2-phosphoglycerate to phosphoenolpyruvate. Under fermentative conditions, Eno2 consti-
tutes the predominant form, while under respiratory conditions both polypeptides are present
and contribute to gluconeogenesis [31]. Random assortment of Eno1/Eno2 monomers allows
the formation of homo- and hetero-dimers: Eno1-Eno1, Eno2-Eno2, and Eno1-Eno2, whose
peculiar organization could influence the opposed role these enzymes play in the glycolysis and
gluconeogenesis [32] (Figure 3).
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genome duplication (WGD) (A) or small-scale duplication (SSD) (B) gene sets are shown (P < 0.01). The complete gene
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of SSD paralogs with divergent regulation, only eight terms result with P < 0.01. Gene annotation enrichment analysis was
made using the DAVID 6.7 website (https://david.ncifcrf.gov/) with default values. CDP, cytidine diphosphate; UDP, uridine
diphosphate.
Formation of heteromeric isozymes plays a role in functional diversification of the two ohnol-
ogous WGD-pair [33] encoding cytosolic NADP-GDHs (GDH1 and GDH3), catalyzing gluta-
mate biosynthesis from ammonia and a-ketoglutarate (a-KG). While the homo-hexameric
Gdh1 is the sole isoform present under fermentative conditions, the homo-hexameric Gdh3
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is only present in a gdh1D mutant grown on ethanol as sole carbon source and the Gdh1-Gdh3
hetero-hexameric isoform(s) prevail under respiratory conditions [34]. Accordingly, GDH1
expression is maintained through the different growth phases, while that of GDH3 is null
during fermentation and due to chromatin remodeling increases 70-fold when cells enter
diauxic shift and respiratory growth [35].

The affinity of the three isoforms towards a-KG (Gdh1-Gdh1 > Gdh1-Gdh3 > Gdh3-Gdh3)
agrees with the idea that under fermentative growth, energy is provided by glycolysis; thus, the
high rate activity of Gdh1 does not compromise energy yield. Under respiratory conditions
when the tricarboxylic acid (TCA) cycle contributes to energy production, GDH1 and GDH3 are
simultaneously expressed and a variety of isozymes can be built up depending on the Gdh1:
Gdh3 ratio. Therefore, the modulable heteromeric isoforms constitute a pacemaker mecha-
nism determining glutamate biosynthesis and balanced a-KG utilization [34,36] (Figure 3).

The kinetic properties of the NADP-LkGdh1 present in the non-WGD yeast Lachancea kluyveri
are closer to those of Gdh1, while kinetics of the Kluyveromyces lactis NADP-KlGdh1 resemble
those of Gdh3, suggesting there is a correlation between the NADP-GDHs kinetic properties
48 Trends in Genetics, January 2019, Vol. 35, No. 1



and the level of adaptation to the fermentative or respiratory lifestyle [33]. The above-mentioned
results indicate that both GDH1 and GDH3 originated from the KLE lineage, supporting
predictions obtained through PhylomeDB v4 [30].

Paralogous mitochondrial homo- and heteromeric isozymes were formed by the LEU4/LEU9
ohnologous WGD-pair [30], encoding a-isopropylmalate synthases that synthesize a-isopro-
pylmalate (a-IPM) from acetyl-coenzyme A (CoA) and a-ketoisovalerate, an intermediate of
leucine biosynthesis and co-activator of the Leu3 transcriptional regulator [37]. Leu4-Leu4 and
Leu9-Leu9 homodimers are leucine sensitive or resistant isoforms, respectively, while the
heterodimeric isoform Leu4-Leu9 shows intermediate leucine sensitivity. On ethanol as carbon
source, LEU4 expression is 3-fold increased compared to that found in glucose, while that of
LEU9 is low on both carbon sources. Leu4-Leu9 and Leu4-Leu4 formation prevents leucine
and a-IPM over-synthesis, mediating a more balanced distribution of pyruvate and acetyl-CoA
to intermediary biosynthesis and energy yielding metabolism particularly under respiratory
conditions. Exclusive expression of Leu9, in a leu4D genetic background, results in slow
growth on either glucose or ethanol as carbon sources and leucine accumulation, indicating
that Leu9-Leu9 resistance to leucine feedback inhibition impairs flux control through the
biosynthetic pathway [37] (Figure 3).

Lys20 and Lys21 nuclear homocitrate synthases participate in lysine biosynthesis by catalyzing
homocitrate production, condensing acetyl-CoA with a-KG [36]. Lysine is a strong inhibitor for
Lys21, inducing positive cooperativity for a-KG binding. Under fermentative conditions, Lys20
and Lys21 play redundant roles, and even when LYS20 and LYS21 ohnologous WGD-pair are
overexpressed, and lysine pools increase 4- to 10-fold, growth rate is not reduced, confirming
the conclusion that a-KG drainage is not deleterious under fermentative conditions [36]. Lys21
activity is crucial for growth under respiratory conditions and can sustain wild-type growth by
itself. Subfunctionalization includes differential LYS20 and LYS21 expression and a post-
transcriptional mechanism that determines the abundance of each enzyme. Differential lysine
inhibition, a-KG modulation, and the control of the intracellular amount of the two enzymes
result in a regulatory mechanism determining the rate at which a-KG is diverted to either lysine
biosynthesis or to other metabolic pathways (Figure 3) [38].

The above-mentioned presented cases show that the combined action of the formation of
paralogous homo- and hetero-oligomeric isozymes with peculiar kinetic properties and con-
trasting gene expression results in functional diversification, providing a means to differentially
control metabolic fluxes under fermentative or respiratory conditions.

The four next examples correspond to WGD-pairs that could be tentatively proposed as
homeologous, according to PhylomeDB v4 prediction [30]. Bat1 and Bat2 branched chain
aminotransferases are located in mitochondria and cytosol, respectively; thus, formation of
hetero-oligomers is impeded. Diversification of the BAT1 and BAT2 relies on the acquisition
of opposed expression profiles [39]. Bat1 has a biosynthetic character, since BAT1 expression
is privileged in the absence of branched chain amino acids, while Bat2 displays a catabolic role.
BAT2 expression is maximal in the presence of branched chain amino acids [39,40]. Acquisition
of environmentally regulated expression profiles could allow operation of differential or redun-
dant roles depending on the peculiar environments found in S. cerevisiae natural habitats
[7,41,42].

In regard to the contribution of Bat1 and Bat2 adaptation to fermentative metabolism, BAT1
decreased expression under respiratory conditions and resulted in diminished metabolic flow to
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amino acid biosynthesis, favoring energy-yielding pathways (Figure 3) [40]. The KlBAT1
orthologous gene, present in K. lactis non-WGD yeast, encodes an enzyme displaying
the dual biosynthetic-catabolic character that was later specialized among the S. cerevisiae
BAT1/BAT2 paralogous pair [39].

Functional characterization of the ALT1/ALT2 WGD-pair gene/products established that only Alt1
possessed the presumed role of alanine transaminase activity [43]. The analysis of the only
orthologous gene/product present in L. kluyveri and K. lactis non-WGD type yeasts suggested
that Alt2 functional diversification resulted in the loss of its alanine transaminase activity [44].
Probably, as the result of a structural change modifying the interaction with its cofactor pyridoxal 5-
phosphate (PLP), allowing the formation of only one of the two tautomeric PLP isomers necessary
for the transamination reaction. The fact that Alt2 forms a catalytically active Schiff base with PLP
and is found in a phylogenetic branch with several Saccharomyces genera, which do not harbor
Alt1, suggests this enzyme has a yet undiscovered function (Figure 3) [45].

Cytochrome c oxidase (COXC) is a complex composed of several proteins that transfer
electrons from cytochrome c to molecular oxygen [46]. Cox5 is essential for complex assembly
and has two paralogous isoforms: Cox5A and Cox5B. CYC1 and CYC7 encode paralogous
isoforms of the electron carrier protein cytochrome c, promoting the final transfer of electrons to
oxygen by COXC. Under aerobic conditions, COX5A and CYC1 are expressed, whereas
COX5B and CYC7 are Rox repressed and are only expressed under hypoxia. Differential
expression of these genes had been previously considered to be important in yeast evolutionary
adaptation to anaerobic growth [3]. As for BAT1 and BAT2, functional diversification is achieved
through the acquisition of opposed transcriptional patterns [40].

For some cases, orthologous K. lactis and/or L. kluyveri counterparts have been analyzed;
however, it would be important to study both a KLE and a ZT representative for each case. This
is mandatory to clarify whether sub- or neofunctionalization has occurred.

WGD Paralogous Genes Impart Robustness and Phenotypic Plasticity
As mentioned above, duplicated genes allow S. cerevisiae to adjust its phenotype to properly
respond to a changing environment. The role of paralogous homo- and hetero-oligomers as
key players regulating metabolic fluxes leading to new phenotypes has also been highlighted. In
this section, we discuss this evidence in terms of robustness and phenotypic plasticity (Box 3).
Gene duplicates have been associated to genetic robustness [47–49]; however, a recent study
found opposing evidence suggesting that in some cases gene duplication can impart fragility
[50]. By analyzing the protein–protein interaction network of 56 pairs of duplicated genes (WGD
or SSD), it was found that in one-third of the cases, upon deletion of a paralogous copy, the
remaining copy conserved its capacity to interact with its native binding partners and increased
its association with those of the deleted copy, thus compensating paralogous pair loss [50]. In a
similar amount of cases, after deletion of its cognate pair, the remaining copy decreased
interactions even with its own binding partners, demonstrating dependency on its paralogous
copy. In these cases, the lower expressed copy of the homologous pair was the only one
displaying the dependency phenotype, indicating asymmetry and showing a stronger decrease
in fitness (fragility) than that displayed by the independent copies. Furthermore, in the absence
of its pair, the protein concentration of the dependent copy decreased, although its mRNA
showed wild-type levels, suggesting protein destabilization [50,51].

Considering that, in general, dependent pairs form paralogous hetero-oligomers, it was
proposed that the different paralogous isoforms could be degraded at different rates
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Box 3. Duplicated Genes Contribute to Genetic Robustness

Robustness is defined as the ability of a system to maintain its function upon a perturbation. In living systems,
perturbations can either be environmental or genetic. Multiple mechanisms that confer robustness to biological systems
have been described. (i) Distributed robustness. Upon a perturbation, specific biological functions can be accomplished
by alternative pathways, as in signaling and metabolic routes [49,83]. (ii) Redundancy. Multiple functional copies of a
given component of the biological system can compensate the failure of another highly similar component, for example,
paralogous genes [49,83]. (iii) Feedback control. By sensing the output of a function, it is possible to modulate the input
to either narrow the output function (negative feedback) or to amplify and maintain signals against noise (positive
feedback). This type of control contributes to preservation of cellular function (homeostasis) [47–49]. (iv) Modularity. The
confinement of functions minimize the effects of disturbances by containing perturbations and damage locally [47–49].

It is considered that duplicated genes contribute to genetic robustness since the paralogous copies maintain a certain
degree of functional redundancy. Thus, when one of the gene duplicates is deleted, the remaining copy can provide
enough function to compensate the deletion of its paralogous pair. In several cases, the wild-type function of the
retained copy is enough to compensate the deleted pair (passive paralogous compensation). In many other cases, the
remaining paralog needs to modify its performance, to avoid the phenotypic or fitness defects produced by the deletion
of its pair (active paralogous compensation). Different molecular mechanisms of active paralogous compensation have
been identified: (i) Transcriptional reprograming. Some paralogous genes are upregulated upon the genetic perturba-
tion, functionally compensating the deleted copy. (ii) Protein relocalization. Even though there are limited examples, the
remaining copy could experience relocalization to the subcellular compartment were the deleted copy used to reside. (iii)
Protein interaction rewiring. Some paralogous genes can increase the association with the binding partners of the
missing copy [51].

Another important attribute of biological systems is phenotypic plasticity. This plasticity is recognized as the ability of a
single genotype to produce different phenotypes, allowing a best performance within changing environments. Often
phenotypic plasticity is considered to be the opposite of robustness [54]. However, paralogous genes have also been
associated with phenotypic plasticity [62].
(independent homo-oligomers < hetero-oligomers < dependent homo-oligomers < mono-
mers) [52,53]. However, the above-mentioned analysis did not account for self-interactions
[50]. Interestingly, for the paralogs proteins Leu4 and Leu9 the formation of the Leu4-Leu9
heterodimer is preferred over that of the homodimers, possibly as the result of a higher affinity
between different monomers than between self-monomers. However, both paralogous copies
can form homodimers; nevertheless, it cannot be ruled out that when the concentration of the
independent form is too low, oligomer:monomer equilibrium may be displaced towards the
monomeric forms, resulting in higher degradation [52]. Besides Leu4-Leu9 heterodimers, other
paralogous genes are capable of forming hetero-oligomeric complexes such as Gdh1-Gdh3
and Eno1-Eno2. For Leu4/Leu9 and Gdh1/Gdh3, in all cases the three different isoforms show
specific kinetic parameters [32,34,37]. The coexistence of more than one isoform allows coping
with a wider range of metabolite concentrations (substrates, inhibitors, etc.) than when there is
only one isoform, providing a buffering effect and thus contributing to robustness (feedback
control).

Another important attribute of biological systems is the phenotypic plasticity. This plasticity is
recognized as the ability of a single genotype to produce different phenotypes, allowing a best
performance within changing environments. Often phenotypic plasticity is considered to be the
opposite of robustness [54]. However, since different isozymes are used in distinct metabolic
context [34,37], regulating carbon flux to biomass production. It is possible that the ability to
form hetero-oligomers contribute to the acquisition of the Crabtree effect and thus to pheno-
typic plasticity. If this is the case, heteromeric forming paralogous proteins could be considered
as major regulators of both robustness and phenotypic plasticity, providing optimal fitness
within changing environments [55].
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Outstanding Questions
What is the role of subcellular localiza-
tion in paralogues functional diversifi-
cation? Although it has been ‘a priori’
considered that subcellular localization
could have an important influence in
the physiological role of a protein, no
experiments have been performed that
result in re-localization or co-localiza-
tion of paralogous enzymes.

Are moonligthing properties inherited
from the ancestor or did they arise after
WGD? Do moonlighting properties
diversify between paralogs? There
are several examples of paralogous
genes generated through WGD in
which one of the members of the paral-
ogous pair has an identified additional
function (moonlight). However detailed
analysis of its counterpart is compel-
ling to definitively establish whether the
moonlighting property has been con-
served in both paralogs. Differential
localization of enzymes such as Bat1
and Bat2 placed in mitochondria and
cytosol, respectively, could be consid-
ered as a mechanism preventing for-
mation hetero-oligomers. However,
since Bat1 has a moonlighting function
forming a complex with aconitase, its
mitochondrial localization could have
an important role in TCA regulation
and not in its aminotransferase
function.

Mathematical models have proven
useful in understanding complex sys-
tem behavior. Models may help
answer the following questions at a
systemic level: How does gene dupli-
cation alter metabolic fluxes and tran-
scriptional regulation? What are the
underlying regulatory mechanisms that
allowed yeasts to acquire a fermenta-
tive lifestyle? How do WGD homolo-
gous genes orchestrate energy
metabolism and biomass production
to sustain the rapid growth rate
observed during the Crabtree effect?

What are the most appropriate culture
conditions to address the role of dupli-
cated genes?

What is the relative contribution of
post-translational modifications to
divergence in regulation of proteins
encoded by duplicated genes?
Concluding Remarks and Future Directions
Recent advances in entire genome sequencing have generated an increasing interest in
understanding the role of polyploidy on ecological shifts. In particular, different approaches
have been used to elucidate the relationship between WGD and the acquisition of fermentative
metabolism in S. cerevisiae. By comparing some physiological traits among the Saccharo-
mycetaceae, it was possible to determine the central role of the WGD in the establishment of a
new way of life for S. cerevisiae. The localization of the origin of fermentative metabolism before
the WGD [19] suggests the prior existence of a selection pressure towards an oxygen-
independent metabolism. The evolutionary trends followed by paralogous genes originated
from WGD, which were identified through global analyses, have unveiled the general strategies
that favored the establishment of a new lifestyle [26,29]. Moreover, the detailed analysis of
particular duplicated pairs has shown some of the mechanisms behind the functional diversifi-
cation of paralogous genes. Although detailed studies are scarce, some general rules on how
particular changes in paralogous pairs have contributed to the acquisition of fermentative
metabolism are starting to emerge (Figure 3).

Particularly interesting has been the finding that formation of hetero-oligomeric complexes
contributes to robustness and phenotypic plasticity by enhancing the role of paralogous
enzymes influencing the intracellular concentration of key metabolites such as a-IPM con-
trolling the Leu3 transcriptional network [40]; leucine influencing cell growth control [56,57];
lysine determining response to oxidative stress [58]; and a-KG playing a functional role in
aging [59].

Although the neolocalization of a paralogous copy is frequently observed [60], the evolutionary
and physiological role of diversification of subcellular localization remains to be fully addressed
(see Outstanding Questions) and certainly constitutes an open pathway to understand func-
tional diversification of paralogs. In this respect, the analysis of moonlighting functions could
govern the diversification of subcellular localization.

Future studies of paralogous pairs diversification must imperatively include specific analyses to
understand whether a particular pattern is the outcome of sub- or neofunctionalization. To this
end, pertinent paralogous functional characterization will also have to be addressed in non-
WGD yeasts.

The rapidly increasing amount of S. cerevisiae isolates and the availability of their entire genome
sequences will promote the systematical study of WGD genes from yeast strains collected from
natural habitats [7,41,42,61–63] that could lead to the understanding of the involvement of
duplicated genes in other processes besides the fermentative metabolism observed in con-
trolled environments.
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Unravelling the modus-operandi of
chromenylium-cyanine fluorescent probes:
a case study†

Ricardo Flores-Cruz,a Rafael López-Arteaga, a Lizbeth Ramı́rez-Vidal,b

Fernando López-Casillasb and Arturo Jiménez-Sánchez *a

Small-molecule fluorescent probes having optimized optical properties, such as high photostability and

brightness, local microenvironment sensitivity and specific subcellular localizations, are increasingly

available. Although the basis for designing efficient fluorophores for bioimaging applications is well

established, implementing an improvement in a given photophysical characteristic always tends to

compromise another optical property. This problem has enormous consequences for in vivo imaging,

where ensuring a specific localization and precise control of the probe response is challenging. Herein

we discuss a fluorescent probe, CC334, as a case study of the chromenylium-cyanine family that

commonly exhibits highly complex photophysical schemes and highly interfered bioanalytical responses.

By an exhaustive and concise analysis of the CC334 optical responses including detailed spectroscopic

calibrations, steady-state microenvironment effects, ultrafast photophysics analysis and computational

studies, we elucidate a new strategy to apply the probe in the singlet oxygen reactive oxygen species

(1O2-ROS) monitoring using in vitro and in vivo models. The probe provides a new avenue for designing

fluorescent probes to understand the dynamic behavior of subcellular environments.

Introduction

Chromenylium-cyanine (CC) probes are a well-studied family of
fluorophores combining good photostability,1 low cytotoxicity,2

privileged structural diversity,1–3 and low to moderate fluores-
cence quantum yields (QYf),

4 expanding their applications from
materials chemistry to fluorescence bioimaging.1–5 Such properties,
in part, are a consequence of their coumarin- and/or rhodamine-
like identity, an intrinsic feature retained in their structure, exhibit-
ing similar properties but lower QYf. This brings the possibility to
use these molecules as fluorogens, molecules able to activate their
fluorescence in response to a given stimulus.6 In fact, sacrificing
QYf to some extent enables different activation/deactivation path-
ways of the probe to be exploited in different stimuli-responsive
scenarios. CC probes then comprise one of the most important
examples of how existing fluorophores can be structurally modified
to activate different response channels. However, the optical pro-
perties and the corresponding analytical responses of such
‘recycled probes’ are far from trivial. Activating a more versatile

photophysical process in a fluorescent probe has several advan-
tages, as mentioned, but the decrease in the QYf and the signal-
to-noise ratio are not the only disadvantages; in imaging
microscopy more acquisition times are needed and unavoidable
interference problems with the subcellular environment and
misinterpretation of the output responses arise. For example,
previously described CC probes are sensitive to acid–base,7

oxidative,8 local polarity,9 ionic species,10 temperature,11 and
reductant12 stimuli, all of them however, present the same
response scheme being extremely difficult to calibrate single-
channel fluorescence profiles without no interference or cross-
talk problems. Here we address the above-mentioned limitations
using a CC probe having similar fluorescence responses upon
exposure to different stimuli. Then, we describe a new strategy to
analyse the multi-stimuli scenario of CC probes. The probe is
derived from a chromenylium ion and coumarin 334, termed
CC334. Finally, in vivo studies were implemented using Zebrafish
models to draw a more robust conclusion.

Results and discussion

The chemical structures of CC334 as well as some previously
reported CC probes are presented in Fig. 1. To analyse their
multistimuli-responsive profile, it is worth noticing that the
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probes exist in an equilibrium between the open-acid and
closed-spirolactone forms. Previously reported CC structures
suggest the spectroscopic features to be a consequence of this
acid–base equilibrium. Such a general conception comes from
the fact that the electronic conjugation between these forms is
substantially different, favoring the open form to exhibit a near
infrared (NIR) emission and the closed form to exhibit a visible
(Vis) fluorescence. While the Vis-NIR emission pattern of CC
probes can be modulated with acid–base stimuli, this dual-
emission behaviour can also be tuned with redox, polarity
(in terms of dielectric constant) variations and some environ-
mental cues, Fig. 1.13 The spectroscopic characterization of
CC334 is shown in Fig. 2. As can be seen, it is possible to
calibrate the probe response to several stimuli which comprises
an analytical problem of CC probes not described before.
In panel A, although showing low fluorescence intensities,
a clear dual-band pattern (lem1 = 488 nm; lem2 = 725 nm) is
observed in methanol with a fluorescence quantum yield of
0.06 in this solvent. Panel B shows a quantitative interaction
scheme for polarity using a continuous variation of dioxane:-
water volume fractions (fdioxane), which is a suitable system to
separate polarity from other solvent parameters.14 As solvent
polarity increased, both fluorescence intensities (Ifl) increased
as well and the corresponding maximum wavelengths for the
red-shifted emission at 720 nm and the blue one at 520 nm
exhibited a remarkable hypsochromic shift to 655 nm and

485 nm, respectively. Notably, the blue-component showed a
stronger intensity increment while the red-component showed a
stronger wavelength shift. The position of Ifl and solvent polarity
were used to construct calibration curves (Fig. 2B, inset) showing
that altering the polarity of the surroundings is the major contri-
butor to the observed changes in the blue- and red-components.

Then, the acid–base properties of CC334 were studied in detail
to know which species exist at a determined pH for imaging
experiments, Fig. 2C. Proton dissociation constants were esti-
mated by potentiometry. The obtained pKa values were used to
calculate the pH distribution of molar fractions for individual
open forms (diprotic–dicationic and monoprotic–monocationic)
and closed form (neutral) of CC334, Fig. S1 (ESI†). The first
protonation at the dimethyl(amino) group has a pKa = 2.21 �
0.08, and the spirolactone cyclization reaches a pKa = 10.74� 0.09.
The pKa assignment is corroborated by spectro-photometry. Thus,
the acid form activates the NIR band where CC334 is totally
conjugated and planar in geometry, while the closed spirolactone
form (non-planar with the electron conjugation dominating over
the coumarin moiety) contributes more to the VIS band at
500 nm. Importantly for imaging experiments, the potentiometric
data indicated a 100% molar fraction of the individual open-acid
form at pH 5.5 to 8.5.

Once the pH properties were analysed and the possible
species existing in a mitochondrial environment (pH B 8.0)
was determined, the oxidation interactions were studied since
chromenylium ions are known to exhibit important reactivity
for these analytes,1,8 Fig. 2D–F. A strong binding interaction at
pH 7.4 with the Fe2+ metal ion was only observed. However, the
same result observed for Fe2+ was found for Fe3+ ions, which
can be attributed to the fast oxidation of Fe2+ to Fe3+ ions upon
ligand binding.15,16 Then, the stability constant for Fe2+ ions
determined at pH 7.4 showed a complex trend (Fig. 2D) prob-
ably because of simultaneous Fe2+/Fe3+ oxidation and CC334
ligand oxidation after one equivalent addition could be
involved in this titration. The fitting of the titration results
using the HypSpec program revealed the formation of a 1 : 1
complex with a logarithm of the observed stability constant Kobs

of 5.01. This result highlights the ability of CC probes to
interact with metal ions through oxygen functional groups.

Similarly, as shown in Fig. 2E and F, CC334 also exhibits a
strong fluorescence increment upon interaction with singlet oxy-
gen (1O2), while competition experiments with common oxidizing
agents revealed no significant interaction, Fig. S2 (ESI†). These
results indicate that CC334 is a specific 1O2-ROS reporter providing
the classical molecular probe scenario, i.e. oxidation of CC334 to
coumarin 343 (C343), a stronger green-fluorophore as confirmed
by chemical characterization using high-resolution mass spectro-
metry and 1H-NMR spectroscopy (see Fig. S3, ESI†). Note that such
oxidation interactions make the fluorescence profiles of the red-
shifted band disappear as CC334 is fragmented to form coumarin
343. Fig. 2F shows the corresponding l-ratiometric calibration plot
for the CC334–1O2 interaction. A good linear fit was obtained at a
wavelength ratio r (490/720) nm, such a fluorescence intensity
variation is a consequence of the strong blue emission band
increment with a simultaneous red emission deactivation.

Fig. 1 Chemical structure of (A) three CC probes previously described1–5

and (B) probe CC334 upon exposure to different stimuli, i.e. dipolar:
equilibrating the quinoline vs. oxonium cations, acid–base: promoting
the closed spirolactone form vs. open acid form, oxidative: to release
coumarin C343 and a C-oxidation by-product. Further acid (CC334-H) or
metal ion (Fe2+ ion, CC334-Fe) stimuli are also possible (see below).
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On the other hand, in vitro experiments were carried out to
study the subcellular permeability and localization of the probe.
Fig. 3 shows a highly specific mitochondrial localization in a
human cell line. The mitochondrial localization is a consequence
of the lipophilic and positive charge balance of CC334. In fact,

octanol partitioning was measured, giving a log P value of –0.51,
reaching the lipophilic threshold for mitochondrial distribution.17

This was corroborated by colocalization with the commercial
dye MitoTracker Deep Reds, Fig. 3B. As discussed, CC334 is an
oxidizing-sensitive probe. Thus, mitochondrially generated ROS

Fig. 2 Multistimuli-responsive scenario of CC334 upon excitation at lexc = 400 nm. (A) UV-Vis and fluorescence spectra in methanol. (B) The dipolar
stimuli titration using a dioxane:water system. (C) pH variation effect from 2.0 to 11.85. (D) Fe2+ ion titration profile. (E) Oxidation effect using singlet
oxygen (1O2). (F) Corresponding l-ratiometric calibration plot for the CC334–1O2 interaction. Insets: Titration profiles with their theoretical fittings:
(B) fluorescence intensity at 488 and 720 nm; (C) the two-pKa fitting; (D and E) the binding association constant (Ka) profiles: (F0 + Finf*Ka[CC334])/
(1 + Ka[CC334]), where F = fluorescence intensity.
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species can in principle be monitored using the fluorescence
profile of CC334. Stimulating ROS formation in our in vitro studies
by using low-dose singlet oxygen 1O2 photodynamically generated
under laser irradiation from 0.1 to 0.3 J cm�2 using 5-amino-
levulinic acid (ALA), which is a common photosensitizer of
intramitochondrial 1O2 production,18,19 resulted in a detectable
fluorescence signal redistribution from mitochondria to cytosol
and then into the nucleoli when recording with the confocal-
green channel (lexc = 503 nm, lem = 512 nm), Fig. 4. This type of
coumarin distribution in the nuclei has been described to occur
because of DNA groove interactions.20–22 Then, 1O2–CC334 inter-
action was analysed in more detail by UV-Vis and fluorescence
spectrophotometry. However, to demonstrate that no signal inter-
ference or false positives are observed during such re-localization
dynamics from mitochondria to nucleoli, the typical co-localization
controls by staining those organelles with commercial co-localizers
(in this case MitoTrackerss for the mitochondrion and DAPI or
Hoechsts for the nuclei) and then probing that CC334 moves from
one organelle to the other are not enough and more precise
structural information is required. Then, the confocal microscopies
that are spectrally resolved provide continuous local information of
the probe fluorescence profiles upon exposure to a given stimulus.
We used a confocal array upgraded with a spectral detector unit
having a 32-channel photomultiplier tube assembly. Thus, using a
lexc = 488 nm, the mitochondria to nucleoli probe redistribution
upon 1O2–CC334 interaction was spectrally-resolved, observing an
important increment in the vis-emission band while a slight
decrease in the NIR-emission band, Fig. S4 (ESI†), which is in full
agreement with the 1O2–CC334 fluorescence profile discussed
in Fig. 2E.

The observed in vitro fluorescence response of CC334 and
the unequivocal data interpretation can evidently be extremely
difficult. The problem is that the photophysical properties of
CC probes (including CC334) can be modulated by several
inputs. One of the main disadvantages of CC probes is that
they can be used as all, pH, metal ion, ROS, local polarity, local
microviscosity sensors by using the same fluorescence response
channel. Their Vis-NIR emission properties can originate from
the combination of different activation pathways, i.e. acid–base

equilibrium, intramolecular charge transfer, intramolecular
proton transfer, photoacid generation, Kasha’s rule breaking,
chelation-enhanced fluorescence, site-specific-solvation, among
others in such a way that either one or both Vis and NIR channels
can be activated. To gain deep insight into the response scheme
of CC334 in highly heterogeneous media, the deactivation
pathways present in the molecule were explored. Time-resolved
fluorescence spectroscopy was carried out using the time corre-
lated single-photon counting technique (TCSPC); solvents such as
acetone and acetonitrile only favor the blue-shifted absorption
band at 405 nm, although the emission spectra exhibit the
characteristic dual-emission band pattern, l1 = 488 nm and
l2 = 710 nm, see Fig. S5 (ESI†). Non-monoexponential decay
life-times were mostly found, Fig. 5. BG40 and LPF 655 filters
were used to isolate the emission from the blue and red bands,
respectively. In acetone, the blue emission presented two life-
times of t1 = 3.7 and a fast t2 o 1 ns while the red band was
short-lived and mono-exponential with 0.7 ns. One of the blue
components can be attributed to the locally excited state while
the red one is assigned to an ICT state. A similar scheme was
found in acetonitrile, with lifetimes of t1 = 3.8 and t2 o 1 ns in
the blue emission and t = 0.5 ns in the red emission. When
testing a non-protic non-polar solvent such as cyclohexane the
locally excited (LE) state was evidenced, finding a lifetime of
t = 2.9 ns in the blue emission band. However, in solvents such as
methanol and water a more complex behaviour of CC334 arises.

In methanol, the absorption spectrum exhibits a strong red-
shifted band and a dual-emission band pattern as well. Being
polar protic solvents, comparison with the polar non-protic
features of acetone and acetonitrile the first hypothesis is that
the red-shifted band comes from a proton transfer excited state.
Thus, lifetimes of 3.8 and 0.5 ns were found for the blue
component in methanol, while the red emission presented a

Fig. 3 (A) Intracellular localization of CC334 in live HeLa cells. (B) Corre-
lation of the CC334 localization (green) with MitoTracker Deep Reds (red).
The high level of overlap for the localization (yellow) of these two
molecules indicates that CC334 is mitochondria-specific. Scale bars
represent 20 mm.

Fig. 4 Effect of low-dose singlet oxygen generation and 0.1 J cm�2

irradiation detected in the green (lexc = 488 nm) channel for HeLa cells.
(A) Before and (B) after treatment. The image was manually focused, and
excitation light was fully shielded between recordings to prevent artefacts
and photobleaching. Scale bars represent 20 mm.
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0.3 ns lifetime, which in principle involves the closed-spiro-
lactone and the open-acid forms, respectively. When changing
from methanol to water the red band decreased, and the
lifetimes were 4.3 and 0.9 ns for the blue emission and 2.9
and o0.1 ns for the red emission. Table S1 and Fig. S5 (ESI†)
summarize the TCSPC results.

As noticed, the locally excited, charge transfer and proton
transfer states can be activated by simple medium effects. However,
those states define how much interference a CC probe will present
vs. one specific analyte. Then, ultrafast time dynamics studies were
implemented to study the excited state population of CC334, and
femtosecond fluorescence up-conversion experiments were carried
out in acetone and methanol. In acetone the probe only shows a
blue absorption band at 438 nm and a dual emission band at
488 and 710 nm (Fig. S6A, ESI†), showing high Stokes shifts that
are typical for photoinduced ICT states.23 The formation of the ICT
state is further supported since negligible absorption at longer
wavelengths (4600 nm) is observed, and as can be seen in the
excitation spectra (Fig. S6B, ESI†) the fluorescence of both the blue
and red bands comes from the absorption band at 438 nm.
As mentioned before, the dual-emission of CC334 is a powerful
tool in dual-channel confocal microscopies. Two representative
results of the ultrafast photophysics for such emission patterns
are presented in Fig. 6. There is a clear decay of 8 ps in the 490 nm
transient and an accumulation with the same time constant is
found at 720 nm, indicating that the locally excited state forms
the ICT state in a kinetic scheme A - B with a rate constant of
1.25 � 1010 s�1.

As mentioned, the molecular geometry in the excited state is
crucial in the photophysical scheme of CC fluorophores and
thus fundamental for the photophysical scheme to be properly
interpreted. Then, to gain more insight into the molecular
geometry dynamics at the excited state by means of the transi-
tion moment direction changes, we determined the fluores-
cence anisotropy r(t) of CC334. The inset of Fig. 6A shows the
anisotropy decays for the two detected states (bands). The blue
band anisotropy presents an initial value of r = 0.3 and is lost in
40.5 � 0.3 ps (Fig. S7, ESI†), which is typical for fluorescent
probes that only have one emissive state. This indicates that
the angle between the excited and the emissive transition
dipole moments is around 241, suggesting that the pumped
state (locally excited) is the same as the one detected at 490 nm.

The red band, however, presents an r = 0.2, which means that
the angle between the excited and the ICT transition dipole
moments is 351. Overall this indicates the formation of a
different molecular species in the excited state, probably, due
to a conjugation and/or planarization of the whole molecule,
which is further supported by a higher rotational diffusion
constant in the ICT state. The ultrafast temporal evolution of
the LE and the ICT states of the molecule is seen in the semi-
logarithmic Time-Resolved Emission Spectrum (TRES), Fig. 6B.

In the blue region of the TRES, the LE state quickly decays
(in 8 ps) to a relaxed state that lives 2.92 ns (obtained from the
TCSPC experiments), while the red band accumulates also in
8 ps and reaches equilibrium between the two species; from the
TCSPC results we obtained that the lifetime of this state is
0.69 ns. At 50 ps the temporal spectrum totally resembles the
static emission spectrum (Fig. S6A, ESI†) indicating that the LE
state relaxation is reached and ICT state is formed.

As mentioned before, the absorption spectrum of the mole-
cule in methanol shows a maximum at 650 nm and some minor
features at shorter wavelengths that correspond to higher
singlet states (Sn) (Fig. S8A, ESI†). The emission spectrum presents
a dual-band pattern when excited at these higher states, similar to
the spectrum in acetone. Both bands come from different states
as can be seen from the excitation spectra (Fig. S8B, ESI†), the red
band corresponds to the S1 state while the blue band corresponds
to the emission from higher singlet excited states or to the
coumarin moiety coming from the molecular population that
can be found in the spirolactone form. These signatures are
indicative that the kinetics of the excited state must be different.
The ultrafast temporal behaviour (Fig. 7) indicates that Sn relaxes
to S1 in less than 500 fs, which is a typical time constant for an
internal conversion process. This process is further confirmed
since the red band is formed at the same time scale. The
population of the Sn state that does not convert to the S1 state
reaches equilibrium as long as the pumped state lives (4.08 ns).
The anisotropy value near t = 0 for the blue band (r = 0.25)
indicates that the angle between the dipole moment of the
pumped and the detected state is about 311 and the loss of the
anisotropy occurs in 76.9 � 0.4 ps (Fig. S9A, ESI†). The rotational
diffusion presents a similar time constant to the photoinduced
ICT state detected in acetone, which again suggests the extended
conjugation of the CC334 probe. On the other hand, the aniso-
tropy of the S1 state (Fig. S9B, ESI†) presents an initial value of
�0.03, indicating that the angle between the dipole moments of

Fig. 5 Nanosecond fluorescence decay curves of CC334 at the blue
emission band (A); and at the red emission band (B) in different solvents,
IRF: instrument response function.

Fig. 6 (A) Normalized fluorescence up-conversion transients detected at
490 nm (blue) and 720 nm (red) for CC334 in acetone; the inset shows the
corresponding anisotropy decays. (B) Obtained ultrafast Time-Resolved
Emission Spectra (TRES) in acetone.
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the higher singlet state and the S1 states is around 581. This strong
variation in the angle indicates that the nature of the pumped
state is completely different from the detected state, confirming
that the initial state is a higher singlet excited state. Since this
value of the anisotropy is very low, it remains difficult to extract
the rotational diffusion constant from the experimental data. The
TRES of the CC334 probe in methanol at early times is presented
in Fig. 7B. The molecule reaches the equilibrium between the Sn

and the S1 state in this time scale. The internal conversion process
is nicely visualized as an ultrafast decay in the blue region and an
accumulation in the red part of the spectrum. The long life-
times of the bands were determined by the TCSPC technique
described before: 4.08 ns and 0.32 ns for the blue and red bands,
respectively. The different behaviour observed for the two bands
in different environments is a clear indication of the highly
complex and versatile molecular scenario that arises when using
CC334 as a fluorescent probe in cellular studies.

In order to schematize the photophysical dynamics of CC334,
we optimized the molecular structures (open-acid and closed
spirolactone forms, Fig. S10, ESI†) which were corroborated by
a frequency analysis having no imaginary points at a PBE0/
G-31+G(d,p)/IEF-PCM (water) level of theory. We analysed the
electron density characteristics upon excitation24 of the probe
and the Natural Transition Orbital (NTO) analysis,25 which
provides a compact orbital representation of the electronic
transition through a single configuration of a hole and electron
interaction. Then, the NTO interactions show that the probe
involves a different electronic distribution between open and
closed forms when analysing the HONTO–LUNTO pair. The
NTO eigenvalues (w) that represent the extent to which the
electronic interaction can be written as a single excitation are
0.98 in both the open and closed forms. While the closed form
has a non-planar conformation, which disrupts any electron
communication in the conjugated molecular axis, the open
form favours a highly planar conformation in this conjugated
axis, enabling a pseudo-quadrupole moment with p - p*
charge transfer features, Fig. S10 (ESI†).

To study the effect of CC334 probe incubation, in vivo
imaging experiments in live Danio rerio (Zebrafish) embryos
were performed. The localization studies were done in several
stages of development. Fig. 8 shows 4 and 40 hpf (hours post
fertilization) incubation with CC334 before (panels A) and after
(panels B) exposure to an oxidative stimulus induced by in situ

formed 1O2 (preparation of 1O2 and other ROS reagents is
described in the ESI† file). These experiments revealed that
CC334 is a permeable fluorescent probe, which, due to the
optical transparency of Zebrafish, makes it ideal for imaging
single cell stages and subcellular dynamics in vivo and in real
time.26 Therefore, we tested whether the selective singlet
oxygen CC334 response could be observed in this model.
Interestingly, the epidermis of the developing Zebrafish con-
tains several specialized cell types that allow for the exchange of
oxygen, ions and macromolecules, similar to mammalian
bilayered epithelia.27,28

Stimulation by in situ 1O2 generation for 10 minutes resulted
in detectable changes of the CC334 fluorescence, Fig. 8 and 9.
The green-channel was enhanced after exposure to the oxida-
tive stimuli, particularly in the embryonic cells composing the
sphere, where the latter exhibited a high fluorescence distribution,
Fig. 8. Then, confocal imaging of 72 hpf embryos allowed us to
visualize the mitochondrial-nuclear redistribution observed in
tissue culture cells after exposure to 1O2 oxidative stimuli. Fig. 9
shows clear mitochondria to nucleoli re-localization, where the
former was observed using the green and red confocal channels
and the nucleoli were observed using the green-channel, indi-
cating that CC334 could be used in living epithelium to track
mitochondrial nuclear redistribution dynamics during exposure to
oxidative stimuli with 1O2.

Fig. 7 (A) Normalized fluorescence up-conversion transients detected at
490 nm (blue) and 720 nm (red) for CC334 in methanol. Inset: The
corresponding anisotropy decays. (B) Obtained ultrafast Time-Resolved
Emission Spectra (TRES) of CC334 in methanol, obtained from the
fluorescence up-conversion transient fits.

Fig. 8 Fluorescence microscopy of Zebrafish embryos at (A) sphere stage
(4 hours post fertilization, hpf) incubated with CC334 for 30 minutes
followed by (B) in situ 1O2 stimulation for 10 minutes. After washing excess
CC334 three times for 10 min, specimens were imaged. Left and middle
panels show the green channel using 10 mM and 20 mM CC334, respec-
tively. The right modules show the bright-field views. Panel C shows
40 hpf Zebrafish before (left) and after (right) 1O2 stimulation in the bright,
red and green channels. Scale bars represent 200 mm.
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Conclusions

CC334 is a representative probe from the chromenylium-cyanine
(CC) family of fluorophores. This versatile probe enables bio-
analytical sensing and analysis of different species and local
microenvironment parameters. Potential interfering factors pre-
sent in living systems prevents CC probes to provide a selective
recording of fluorescence. Here, singlet oxygen 1O2, Fe2+ ions, pH
and polarity/polarizability exert a strong influence on CC334, a
common problem in the CC family. However, we demonstrate
that understanding the CC334 photophysics for all the possible
excited-state dynamics (LE, ICT, and IPT) and how the change in
molecular nature between the S1 and Sn excited states governs its
reactivity not only facilitates a correct and interference-free
bioanalytical analysis but also allows the study of subcellular
dynamics in vivo. With this study we also clarify that CC dual
emission behaviour originates from a kinetic process involving
the formation of the ICT state by the locally excited state. The
dual emission is intrinsic to the CC probes regardless of whether
the absorption bands have dual-absorption characteristics or not.
This advantage is unique to CC probes and confers important
properties in the analysis of living systems. Spectrally resolved
confocal microscopy facilitated the interference-free analysis of
1O2 providing continuous information of the probe emission

during measurements. Using CC probes in different media
inducing redox, pH, polarity and specific ionic interactions for
super-resolution microscopy and upconversion luminescence
imaging will provide a new avenue for the interference-free
analysis of subcellular chemistry.
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Abstract
The study of Hutchinson–Gilford progeria syndrome (HGPS) has provided important 
clues to decipher mechanisms underlying aging. Progerin, a mutant lamin A, disrupts 
nuclear envelope structure/function, with further impairment of multiple processes 
that culminate in senescence. Here, we demonstrate that the nuclear protein ex‐
port pathway is exacerbated in HGPS, due to progerin‐driven overexpression of 
CRM1, thereby disturbing nucleocytoplasmic partitioning of CRM1‐target proteins. 
Enhanced nuclear export is central in HGPS, since pharmacological inhibition of 
CRM1 alleviates all aging hallmarks analyzed, including senescent cellular morphol‐
ogy, lamin B1 downregulation, loss of heterochromatin, nuclear morphology defects, 
and expanded nucleoli. Exogenous overexpression of CRM1 on the other hand re‐
capitulates the HGPS cellular phenotype in normal fibroblasts. CRM1 levels/activity 
increases with age in fibroblasts from healthy donors, indicating that altered nuclear 
export is a common hallmark of pathological and physiological aging. Collectively, 
our findings provide novel insights into HGPS pathophysiology, identifying CRM1 as 
potential therapeutic target in HGPS.
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1  | INTRODUC TION

Aging is a universal process that occurs across all living species; in 
humans, aging is characterized by a gradual decline in physical and 
psychological capacities that in turn cause morphological, metabolic, 
and cognitive alterations that limit the quality of life and ultimately 
provoke death. Premature aging syndromes, a group of extremely 
rare but devastating disorders that mimic physiological aging, have 
been proposed as models to decipher the molecular mechanisms un‐
derlying	aging	(Kubben	&	Misteli,	2017).

Hutchinson–Gilford progeria syndrome (HGPS), the most well‐
studied progeroid syndrome, is typically caused by a silent point mu‐
tation (1824C > T) that activates a cryptic splicing site within exon 11 
of the LMNA gene, resulting in the synthesis of a prelamin A mRNA 
that contains an internal deletion of 150 base pairs. Consequently, 
this leads to the translation of a mutant lamin A termed progerin, 
which harbors a deletion of 50 amino acids within its C‐terminus. 
Progerin is permanently farnesylated because the deletion elimi‐
nates the cleavage site for Zmpste24, the enzyme that removes the 
C‐terminal farnesyl group from prelamin A to render mature lamin A 
(Eriksson et al., 2003; De Sandre‐Giovannoli et al., 2003).

Progerin acts in a dominant gain‐of‐function manner by anchor‐
ing to the nuclear envelope and perturbing nuclear lamin function, 
thereby inducing a plethora of cellular defects, including aberrant 
nuclear morphology, altered DNA repair and gene expression, and 
telomere	 instability	 (Gonzalo,	 Kreienkamp,	 &	 Askjaer,	 2017).	 The	
complex network of downstream effects by which progerin exerts 
its toxicity is far from understood; it is thought that progerin impacts 
on central cellular process, which in turn triggers a cascade of nox‐
ious downstream effects that ultimately cause aging.

Owing to the deleterious effect exerted by progerin on nuclear 
envelope, we hypothesized that the nucleocytoplasmic transport 
of proteins through the nuclear pore complex (NPC) (Christie et 
al., 2016) could be a primary target of progerin. Supporting our hy‐
pothesis, perturbation in the Ran GTPase gradient affecting nuclear 
import of specific proteins, namely Ubc9, and nucleoporin TPR was 
previously reported in HGPS cells (Cobb et al., 2016; Snow, Dar, 
Dutta,	Kehlenbach,	&	Paschal,	 2013).	 Furthermore,	 the	nonclassic	
transport pathway mediated by transportin‐1 (TNPO1) is impaired 
in HGPS cells, due to cytoplasmic sequestration of TNPO1 by the 
microtubule network (Larrieu et al., 2018).

In this study, we aimed to analyze whether nuclear protein export 
is impaired in HGPS. Exportin‐1 (XPO1), also known as chromosomal 
region maintenance 1 (CRM1), binds to cargo proteins through a 
leucine‐rich nuclear export signal (NES) and transports the proteins 
across the NPC via a Ran‐GTP gradient (Ishizawa, Kojima, Hail, Tabe, 
&	Andreeff,	2015;	Kirli	et	al.,	2015).	We	show	for	the	first	time	that	

the CRM1‐driven nuclear protein export mechanism is abnormally 
enhanced in HGPS fibroblasts and that this novel hallmark is critically 
involved in the disease, because pharmacological inhibition of CRM1 
rescues the HGPS cellular phenotype and exogenous overexpression 
of CRM1 recapitulates HGPS in normal fibroblasts.

2  | RESULTS

2.1 | Enhanced CRM1‐driven nuclear protein export 
is a novel hallmark of HGPS cells

To ascertain whether the CRM1‐mediated nuclear protein export 
mechanism is impaired in HGPS, we evaluated the subcellular dis‐
tribution of six different proteins whose nuclear export depends 
on NES recognition by CRM1 (STAT3, B23, ZO‐2, cyclin B1, Dp71, 
and HDAC1). Two different HGPS fibroblast cultures (HGPS‐1 and 
HGPS‐2)	 and	 a	 passage‐matched	 fibroblast	 control	 culture	 (WT)	
were examined using confocal laser scanning microscopy (CLSM). 
There was a significant decrease in the nuclear localization with a 
concomitant increase in the cytoplasmic labeling for all the analyzed 
proteins in both HGPS cell cultures, with the exception of HDAC1 
that was found to be mislocalized only in HGPS‐2 cells (Figure 1a 
and Figure S1). Quantitative analysis of the fluorescence nuclear/cy‐
toplasmic ratio (Fn/c) corroborated these observations (see graphs). 
Nuclear accumulation of NES‐containing proteins was restored to 
a	 similar	 level	 to	 that	 of	WT	 cells	 upon	 treatment	 of	 HGPS	 cells	
for 1 day with 1 nM leptomycin B (LMB), a specific CRM1 inhibitor 
(Figure 1a and Figure S1). This clearly indicates that their nuclear 
depletion is caused by enhanced nuclear export activity rather than 
nuclear import failure. Next, we analyzed the expression of NES‐
containing proteins in HGPS cells. The levels of STAT3 and B23 were 
similar	between	WT	and	HGPS	cells,	while	an	apparent	increase	for	
ZO‐2 was observed only in HGPS‐2 fibroblasts (Figure 1b).

2.2 | Enhanced nuclear protein export in HGPS cells 
is caused by progerin‐induced CRM1 overexpression

We	 hypothesized	 that	 the	 exacerbated	 nuclear	 export	 activity	
of HGPS cells might be consequence of CRM1 overexpression. 
Consistent with this idea, elevated CRM1 protein levels were found 
in HGPS cells (Figure 1c,d), with qRT‐PCR experiments showing a 
corresponding increase in CRM1 mRNA levels (Figure 1e). Given that 
CRM1 overexpression is primarily regulated at the transcriptional 
level, we next analyzed CRM1 promoter activity in HGPS cells by 
promoter reporter assays. An increase in CRM1 promoter activity 
was	found	in	HGPS‐2	but	not	HGPS‐1	cells,	compared	with	WT	cells	
(Figure 1f).

K E Y W O R D S

aging, cellular senescence, exportin CRM1, Hutchinson‐Gilford progeria syndrome, lamin B1, 
progerin
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F I G U R E  1  Mislocalization	of	NES‐containing	proteins	is	caused	by	progerin‐mediated	overexpression	of	CRM1.	(a)	Wild‐type	(WT)	
and HGPS cells, treated for 24 hr with 10 nM LMB or vehicle alone, were immunolabeled for the indicated proteins (bar, 10 µm). The Fn/c 
ratio was calculated (n	=	50	cells),	and	significant	differences	were	determined	by	Mann–Whitney	U	test	(graphs).	(b)	Protein	levels	of	
STAT3,	B23,	ZO‐2,	and	actin	(loading	control)	were	analyzed,	and	typical	gels	from	two	independent	experiments	are	shown.	(c)	WT	and	
HGPS cells were immunolabeled for CRM1 and analyzed by CLSM. Typical images from 3 independent assays are shown (bar 10 µm). (d) 
Lysates	from	WT	and	HGPS	cells	were	subjected	to	Western	blot	using	antibodies	against	CRM1,	lamin	A/C,	or	actin	(loading	control),	and	
relative CRM1 levels were obtained (graph). (e) CRM1 messenger RNA expression was examined by qRT‐PCR. (d‐e) Significant differences 
were determined by unpaired t test.	(f)	WT	and	HGPS	cells	were	transfected	with	both	Luciferase	reporter	construct	containing	the	
human CRM1 promoter and Renilla luciferase vector, which was used to normalize transfection efficiency. Enzymatic activities were 
estimated after incubation for 48 hr as described in Methods. Data represent mean ± SEM of three independent experiments (unpaired 
t	test).	(g)	Lysates	from	HeLa	cells	stably	transfected	to	express	GFP‐lamin	A	or	GFP‐progerin	were	subjected	to	Western	blotting	using	
antibodies against CRM1, GFP, or actin (loading control). (h) HeLa cells expressing GFP‐lamin A or GFP‐progerin were subjected to 
chromatin immunoprecipitation (ChIP) with anti‐NF‐YA antibodies followed by PCR for the CRM1 promoter region. Data correspond to 
two independent experiments in triplicate
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To ascertain whether CRM1 overexpression is causally linked 
to progerin, we evaluated whether exogenous expression of pro‐
gerin is sufficient to elicit increased CRM1 levels in HeLa cells. 
Expression of GFP‐progerin but not GFP‐lamin A resulted in nu‐
clear morphology aberrations (Figure S2a), decreased H3K9m3 
levels (Figure S2b), and increased CRM1 levels (Figure 1g); the lat‐
ter appears to provoke in turn cytoplasmic mislocalization of the 
NES‐containing	 STAT3	 (Figure	 S2c).	We	 then	 evaluated	whether	
exogenously expressed progerin induces CRM1 promoter activ‐
ity, using ChIP‐qPCR assays to assess binding activity of NF‐YA, a 
transcription factor that positively regulates the CRM1 promoter 
(van	der	Watt	&	 Leaner,	 2011).	 The	binding	 activity	 of	NF‐YA	 to	
the CRM1 promoter region was found to be augmented by ~30% 
in GFP‐progerin‐expressing cells, compared with those expressing 
GFP‐lamin A (Figure 1h).

Because progerin toxicity is attributed at least in part to 
its farnesyl moiety, we next examined whether inhibition of progerin 
farnesylation using the farnesyltransferase inhibitor (FTI) lonafarnib 
would reduce overexpression of CRM1 in HGPS cells. As previously 
reported (Noda et al., 2015), treatment with 25 µM of lonafarnib 
for 3 days elicited a significant decrease in both nuclear blebbing 
(Figure S3a) and progerin levels (Figure S3b). Supporting our idea, 
the decrease in progerin levels resulted in CRM1 downregulation 
(Figure S3b).

2.3 | Pharmacological attenuation of CRM1 activity 
rescues premature senescence in HGPS cells by 
improving lamin B1 levels

We	wondered	whether	enhanced	CRM1	activity	might	be	part	of	
the molecular basis underlying HGPS. To address this, we evalu‐
ated whether amelioration of CRM1 activity through LMB treat‐
ment has an impact on cellular senescence. Remarkably, LMB 
treatment for 2 days resulted in a significant reduction of senes‐
cence cells in HGPS cultures, as determined by senescence‐asso‐
ciated β‐galactosidase (SA‐β‐gal) staining (Figure 2a). Consistent 
with this, the percentage of HGPS‐1 and HGPS‐2 cells arrested 
at G0/G1 phase of the cell cycle decreased upon treatment with 
LMB,	as	revealed	by	flow	cytometry	analysis	(Figure	S4a).	We	next	
analyzed the effect of LMB on cell proliferation. Treatment with 
LMB for 3 days resulted in significantly decreased cell growth in 
both	WT	and	HGPS	cells;	however,	 it	provoked	only	a	 slight	 in‐
crease in cell death by the third day, as shown by MTT and an‐
nexin V assays (Figure S4b,c, respectively). Since decreased lamin 
B1 expression is associated with senescence (Freund, Laberge, 
Demaria,	&	Campisi,	2012;	Shimi	et	al.,	2011),	we	were	prompted	
to analyze whether treatment with LMB has a positive effect on 
lamin B1 levels. A ~80% decrease in lamin B1 levels was observed 
in HGPS cells incubated with vehicle alone. Nevertheless, par‐
tial restitution of lamin B1 expression was obtained after incu‐
bation of HGPS fibroblasts with LMB (50 nM) for 6 days, while 
no	changes	were	 found	 in	WT	cells	upon	 treatment	 (Figure	2b).	

Redistribution of lamin B1 into distinct nucleoplasmic foci was 
observed in LMB‐treated HGPS cells (Figure 2c). It is thought that 
nucleoplasmic foci of lamin B1 correspond to nascent lamin B1 
incorporated in the nucleoplasmic reticulum in interphase nuclei 
(Drozdz,	Jiang,	Pytowski,	Grovenor,	&	Vaux,	2017).

We	considered	that	restoration	of	lamin	B1	levels	might	conse‐
quently reduce those HGPS characteristics governed by lamin B1 
(Camps	et	al.,	2014).	We	 then	examined	 the	 impact	of	LMB	treat‐
ment on heterochromatin organization using the heterochromatin 
marker H3K9me3. Supporting our idea, recovery of both nuclear 
staining and protein levels of H3K9me3 was evidenced in HGPS cells 
after LMB treatment (Figure 2d,e, respectively).

We	next	examined	the	effect	of	LMB	on	nuclear	morphology,	
using nuclear morphometric analyses. Nuclear defects were com‐
monly found in vehicle‐treated HGPS fibroblasts immunostained 
for	 lamin	 A/C,	 compared	 with	WT	 cells	 (Figure	 3a	 and	 graphs).	
Remarkably, ovoid‐shaped nuclei devoid of irregularities that re‐
semble	WT	nuclei	were	evident	after	treatment	of	HGPS	cells	for	
3 days with LMB (Figure 3a). Nuclear morphometric analyses con‐
firmed significant differences between vehicle‐ and LMB‐treated 
HGPS cells (right graphs). Collectively, these data indicate that 
mitigation of CRM1 activity through LMB treatment delayed the 
progression of HGPS cells to senescence by preventing lamin B1 
downregulation.

2.4 | Pharmacological modulation of CRM1 activity 
ameliorates aging features of HGPS cells

To analyze in depth the effect of LMB‐mediated CRM1 inhibition 
on senescence, two distinctive features of senescent cells, namely 
enlarged nucleolar morphology and senescent cellular morphol‐
ogy, were examined in HGPS fibroblasts. As reported previously, 
(Buchwalter	&	Hetzer,	2017),	 a	 single	or	 two	prominent	nucleoli	
with increased nucleolar area were observed in most HGPS cells 
(Figure 3b). Notably, administration of LMB to HGPS cultures for 
3 days resulted in increased number of nucleoli per cell (Figure 3b), 
with smaller nucleolar area (right graphs), which were comparable 
in size to wild‐type nucleoli. Previously, the expansion of nucleoli 
was linked to elevated protein synthesis in HGPS cells (Buchwalter 
&	Hetzer,	2017).	Therefore,	we	were	prompted	to	analyze	whether	
alleviation of nucleolar expansion by LMB treatment has an ef‐
fect on global protein synthesis by monitoring the phosphoryla‐
tion state of the α subunit of eukaryotic initiation factor 2 (eIF2α), 
the p70 ribosomal protein S6 kinase (p70 S6K) and its substrate, 
and the ribosomal protein S6 (rpS6). Consistent with elevated pro‐
tein synthesis, HGPS‐1 cells treated with vehicle alone showed 
decreased p‐eIF2a levels but elevated levels of p‐p70 S6K and p‐
rpS6K (Figure 3c). By contrast, LMB treatment for 3 and 6 days 
resulted in increased p‐eIF2α levels but reduced phosphorylated 
levels of both p70 S6K and rpS6 in HGPS‐1 cells (Figure 3c), which is 
consistent with a translational repression effect mediated by LMB. 
With	 respect	 to	 the	 senescent	 cell	 morphology,	 LMB‐mediated	
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inhibition of CRM1 activity shifted the flattened and expanded 
morphology of HGPS fibroblasts to the typical fusiform morphol‐
ogy	of	WT	fibroblasts	(Figure	3d),	with	a	concomitant	decrease	in	
cell size (right graph).

Finally, we assessed whether treatment with LMB has an effect 
on progerin expression. Interestingly, progerin levels were found to 
significantly decrease in HGPS‐2 cells but not HGPS‐1 cells upon 
LMB treatment (Figure S4c).

F I G U R E  2  LMB‐mediated	inhibition	of	CRM1	prevents	cellular	senescence	by	improving	lamin	B1	levels.	(a)	WT	and	HGPS	fibroblasts	
were treated for 2 days with 1 nM LMB or vehicle alone. The activity of β‐galactosidase was assessed, and representative images are 
shown. Bar = 100 µM. The percentage of senescent cells was calculated from 3 separate experiments (n = 300 cells for each condition). 
(b)	Lysates	from	WT	and	HGPS	fibroblasts,	previously	treated	for	6	days	with	50	nM	LMB	or	vehicle,	were	analyzed	by	Western	blotting	
using	antibodies	against	lamin	B1	and	actin	(control).	Lamin	B1	levels	were	assessed	(bottom	panel).	(c)	WT	and	HGPS	fibroblasts	treated	
with	50	nM	LMB	or	vehicle	alone	for	3	days	were	immunostaining	for	lamin	B1,	and	typical	images	are	shown.	Bar,	10	µm.	(d)	WT	and	
HGPS fibroblasts treated with 50 nM LMB or vehicle for 6 days were analyzed by CLSM, using antibodies against H3K9me3 and lamin A/C. 
Representative images are shown. B Bar, 10 µm. Bottom. Line profile analysis showing H3K9me3 fluorescence pattern. (e) Lysates from 
HGPS	cells	treated	as	peer	C	were	analyzed	by	Western	blotting	using	antibodies	against	H3K9me3	and	actin	(control).	Relative	H3K9me3	
levels are shown (right graph). (b and e) Significant differences were determined by unpaired t test
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F I G U R E  3  LMB‐mediated	inhibition	of	CRM1	alleviates	aging	features	of	HGPS	cells.	(a)	WT	and	HGPS	fibroblasts	were	treated	for	
3 days with 50 nM LMB or vehicle alone. Cells were immunolabeled for lamin A/C before being analyzed by CLSM, and representative 
images are shown. Bar, 10 µm. Right. Nuclear morphometric analysis was carried out as described in Methods (n = 200 nuclei for each 
condition),	with	significant	differences	determined	by	Mann–Whitney	U	test.	(b)	WT	and	HGPS	fibroblasts,	treated	as	peer	A,	were	
immunostained for fibrillarin to decorate nucleoli. Bar, 10 µm. Right. Nucleolar area was determined as described in Methods (n > 600 
nucleoli per condition). Number of nucleoli per cell was estimated (bottom panel; n > 80 cells per sample), and significant differences were 
determined	by	Mann–Whitney	U	test.	(c)	Lysates	from	WT	and	HGPS‐1	fibroblasts,	previously	treated	for	0,	3,	or	6	days	with	1	nM	LMB	or	
vehicle,	were	analyzed	by	Western	blotting	using	antibodies	against	the	indicated	proteins.	Relative	protein	levels	from	three	independent	
experiments are shown (bottom graphs), with significant differences determined by unpaired t test.	(d)	WT	and	HGPS	fibroblasts	were	
treated as peer A. Cells were labeled with phalloidin to visualize actin cytoskeleton. Bar, 50 µM. Right. The cellular area was estimated 
(n	>	300	cells),	with	significant	differences	determined	by	Mann–Whitney	U	test
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F I G U R E  4   Ectopic overexpression of CRM1 induces premature aging phenotype in normal primary fibroblasts. Human primary 
fibroblasts derived from a healthy donor were stably transfected to express Flag‐CRM1 or Flag alone. (a) Lysates were subjected to 
Western	blotting	using	antibodies	against	CRM1,	Flag,	or	actin	(loading	control).	Relative	CRM1	levels	are	shown	(right	panel).	(b)	Subcellular	
distribution of STAT3 was evaluated by CLSM and its n/c ratio estimated (graph). Bar, 10 µM. (c) The activity of β‐galactosidase was 
measured, and the percentage of senescent cells was estimated from 3 independent experiments (n = 300 cells for condition). Bar, 100 µM. 
(a‐c) Significant differences were determined by unpaired t test. (d) Transfected fibroblasts were labeled with phalloidin to visualize actin. 
Right. Flag‐CRM1‐expressing fibroblasts were treated with 50 nM LMB or vehicle alone for 3 days, prior to being stained with phalloidin and 
analyzed by CLSM. Bar, 50 µM. The cellular area was determined (n > 150 cells for condition), and significant differences were determined 
by	Mann–Whitney	U	test.	(e)	Lysates	from	fibroblasts	expressing	Flag	or	Flag‐CRM1,	which	were	previously	treated	with	50	nM	LMB	or	
vehicle	alone	for	six	days,	were	analyzed	by	Western	blotting	with	antibodies	against	lamin	B1	and	actin	(control).	Bottom. Relative lamin B1 
levels are shown. Significant differences were determined by unpaired t test. (f) Transfected fibroblasts with or without LMB treatment were 
immunostained for lamin B1, and typical images are shown. Bar, 10 µm. Bottom. Line profile analysis showing lamin B1 fluorescence pattern. 
(g)	WT	fibroblasts	stably	expressing	Flag	or	Flag‐CRM1	were	treated	as	peer	(e)	prior	to	be	analyzed	by	Western	blotting	for	H3K9me3.	
Bottom. Relative H3K9me3 levels are shown, and significant differences were determined by unpaired t test. (h) Nuclear distribution of 
H3K9me3 was analyzed in the indicated transfected fibroblasts with or without LMB treatment. Bottom. Line profile analysis showing the 
H3K9me3 fluorescence pattern
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2.5 | Ectopic overexpression of CRM1 recreates the 
HGPS phenotype in normal human fibroblasts

Next, we ascertained whether exogenous overexpression of CRM1 
is sufficient to mimic progeroid hallmarks in normal fibroblasts. A 

~100% increase in CRM1 levels was observed after stable transfec‐
tion	of	WT	fibroblasts	with	a	vector	expressing	FLAG‐CRM1,	com‐
pared	to	WT	cells	expressing	FLAG	alone	 (Figure	4a).	Cytoplasmic	
mislocalization of the NES‐containing protein STAT3 confirmed 
accelerated nuclear export activity in cells overexpressing CRM1 

F I G U R E  5   (a‐b) Enhanced nuclear export activity due to CRM1 overexpression overcomes deficient Ran gradient in HeLa cells. Cells 
were double‐transfected to stably expressed Flag‐CRM1 or Flag alone, and a shRNA against NTF2 gene or a shRNA control. (a) Lysates from 
the	transfected	cells	were	analyzed	by	Western	blotting	using	antibodies	against	CRM1,	NTF2,	and	actin	(control).	Middle. Relative protein 
levels were assessed from three independent experiments (unpaired t test). Right. Distribution of STAT3 was analyzed in the indicated 
transfected	cells.	Bar,	20	µM.	(b)	Transfected	cell	lysates	were	analyzed	by	Western	blotting	with	antibodies	against	lamin	B1,	H3K9me,	and	
actin (control). Middle. Data correspond to 3 independent experiments (unpaired t test). Right. Distribution of H3K9me3 was analyzed in the 
indicated transfected cells. Bar, 20 µM. (c–e) Restoration of lamin B1 expression in HGPS cells (c) HGPS‐1 cells were transiently transfected 
to express GFP‐lamin B1 or GFP alone. Transfected cells were immunolabeled for lamin A/C (d) and H3K9m3 (e) to estimate the percentage 
of cells with aberrant nuclear morphology and heterochromatin loss, respectively. Bar, 10 µM
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(Figure	 4b).	 Remarkably,	most	 of	 CRM1‐overexpressing	WT	 fibro‐
blasts became senescent (75%), as shown by SA‐β‐gal staining and 
the acquisition of a flattened and extended cellular morphology 
(Figure 4c,d, respectively). Furthermore, forced overexpression 
of	 CRM1	 in	WT	 fibroblasts	 resulted	 in	 decreased	 lamin	 B1	 levels	
(Figure 4e–f), with the consequent loss of H3k9m3 (Figure 4g–h). 
Interestingly, pharmacological inhibition of CRM1 in FLAG‐CRM1‐ex‐
pressing fibroblasts alleviated the senescent morphology (Figure 4d) 
and prevented both lamin B1 downregulation (Figure 4e,f) and the 
loss of heterochromatin (Figure 4g,h).

The gradient of Ran, a key regulator of nucleocytoplasmic trans‐
port, was previously reported as disrupted in HGPS cells (Datta, 
Snow,	 &	 Paschal,	 2014).	 We	 therefore	 investigated	 whether	 en‐
hanced nuclear export activity via CRM1 overexpression can occur 
in cells with a deficient Ran gradient. Since depletion of the Ran im‐
port factor NTF2 (nuclear transport factor 2) is sufficient to disrupt 
the Ran gradient (Datta et al., 2014; Dworak et al., 2019), HeLa cells 
were double‐transfected to express CRM1 and a shRNA against 
NTF2. Interestingly, stably transfected HeLa cells having both over‐
expressed levels of CRM1 and depleted levels of NTF2 (Figure 5a) still 

F I G U R E  6   CRM1 expression and activity increased during normal aging. (a) Primary human fibroblast from healthy individuals of varying 
ages	or	HGPS‐1	fibroblasts	were	analyzed	by	Western	blotting	using	antibodies	against	CRM1,	lamin	A/C,	and	actin	(control).	CRM1	
expression is shown (bottom panel; unpaired t test). (b) Localization of the NES‐containing proteins STAT3, Z0‐2, and B23 was evaluated 
in the indicated fibroblast cultures, treated with LMB or vehicle alone for 24 hr. Typical images are shown. Bar, 20 µM. (c) The n/c ratio of 
STAT3, Z0‐2, and B23 was calculated as peer Methods (n	=	50	cells;	Mann–Whitney	U	test)
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showed elevated nuclear export activity, as shown by cytoplasmic 
mislocalization of the NES‐containing protein STAT3 (right panel). 
Consequently, these cells acquired different aging marks, including 
depleted levels of lamin B1 and H3K9m3 (Figure 5b). Collectively, 
these data imply that enhancing CRM1 activity is necessary and suf‐
ficient to induce the cells to age prematurely.

2.6 | Exogenous restoration of lamin B1 levels 
partially alleviates the HGPS phenotype

To ascertain whether improvement of lamin B1 levels by LMB treat‐
ment is the basis of the HGPS phenotype rescue, the expression of 
lamin B1 was exogenously restored in HGPS‐1 cells by stably trans‐
fecting a vector expressing GFP‐lamin B1. GFP‐lamin B1 was prop‐
erly targeted to the nuclear envelope, while GFP alone was localized 
throughout all the cells (Figure 5c). Remarkably, HGPS cells express‐
ing GFP‐lamin B1 showed improved nuclear morphology (Figure 5d) 
and recovery of peripheral heterochromatin (Figure 5e), compared 
with HGPS‐1 cells expressing GFP alone. However, restoration of 
lamin B1 expression failed to alleviate the senescent morphology 
(data not shown).

2.7 | The expression and activity of CRM1 increase 
during normal aging

We	hypothesized	that	the	CRM1‐mediated	nuclear	export	system	
could be dysregulated during normal aging as well. Thus, we ana‐
lyzed expression and activity of CRM1 in a panel of primary human 
fibroblasts from healthy individuals ranging from 10 to 91 years 
of age. Interestingly, we found a significant and direct correlation 
between aging and increased CRM1 levels in individuals between 
38 and 91 years of age (Figure 6a). Cytoplasmic mislocalization of 
the NES‐containing proteins STAT3, Z0‐2, and B23 was evident 
in fibroblasts from 74‐ to 91‐year‐old individuals (Figure 6b), with 
Fn/C analysis corroborating these observations (Figure 6c); further 
treatment with LMB restored predominant nuclear localization of 
NES‐containing proteins, similar to that observed in fibroblasts 
from 10‐ to 38‐year‐old individuals (Figure 6b‐c). Altogether, these 
data suggest that enhanced CRM1 activity is a hallmark of physi‐
ological aging.

3  | DISCUSSION

In this study, we show for the first time that the CRM1‐driven nu‐
clear protein export mechanism is abnormally enhanced in HGPS 
cells	 due	 to	overexpression	of	CRM1.	We	 revealed	 that	upregu‐
lation of CRM1 in HGPS cells is controlled at the transcriptional 
level through induction of CRM1 promoter activity, at least for 
HGPS‐2 cells. Furthermore, a causal link between progerin and 
CRM1 overexpression was demonstrated because ectopic ex‐
pression of progerin in HeLa cells elicited elevated CRM1 levels, 
at least in part through enhancing the binding activity of NF‐YA 

(a positive transcription factor) to the CRM1 promoter region, 
and because treatment of HGPS cells with FTI that decreased 
progerin	 levels	 resulted	 in	 turn	 in	 downregulation	of	CRM1.	We	
speculated that exacerbated nuclear export activity might be part 
of the molecular basis underlying HGPS. As proof of concept, we 
evaluated whether inhibition of CRM1 activity by pharmacological 
treatment with LMB has a therapeutic effect on the HGPS phe‐
notype. Remarkably, we found alleviation of virtually all HGPS 
hallmarks upon treatment with LMB, including reduced number 
of SA‐β‐gal positive cells, recovery of peripheral heterochromatin, 
and rescue of lamin B1 downregulation, nucleolar expansion, aug‐
mented protein synthesis, and the senescent cellular morphology. 
Furthermore, ectopic overexpression of CRM1 enabled normal 
fibroblasts to acquire all the aging marks aforementioned. Thus, 
CRM1 overexpression is sufficient to recapitulate an aging phe‐
notype in the absence of progerin, which indicates that a dysregu‐
lated nuclear protein export is an early key event in the pathway 
leading to HGPS.

Most of the cellular processes rescued by LMB treatment are in‐
timately related to lamin B1, including nuclear morphology (Vergnes, 
Peterfy,	 Bergo,	 Young,	 &	 Reue,	 2004),	 organization	 of	 peripheral	
heterochromatin, nucleolar plasticity (Camps et al., 2014), and cellu‐
lar	senescence	(Dreesen,	Ong,	Chojnowski,	&	Colman,	2013;	Freund	
et	al.,	2012;	Lukasova,	Kovarik,	&	Kozubek,	2018;	Shimi	et	al.,	2011).	
Therefore, it is likely that rescue of the HGPS phenotype by treat‐
ment with LMB relies mainly on the improvement of lamin B1 levels. 
Consistent with this, exogenous expression of lamin B1 resulted in 
improved nuclear morphology and the recovery of peripheral het‐
erochromatin, but failed to alleviate the senescent morphology of 
HGPS cells. Thus, alleviation of the HGPS aging marks appears to 
occur through more than one mechanism; further experiments are 
required to fully delineate pathways underlying the correction of 
aging marks in response to CRM1 inhibition.

A broad spectrum of treatments against HGPS has been tested 
in HGPS fibroblasts (Harhouri et al., 2018), and most of these are 
designed to target progerin. Blocking of progerin farnesylation 
by administration of farnesyltransferase inhibitors corrected nu‐
clear structure but failed to alleviate other aging‐associated marks 
(Glynn	&	Glover,	2005;	Toth	et	al.,	2005), while depletion of proge‐
ria via rapamycin‐mediated activation of autop hagy improved nu‐
clear morphology and delayed the onset of senescence (Cao et al., 
2011). In a similar manner, proteasome inhibitor MG132 enhanced 
proliferation and decreased cellular senescence by promoting 
progerin degradation (Harhouri et al., 2017). Finally, treatment 
with	the	chemical	JH4	ameliorated	nuclear	defects	and	prevented	
premature senescence by interfering with the harmful interac‐
tion between progerin and lamin A (Lee et al., 2016). Alternative 
strategies aimed to repair downstream effects of progerin have 
been proposed as well; treatment with methylene blue rescued 
not only nuclear morphology and heterochromatin loss but also 
mitochondrial function (Xiong et al., 2016), while administration 
of the ROCK inhibitor Y‐27632 ameliorated nuclear morphology 
defects and DNA double‐strand breaks along with decreased ROS 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/autophagy
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levels and improvement of mitochondrial function (Kang et al., 
2017). In this scenario, pharmacological modulation of CRM1 using 
selective inhibitors clearly provides a viable and promising ther‐
apy against HGPS, because this treatment specifically targets and 
corrects the nuclear export mechanism and, more importantly, 
because it alleviates the largest number of HGPS cellular charac‐
teristics (Graphical abstract), compared with the aforementioned 
treatments. Furthermore, synthetic selective inhibitors of CRM1 
with pharmacological properties superior to LMB (selinexor/
KPT‐330), which have shown to be well‐tolerated in human cancer 
clinical	 trials	 (Mahipal	&	Malafa,	2016),	would	 facilitate	 future	 in	
vivo evaluation of this therapy in HGPS animal models.

Interestingly, we found increased CRM1 levels in primary fibroblast 
from healthy aged donors; however, no progerin was detected in these 
cell cultures. In analogy to the mechanism underlying CRM1 overex‐
pression	 in	cancer	cells	 (van	der	Watt	&	Leaner,	2011),	we	hypothe‐
sized that upregulation of CRM1 in fibroblasts from aged individuals 
could be controlled by modulation of the binding activity of transcrip‐
tion factors involved in CRM1 promoter activity. Thus, enhanced 
CRM1‐mediated nuclear export activity appears to be a key converg‐
ing mechanism in both pathological and physiological aging. Consistent 
with this notion, silencing or pharmacological inhibition of CRM1 re‐
sulted in extended lifespan in C. elegans (Silvestrini et al., 2018).

In conclusion, we reveal that enhanced nuclear protein export 
is a new hallmark of both HGPS and normal aging. Furthermore, we 
provide evidence that pharmacological inhibition of CRM1 activity 
alleviates the progeroid cellular phenotype (Graphical abstract), 
which delineates CRM1 as potential therapeutic target for HGPS 
and other aging‐related diseases.

4  | E XPERIMENTAL PROCEDURES

4.1 | Cell culture, treatments, and transfection

Primary human dermal fibroblasts from patients with HGPS and 
healthy donors (see Table 1) were cultured in MEM (Invitrogen) sup‐
plemented with 15% FBS (Invitrogen), nonessential amino acids, and 
antibiotics. All experiments were carried out with fibroblast cul‐
tures	at	passage	numbers	12–16.	Where	indicated,	fibroblasts	were	
treated with 1 nM leptomycin B (LMB; Sigma‐Aldrich) for 1, 3, or 
6 days diluted in ethanol to a final concentration of 0.1% in the cul‐
ture medium, or with 25 µM of the farnesyl transferase inhibitor (FTI) 

lonafarnib (Sigma‐Aldrich) for three days. Fibroblasts were trans‐
fected with Lipofe ctamine 3,000 following manufacturer's protocol 
(Invitrogen). Stably transfected fibroblasts were obtained by cultur‐
ing them for 12 days with 200 μg/ml G418 (Invitrogen). HeLa cells 
were double‐transfected with pFlag‐CRM1 vector and vector ex‐
pressing either a short hairpin RNA (shRNA) specific for the human 
nuclear transport factor 2 gene (NUTF2) or a scrambled shRNA 
control (GeneCopoeia, Inc.), using Lipofe ctamine 2000 (Invitrogen). 
Stably transfected HeLa cells were obtained by culturing them for 
6 days in the presence of 1 μg/ml puromycin and 800 μg/ml G418. 
Cloning strategies to obtain vectors pEGFP‐C1‐LB1, pFLAG‐CRM1, 
and pCRM1 promoter are provided under request.

4.2 | Promoter reporter assays

WT,	 HGPS‐1,	 and	 HGPS‐2	 fibroblasts	 were	 transfected	 as	 above	
with both the CRM1 promoter vector, which expresses Firefly lucif‐
erase under the control of human CRM1 promoter, and the Renilla 
luciferase vector as a control to normalize for differences in trans‐
fection efficiency. After 48 hr, the luciferase activity was measured 
using Dual Luciferase Assay kit (Promega).

4.3 | Quantitative chromatin immunoprecipitation 
(Q‐ChIP) assays

Q‐ChIP assays were performed as reported previously (Morales‐
Lazaro et al., 2010), using 7.8 µg of mouse anti‐NF‐YA antibodies or 
7.8 µg of mouse IgG (irrelevant control). 20 ng of DNA was used to per‐
form quantitative PCR (qPCR) using SYBR Green and primers specific 
to	amplify	the	CRM1	promoter	region	(van	der	Watt	&	Leaner,	2011).

4.4 | Indirect immunofluorescence and confocal 
microscopy analysis

Immunostaining and CLSM analyses were carried out following 
standard techniques, using the appropriate primary antibodies 
(Table 2) and the corresponding secondary fluorochrome‐con‐
jugated	 antibodies	 (Jackson	 ImmunoResearch	 Laboratories).	
Images were acquired with the confocal laser system TCS‐SP5, 
Leica. Quantification of nucleus/cytoplasm fluorescence inten‐
sity was performed as reported previously (Aguilar et al., 2015). 
Morphometric analysis of nuclei was performed with software 

Culture Origin LMNA mutation Age of donor at biopsy Gender

AG08469	(WT) Coriell None 38 M

AG11513	(HGPS−1) Coriell G608G 8 F

AG11498	(HGPS−2) Coriell G608G 14 M

AG08470 Coriell None 10 F

AG06290 Coriell None 74 M

AG10884 Coriell None 87 M

AG07725 Coriell None 91 M

TA B L E  1   List of human dermal 
fibroblast cultures used in this study

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lipofectamine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/lipofectamine
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ImageJ	 1.46j.	 Nucleolar	 area	 was	 quantified	 by	 measuring	 the	
cross‐sectional area occupied by a mark corresponding to fibril‐
larin	stain,	with	software	ImageJ	1.46j.

4.5 | Senescence‐Associated β‐Galactosidase (SA‐β‐
Gal) Assay

Fibroblasts seeded on coverslips were stained with SA‐β‐Gal fol‐
lowing manufacturer's instructions (Senescent Cell Histochemical 

Staining Kit, Sigma‐Aldrich). Blue‐stained cells expressing β‐galactosi‐
dase (senescent cells) were observed under bright‐field microscopy.

4.6 | Western blotting

Immunoblotting analyses were carried out following standard protocol. 
Specific proteins were visualized using the Enhanced Chemiluminescence 
(ECL™)	Western	blotting	detection	system	(Amersham	Pharmacia,	GE	
Healthcare), according to the manufacturer's instructions.

TA B L E  2   List of antibodies and plasmids used in this study

Antibodies

Antibody target Supplier Host

Dilution

WB IF

STAT3 Santa	Cruz	Biotechnology	(Cat:	sc−482) Rabbit polyclonal 1:3,000 1:50

B23 Santa	Cruz	Biotechnology	(Cat:	sc−6013‐a) Rabbit polyclonal 1:3,000 1:50

Cyclin B1 Santa	Cruz	Biotechnology	(Cat:	sc−752) Rabbit polyclonal N/A 1:100

GFP Santa	Cruz	Biotechnology	(Cat:	sc−8334) Rabbit polyclonal 1:1,500 N/A

CRM1 Novus	Biologicals,	(Cat:	NB100−79802) Rabbit polyclonal 1:4,000 1:250

Lamin B1 Abcam (Cat: ab16048) Rabbit polyclonal 1:3,000 1:250

Fibrillarin Abcam (Cat: ab5821) Rabbit polyclonal N/A 1:50

H3K9me3 Abcam (Cat: ab8898) Rabbit polyclonal 1:3,000 1:1,500

ZO−2 Zymed Laboratories (Cat: 71–1400) Rabbit polyclonal 1:1,000 1:200

FLAG Cell Signaling Technology (Cat: 2368) Rabbit polyclonal 1:1,000 N/A

Dp71 Genemed Synthesis (Cat: +78Dp71) Rabbit polyclonal N/A 1:100

Lamin A/C Santa	Cruz	Biotechnology	(Cat:	sc−20681) Rabbit polyclonal 1:4,000 N/A

Lamin A/C Hybridoma Bank (Cat: MANLAC3(4C10)) Mouse monoclonal N/A 1:10

HDAC Santa	Cruz	Biotechnology	(Cat:	sc−7872) Rabbit polyclonal N/A 1:60

NTF2 Santa	Cruz	Biotechnology	(Cat:	sc−80008) Mouse monoclonal 1:150 1:50

Phospho‐p70 S6K Santa Cruz Biotechnology (Cat: Sc230) Rabbit polyclonal 1:300 N/A

Phospho‐rpS6 Cell Signaling Technology (Cat: 4857) Rabbit monoclonal 1:1,000 N/A

Phospho‐eIF2α Cell Signaling Technology (Cat: 9721) Rabbit polyclonal 1:1,000 N/A

Actin Dr. Manuel Hernández, CINVESTAV, Mexico Mouse monoclonal 1:3,000 N/A

NF‐YA Santa	Cruz	Biotechnology	(Cat:	sc−17753	X) Mouse monoclonal N/A N/A

Plasmids

Name Supplier

pBABE‐puro‐GFP‐wt‐lamin A Addgene

pBABE‐puro‐GFP‐progerin Addgene

pFLAG‐hCRM1 Addgene

p3xFLAG‐CMV−10 Addgene

Flag‐CRM1 This study

pSG5‐LB1 MSc Paulina Azuara, CINVESTAV, Mexico

pEGFP‐C1 Addgene

pEGFP‐C1‐LB1 This study

CSHCTR001‐nH1 GeneCopoeia

CS‐HSH090209‐nH1−01a GeneCopoeia

pCRM1promoter This study
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4.7 | Flow cytometry and cell proliferation assays

The analysis of cell cycle was carried out on a BD LSRFortessa flow 
cytometer (BD Biosciences), using the ModFit LT software (Verity 
Software House). Cell proliferation was assessed by the 3‐(4,5‐di‐
methylthiazole‐2–5‐diphenyl tetrazolium bromide (MTT) assay, as 
reported previously (Velez‐Aguilera et al., 2018).

4.8 | Quantitative reverse transcription PCR (RT‐
qPCR)

Total RNA was isolated from fibroblasts using the Direct‐zolTM RNA 
MiniPrep Kit (Zymo Research), according to the manufacturer's in‐
structions. RT‐qPCR was carried on the StepOnePlus Real‐Time PCR 
System (Applied Biosystems), using the KAPA SYBR Fast One‐Step 
qRT‐PCR system (Kapa Biosystems) and following a standard protocol. 
The expression levels for CRM1 mRNA were measured by the 2ΔΔct 
method and normalized to GAPDH mRNA values. Primer sequences 
for CRM1 and GAPDH amplification will be provided under request.

4.9 | Statistical analysis

Statistical analyses were performed by the two‐tailed unpaired 
Student's t test. Data represent the mean ± SEM from a series of 
three separate experiments, and p values < 0.05 are indicative of sta‐
tistical	significance.	Where	indicated,	statistical	analysis	was	carried	
out	using	exact	nonparametric	Mann–Whitney	U	test	or	unpaired	t 
test and data were summarized by the mean ± SEM or the mean ± SD 
from a series of three separate experiments. p values < 0.05 were 
considered as significant. All statistical analyses were performed 
using GraphPad Prism 5 software (San Diego).
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Abstract
L-DOPA is the main pharmacological therapy for Parkinson’s disease. However, long-term exposure to L-DOPA induces
involuntary movements termed dyskinesia. Clinical trials show that dyskinesia is attenuated by metabotropic glutamate
receptor type 5 (mGluR5) antagonists. Further, the onset of dyskinesia is delayed by nicotine and mGluR5 expression is
lower in smokers than in non-smokers. However, the mechanisms by which mGluR5 modulates dyskinesia and how
mGluR5 and nicotine interact have not been established. To address these issues, we studied the role of mGluR5 in D1R-
containing neurons in dyskinesia and examined whether nicotine reduces dyskinesia via mGluR5. In the aphakia mouse
model of Parkinson’s disease, we selectively knocked down mGluR5 in D1R-containing neurons (aphakia-mGluR5KD-D1).
We found that genetic downregulation of mGluR5 decreased dyskinesia in aphakia mice. Although chronic nicotine in-
creased the therapeutic effect of L-DOPA in both aphakia and aphakia-mGluR5KD-D1 mice, it caused a robust reduction in
dyskinesia only in aphakia, and not in aphakia-mGluR5KD-D1 mice. Downregulating mGluR5 or nicotine treatment after L-
DOPA decreased ERK and histone 3 activation, and FosB expression. Combining nicotine and mGluR5 knockdown did not
have an added antidyskinetic effect, indicating that the effect of nicotine might be mediated by downregulation of mGluR5
expression. Treatment of aphakia-mGluR5KD-D1 mice with a negative allosteric modulator did not further modify dyskine-
sia, suggesting that mGluR5 in non-D1R-containing neurons does not play a role in its development. In conclusion, this
work suggests that mGluR5 antagonists reduce dyskinesia by mainly affecting D1R-containing neurons and that the effect of
nicotine on dyskinetic signs in aphakia mice is likely via mGluR5.

Keywords Basal ganglia . Dyskinesia . mGluR5 . Nicotine . Parkinson’s disease

Introduction

Parkinson’s disease (PD) is characterized by the loss of dopa-
minergic neurons in the substantia nigra pars compacta and is
associated with a reduction of dopaminergic tone in the

striatum that correlates with the motor symptomatology. The
dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA)
provides the most effective symptomatic treatment for PD [1,
2]. However, chronic L-DOPA administration together with
the progression of PD induces motor side effects, such as
dyskinesia. Strong evidence demonstrates that the dopamine
D1 receptor (D1R) is critical for the development of dyskine-
sia [3–5]. For instance, L-DOPA and D1R agonists induce
dyskinesia [6], and increased activation of D1R is associated
with enhanced expression of extracellular-signal-activated ki-
nases (ERK), phospho-acetylated histone 3 (pAcH3) and
FosB [7–12]. These findings indicate that reduction of D1R-
dependent signaling may help to alleviate dyskinetic symp-
toms [8, 13, 14]. Previous evidence demonstrated that gluta-
matergic and cholinergic transmission modulate the D1R sig-
naling pathway [15, 16]. In fact, glutamatergic transmission in
the basal ganglia is increased in dyskinesia [17–20].
Interestingly, this overactivation could be reversed in animal
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models by modulating the metabotropic glutamate receptor
type 5 (mGluR5) [21].

The mGluR5 is highly expressed in striatal D1R- and D2R-
containing neurons but also in cholinergic, parvalbumin, and
somatostatinergic interneurons as well as in corticostriatal and
thalamostriatal pathways [22, 23]. Several lines of evidence
implicate mGluR5 in the development of dyskinesia [24–29].
First, L-DOPA treatment increases mGluR5 binding in the
striatum of dyskinetic MPTP-treated monkeys and 6-
OHDA-lesioned rats [28, 30]. Second, clinical and preclinical
studies show that mGluR5 antagonists have moderate to mild
antidyskinetic effects but at the expense of the therapeutic
efficacy of L-DOPA [31–33]. Because mGluR5 is so widely
distributed on striatal neurons, it is possible that these effects
reside in different populations. Therefore, before dismissing
mGluR5 as a potential therapeutic target for treatment or pre-
vention of dyskinesia, it is important to determine if the
antidyskinetic role of mGluR5 antagonists reside in a specific
striatal population.

Previous studies have shown that dyskinesia is less fre-
quent in PD patients who smoke compared to those who do
not [34]. Although tobacco smoke contains many chemical
components, it is possible that nicotine plays a role, since
previous studies show that nicotine has antidyskinetic ef-
fects in rodents and non-human primates [35–38].
Nicotine actions are mediated by nicotinic acetylcholine
receptors (nAChR) that are highly expressed in the striatum
and modulate dopaminergic transmission. In the striatum,
the two most abundant nicotine receptors are the β2*
(α4β2*,α6β2*) and theα7 [39]. These receptors modulate
the release of dopamine and glutamate in the striatum [3,
40]. Interestingly, previous studies showed thatα7 receptor-
specific binding is increased in the putamen of dyskinetic
MPTP-treated monkeys and PD patients [41]. It is notewor-
thy that mGluR5 expression is downregulated in smokers,
specifically in the caudate nucleus and putamen, suggesting
that nicotine may be the cause of this downregulation [42].
Moreover, other previous studies suggest that the
antidyskinetic effect of nicotine may be the result of
targeting glutamatergic inputs [18, 43, 44].

Because D1R-containing neurons are strongly implicated
in the development of dyskinesia, our aim in this study was to
investigate the role of mGluR5, in direct pathway neurons, in
dyskinesia. To produce a parkinsonian mouse model with
D1R-specific reduction of mGluR5, we crossed transgenic
mice, with a selective reduction of mGluR5 in D1R-
containing neurons (mGluR5KD-D1), with aphakia mice, a ge-
netic model of PD [45, 46]. To understand the function of
mGluR5 in direct pathway neurons in dyskinesia, we com-
pared the effect of L-DOPA treatment in these mice to aphakia
mice [46]. We also studied the dyskinetic effect of nicotine in
these mice to determine if mGluR5 on D1R-containing neu-
rons plays a role.

Methods

Mice

Female and male mice (22–30 g) were housed under 12-h
light-dark cycle with food and water ad libitum, tempera-
ture 22 °C, and humidity 44%. mGluR5KD-D1 mice were
generated by homologous recombination and kindly pro-
vided by Dr. Bilbao and Dr. Spanagel, from the Central
Institute of Mental Health, Manheim Germany [45].
Aphakia mice and C57BL/6J mice were obtained from
our own facility. Aphakia mice with a selective knock-
down of mGluR5 in D1R-containing neurons were creat-
ed by crossing aphakia mice with mGluR5KD-D1 mice. All
mice were on a C57BL/6J background, and the genotype
was determined by PCR analysis of tail-tip DNA as de-
scribed previously [45, 46].

Drugs

L-DOPA, benserazide, and 1-methyl-3-(4-methylpyridin-3-
yl)-6-(pyridin-2-ylmethoxy)-1H-pyrazolo-[3,4-b]pyrazine
(PF470) were purchased from Sigma–Aldrich (Spain). (−)-
Nicotine ditartrate was purchased from Tocris-Bioscience
(UK).

Nicotine and L-DOPA Treatment

Half of the mice were randomly assigned to control
(sweetened water) or nicotine groups. Nicotine was sup-
plied in drinking water (300 μg/mL in 2% saccharine
vehicle) for 8 weeks. This concentration corresponds to
a level similar to that found in long-time smokers [3].
Chronic nicotine treatment in the drinking water was
initiated a month before the chronic administration of
L-DOPA. Mice received a daily injection of benserazide
(10 mg/kg i.p.) followed, 20 min later, by L-DOPA
(10 mg/kg i.p) (Fig. 1(a)) [47]. To assess the non-D1R
role of mGluR5 in dyskinesia, a highly potent negative
allosteric modulator, PF470 (1 mg/kg s.c.), was used
(Ki = 0.9 nM vs MTEP Ki = 16 nM) together with
benserazide.

Behavioral Analysis

Following injections, mice were placed individually in glass
cylinders and were video-recorded for 4 min, beginning
30 min after L-DOPA or saline injection. Three and four paw
dyskinesia (3–4 paw dyskinesia) was scored as described pre-
viously. Briefly, 3–4 paw dyskinesia was noted when mice
stood on their hind paws and reared against the wall of the
cylinder, moving both front paws and repeatedly lifting the
hind paws up and down [47–49].
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Basal motor behavior was evaluated 1 to 2 weeks
before L-DOPA administration. Locomotor activity was
assessed in activity cages (AccuScan instruments, Inc.)
as previously described [13]. We measured the total dis-
tance (cm) traveled during a 30-min period, beginning
30 min after L-DOPA injection. Motor coordination and

balance were measured in the challenging beam travers-
al test as previously described [50]. Briefly, before treat-
ments, mice were trained to cross the beam, and once
trained, they were videotaped. We measured the total
time it took the mice to cross the beam. The beam
traversal test was evaluated 45 min after L-DOPA

Fig. 1 Selective reduction of mGluR5 in D1R-containing neurons
diminishes L-DOPA-induced dyskinesia in aphakia (Ak) mice. a
Schematic view of the experimental timeline. b, c Scores of 3–4 paw
dyskinesia in Ak and Ak-mGluR5KD-D1 mice treated with L-DOPA b
and nicotine + L-DOPA c. d Coronal section from an Ak mouse
immunostained for TH. e High magnification image from d showing a
gradient of TH loss in dorsolateral striatum. Scale bar = 500 μm. Data are

expressed as mean ± SEM, n = 9–15 per group. Two-way ANOVA
followed by Bonferroni’s post hoc test showed significant differences
for b [genotype, F1,102 = 48.95, p < 0.0001; time, F4,102 = 10.04,
p < 0.0001; interaction, F4,102 = 5.21, p = 0.0007] and for c [treatment,
F4,146 = 16.83, p < 0.0001; time, F2,146 = 40.3, p < 0.001; interaction,
F8,146 = 4.35, p = 0.0001]. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 vs. L-DOPA-treated Ak (dotted line in c). Nic nicotine
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injection, when dyskinesia is higher. Motor coordination
was evaluated using the rotarod test (UgoBasile, Varese,
Italy), following an accelerating protocol with increasing
speed from 4 to 40 rpm over a 5-min period and mea-
suring latency up to the first fall off the rod [47]. Mice
were tested in six consecutive trials, 20 min apart. All
behavioral experiments were assessed by observers who
were blind to mouse genotypes and treatment.

Immunohistochemistry

One hour after the last L-DOPA injection, animals were anes-
thetized with an overdose of pentobarbital (Normon Labs,
Madrid Spain) and perfused with saline solution, followed
by 4% paraformaldehyde in phosphate-buffered saline. The
brains were post-fixed overnight and transferred to a solution
of 0.1 M phosphate buffer. The brains were cut into 30-μm
coronal sections with a vibratome (Leica, Wetzlar, Germany),
and immunohistochemistry was performed on free-floating
sections. To stain sections of striatum, we used the standard
avidin-biotin immunohistochemical protocol with the follow-
ing primary antibodies: tyrosine hydroxylase (TH, 1:1000;
Chemicon), FosB (1:15000; Santa Cruz Biotechnology),
pERK (1:250; Cell Signaling Technology), and pAcH3
(1:10000; Millipore). For immunofluorescence, we used
mGluR5 antibody (1:100; Alomone labs) revealed with
Alexa fluor 647-conjugated secondary antibody (1:500;
Invitrogen). Quantification of FosB, pAcH3, and pERK, TH
and mGluR5 expression levels were carried out using ImageJ
[51]. The number of immunolabeled cells were determined
using two-three serial rostrocaudal sections (+ 1.10 to +
0.14 mm relative to bregma) per animal from the lesioned
dorsolateral striatum as previously described. The digital im-
ages were obtained under a Leica microscope using a × 40
objective. The data are presented as the number of stained
nuclei per square millimeter in the denervated striatum as pre-
viously reported [14]. We conducted fluorescence analyses of
mGluR5 by using ImageJ to calculate the signal intensity
contained in the double stained microphotographs obtained
with confocal microscope using a × 60 objective as previously
described [52]. Fluorescence intensity results are expressed as
percentage of control (C57BL/6J mice).

Statistical Analysis

All values are given as mean ± SEM. Statistical analy-
ses were performed using GraphPad Prism 6. Statistical
analysis was assessed by using two-way ANOVA or
repeated measures, followed by the appropriate post
hoc comparisons. A level of p < 0.05 was considered
statistically significant.

Results

Knockdown of mGluR5 in D1R-Containing Neurons
Ameliorates L-DOPA-Induced Dyskinesia

The aphakia mice lack nigrostriatal innervation in both
hemispheres (Fig. 1(d, e)) and, therefore, display bilateral
dyskinetic symptoms after L-DOPA treatment as shown
previously [46, 48]. To evaluate the role of mGluR5 in
direct pathway neurons in dyskinesia, we used the
aphakia-mGluR5KD-D1. Aphakia-mGluR5KD-D1 and
aphakia mice were chronically treated with L-DOPA
(10 mg/kg) for 31 days, (Fig. 1(a)), and 3–4 paw dyskine-
sia was evaluated at regular intervals by a researcher
blinded to treatment and genotype [46, 47]. L-DOPA in-
creased 3–4 paw dyskinesia in aphakia mice, while in
aphakia-mGluR5KD-D1 mice, dyskinetic scores were sig-
nificantly lower (p < 0.001) (Fig. 1(b)). Because nicotine
attenuates and delays the onset of dyskinetic symptoms
[34–36, 53], and also reduces brain mGluR5 [42], we
wanted to address if nicotine’s effect on dyskinesia is re-
lated to reduced mGluR5 expression on D1R-containing
neurons. Chronic treatment with nicotine robustly and sig-
nificantly reduced dyskinesia in aphakia mice (p < 0.01),
similar to its previously published effects in unilateral 6-
OHDA-lesioned mice and in MPTP-treated monkeys [38,
40, 54]. In aphakia-mGluR5KD-D1 mice, nicotine treatment
did not further reduce dyskinetic symptoms. In fact, the
aphakia-mGluR5KD-D1 mice showed slightly higher dyski-
netic scores compared with aphakia mice treated with nic-
otine (Fig. 1(c)).

Knockdown of mGluR5 in D1R-Containing Neurons
Does Not Affect L-DOPA’s Therapeutic Efficacy

To check that the antidyskinetic effects of mGluR5 knock-
down were not due to a reduction in the therapeutic effect of
L-DOPA, we compared motor behavior in L-DOPA-treated
aphakia and aphakia-mGluR5KD-D1 mice. In this experi-
ment, we used activity cages that measure spontaneous loco-
motor activity as reflected by sequential horizontal beam
breaks, computing the total distance traveled during each
trial. We found no difference between aphakia and aphakia-
mGluR5KD-D1mice in horizontal movements or the distance
traveled under basal conditions or after chronic L-DOPA
treatment (Fig. 2(a, b)). Chronic nicotine treatment also had
no effect in motor activity in the L-DOPA-treated or naïve
aphakia or aphakia-mGluR5KD-D1 mice (Fig. 2(a’, b’)).

We then challenged the mice for finer motor coordination
and activity using the beam traversal and rotarod tests be-
fore and after L-DOPA treatment. The time to cross the beam
was similar in aphakia and aphakia-mGluR5KD-D1 mice af-
ter saline. Chronic L-DOPA significantly reduced the time
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to cross beam in both groups of mice (p < 0.01), with no
significant difference between genotypes. Chronic nicotine
treatment did not further reduce the time to cross the beam
(Fig. 2(c)). In terms of motor coordination, dyskinesia re-
duced the latency to fall from the rod in both aphakia and
aphakia-mGluR5KD-D1 mice (Fig. 2(d)). Interestingly,
chronic treatment with nicotine in addition to L-DOPA sig-
nificantly potentiated L-DOPA’s motor coordination effect
in both aphakia and aphakia-mGluR5KD-D1 mice (p < 0.01)
(Fig. 2(d)).

Molecular Markers as Cue in the Effect of Nicotine
in Aphakia Mice Lacking mGluR5 in D1R-Containing
Neurons

We then investigated whether the decrease in L-DOPA-induced
dyskinesia in aphakia-mGluR5KD-D1 mice is accompanied by a
reduction of molecular markers of L-DOPA-induced dyskine-
sia—pERK, pAcH3, and FosB. As expected, L-DOPA induced
the expression of molecular markers selectively in the complete-
ly denervated striatal areas in both hemispheres (e.g. see FosB

Fig. 2 Selective reduction of
mGluR5 in D1R-containing
neurons does not alter the
therapeutic effect of L-DOPA. (a,
a’). Horizontal locomotor activity
and (b, b’) total distance traveled
were measured 30 min after

L-DOPA administration for
30 min. Note that no differences
were found between Ak and
Ak-mGlur5KD-D1 neither in basal
conditions nor with L-DOPA (a,
b) or L-DOPA + nicotine (a’, b’).
Motor coordination and
performance were measured in
the beam traversal (c) and in the
rotarod (d) tests at different time
points: 5 weeks before any
treatment (saline), or 45 min after

L-DOPA administration (see
timeline in Fig. 1(a)). Two-way
ANOVA followed by
Bonferroni’s post hoc test showed
significant differences for
treatment [F2,42 = 25.26,
p < 0.001 for (c); F2,50 = 12.15,
p = 0.0001 for (d)]. **p < 0.01,
***p < 0.001 vs. Ak saline,
#p < 0.05, ###p < 0.001 vs.
Ak-mGlur5KD-D1 saline,
&p < 0.05 vs. Ak L-DOPA,
$p < 0.05 vs. Ak-mGlur5KD-D1

L-DOPA. Data are expressed as
mean ± SEM, n = 6–11 per group.
Nic nicotine
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inset in Fig. 3(c)). Chronic L-DOPA treatment significantly in-
creased the expression of FosB, pAcH3, and pERK in aphakia
mice compared to the saline- and nicotine-treated aphakia ani-
mals (p < 0.001) (Fig. 3). Interestingly, in aphakia-mGluR5KD-
D1 mice, the number of neurons immunoreactive for pERK was
reduced by 66% (p < 0.01), pAcH3 activation was reduced by
33% (p < 0.05, p < 0.01, p < 0.001), and FosB expression by
39% (p < 0.05) (Fig. 3(a’–c’)) compared to aphakia mice.
Consistent with its effect on dyskinesia signs, chronic treatment
with nicotine resulted in a significant decrease of pERK- and
pAcH3-induced by L-DOPA in aphakia (p < 0.01) (Fig. 3(a’,

b’)) but not in aphakia-mGluR5KD-D1 mice. However, nicotine
did not alter L-DOPA-induced FosB expression in either aphakia
or aphakia-mGluR5KD-D1 mice (Fig. 3(c, c’)).

The Antidyskinetic Effect of the mGluR5 Negative
Allosteric Modulator Is Primarily Mediated by mGluR5
on D1R-Containing Neurons

Because mGluR5 is similarly expressed in D1R- and D2R-
containing striatal neurons, and in most interneurons [22], we
then tested if the antidyskinetic effects of the negative

Fig. 3 Downregulation of
mGluR5 in D1R neurons reduces

L-DOPA-induced molecular
markers of dyskinesia. (a, b, c)
Microphotographs of striatal
coronal sections from Ak and
Ak-mGluR5KD-D1 mice sacrificed
1 h after the last L-DOPA
injection, immunostained for
pERK, pAcH3, and FosB. Scale
bar = 100 μm, 200 μm. (a’, b’, c’)
Histograms represent the
quantification of pERK, pAcH3,
and FosB immunoreactive
positive cells. Note that all
molecular markers are expressed
in the completely denervated
striatal areas, see FosB image in
(c). Two-way ANOVA followed
by Bonferroni’s post hoc test
showed significant differences for
genotype [F1,26 = 4.49, p = 0.04
for pERK; F1,26 = 7.02, p = 0.01
for FosB] and treatment [F3,26 =
10.15, p = 0.0001 for pERK;
F3,27 = 16.93, p = 0.0001 for
pAcH3; F3,26 = 26.04, p = 0.0001
for FosB]. ***p < 0.001 vs. Ak
saline, #p < 0.05, ##p < 0.01 vs.
Ak L-DOPA. & < 0.05 vs.
Ak-mGluR5KD-D1 L-DOPA +
nicotine. Data are expressed as
mean ± SEM, n = 5–8 per group,
except in saline- and
nicotine-treated groups, n = 3.
Nic, nicotine; LD, L-DOPA
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allosteric modulators in aphakia-mGluR5KD-D1 mice were
mediated by the mGluR5 expressed in D1R-containing neu-
rons. Previous studies showed a marked antidyskinetic effect
of the highly selective and efficacious mGluR5 negative allo-
steric modulator, PF470 [55]. To assess the specific contribu-
tion of mGluR5 on D1R-containing neurons, we compared
the effect of PF470 on L-DOPA-induced dyskinesia in aphakia
and aphakia-mGluR5KD-D1 mice.We treated mice with PF470
20 min before the last dose of L-DOPA (Fig. 4(a)). Our results
showed that a single dose (1 mg/kg, i.p.) of PF470 decreased

dyskinetic behavior in aphakia mice by about 80% (p < 0.05),
as expected [56]. However, acute PF470 had no significant
effect on dyskinetic behavior in aphakia-mGluR5KD-D1 mice
(Fig. 4(b)), suggesting that the effect of the mGluR5 antago-
nists on dyskinesia is primarily due to its action on mGluR5
located in D1R-containing neurons. Similarly, PF470 did not
further reduce the antidyskinetic effects of nicotine in aphakia
or aphakia-mGluR5KD-D1 mice (Fig. 4(b)).

We next compared the effect of PF470 on expression of
molecular markers of dyskinesia in aphakia and aphakia-

Fig. 4 The antidyskinetic effect
of the mGluR5 negative allosteric
modulator is mediated by
mGluR5 on D1R-containing
neurons. (a) Schematic view of
the experimental timeline. (b)
Acute administration of the
mGluR5 negative allosteric
modulator PF470 (PF) reduces
already established L-DOPA-
induced dyskinesia in Ak but not
in Ak-mGluR5KD-D1 mice.
One-way ANOVA followed by
Bonferroni’s post hoc test
[F7,71 = 15.23, p < 0.0001].
*p < 0.001 vs. L-DOPA-treated
Ak. (c–e’) Immunohistochemical
analysis illustrating that PF470
reduces L-DOPA-induced striatal
pERK (c, c’), pAcH3 (d, d’) and
FosB (e, e’) expression only in Ak
mice. Black dotted line represents
the expression levels induced by

L-DOPA in Ak mice and the gray
dotted line in Ak-mGluR5KD-D1

mice. Scale bar = 100 μm.
Two-way ANOVA followed by
Fisher’s LSD post hoc test:
genotype × treatment [F2,19 =
6.58, p = 0.0067 for pERK;
F2,19 = 8.65, p < 0.002 for
pAcH3; F2,18 = 2.1, p = 0.15 for
FosB]. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 vs.
L-DOPA-treated Ak mice. Data
are expressed as mean ± SEM.
n = 9–14 per group in (b) and 3–4
per group in (c–e’)
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mGluR5KD-D1 mice. PF470’s effect on molecular markers of
dyskinesia mirrored its effects in the behavioral assays of dys-
kinesia. Thus, PF470 decreased pERK and pAcH3 in both
aphakia and aphakia-mGluR5KD-D1 groups (Fig. 4(c, d’)). In
the mice chronically treated with nicotine, PF470 did not fur-
ther alter pERK and pAcH3 in aphakia or aphakia-
mGluR5KD-D1 mice. Although PF470 treatment decreased
FosB expression induced by L-DOPA in aphakia and
aphakia-mGluR5KD-D1 mice, as expected, in the nicotine-
treated mice, this reduction occurred in the aphakia-
mGluR5KD-D1 mice only (Fig. 4(e, e’)).

mGluR5 Expression in D1R-Containing Neurons

Previous studies showed that mGluR5 is downregulated in
mGluR5KD-D1 mice [15, 45]. Since aphakia mice express the
tomato fluorescent protein in D1R-containing neurons, we
were able to measure by immunofluorescence the expression
of mGluR5. As expected, we found that saline-treated
aphakia-mGluR5KD-D1 mice display lower expression of the
mGluR5 in D1R-containing neurons compared to aphakia
mice (p < 0.01) in the denervated striatum. This pattern of
expression was similar in the nicotine-treated animals. Next,
we asked whether L-DOPA is able to increase the expression
of mGluR5 in striatal D1R-containing neurons in the aphakia-
mGluR5KD-D1 mice, and second, if nicotine could further re-
duce mGluR5 in D1R-containing neurons. We found that L-
DOPA increased the expression of mGluR5 in D1R-
containing neurons in aphakia mice relative to saline-treated
aphakia mice. This L-DOPA-induced increase in mGluR5 ex-
pression was prevented in aphakia-mGluR5KD-D1 animals
(p < 0.01), although the expression was slightly higher com-
pared to saline aphakia-mGluR5KD-D1 mice. Nicotine reduced
mGluR5 fluorescence intensity in D1R-containing neurons in
aphakia mice but not in aphakia-mGluR5KD-D1 (Fig. 5).

Discussion

The present study demonstrates that selective knockdown of
mGluR5 in D1R-containing neurons decreases L-DOPA-in-
duced dyskinesia in aphakia mice, an established genetic
mouse model of PD [46–49]. We observed that aphakia-
mGluR5KD-D1 mice, showed a robust decrease in dyskinesia
but retained full therapeutic efficacy of L-DOPA compared to
aphakia mice. Importantly, this reduction in behavioral indi-
cators of dyskinesia was accompanied by reduced activation
of the pERK/pAcH3/FosB signaling pathway, a known mo-
lecular cascade associated with L-DOPA-induced dyskinesia.
Furthermore, administration of the highly selective mGluR5
negative allosteric modulator (PF470) reduced dyskinesia in
aphakia but did not further modify dyskinetic behavior in
apahakia-mGluR5KD-D1 mice, suggesting that the effect of

PF470 on dyskinesia is primarily mediated by its action on
mGluR5 in D1R-containing neurons. Given that nicotine has
been shown to regulate glutamate neurotransmission, we also
asked whether nicotine was able to further reduce dyskinesia
in aphakia-mGluR5KD-D1 mice. Our results suggest that the
effect of nicotine on dyskinesia is also mediated through
mGluR5 in D1R direct pathway neurons. Chronic nicotine
decreased dyskinesia in aphakia mice, but was unable to pro-
duce a further reduction of dyskinetic signs in aphakia-
mGluR5KD-D1. Interestingly, animals that received nicotine
showed no reduction in the antiparkinsonian effect of L-
DOPA and exhibited improvement in motor performance.

Previous research shows that striatal mGluR5 are increased
when dyskinetic movements induced by L-DOPA appear [57].
In addition, it was demonstrated that there is a cross talk be-
tween D1R- and mGluR5-signaling pathways in direct path-
way neurons that leads to ERK activation in the dopamine-
depleted striatum [15], and it has been suggested that this
modulation of the D1R signaling cascade mediates dyskinesia
[8]. In our study, we found that aphakia-mGluR5KD-D1 mice
display fewer dyskinesia than aphakia mice (Fig. 1), but still
exhibit the full therapeutic efficacy of L-DOPA (Fig. 2). This is
in line with previous findings showing that mGluR5 antago-
nists such as MPEP, MTEP, fenobam, and MRZ-8676 reduce
dyskinesia in 6-OHDA-lesioned rats andMPTP-lesioned non-
human primates [6, 58, 59].

Chronic L-DOPA treatment causes long-term modification
of synaptic activity in dyskinesia. For instance, there is an
increase in D1R-mediated response, leading to enhanced ac-
tivation of ERK, histone 3, and FosB expression in the
dopamine-denervated striatum [60–62]. The exact mecha-
nisms underlying the reduction of dyskinesia in aphakia-
mGluR5KD-D1 mice are not completely understood. One pos-
sible mechanism is that decreased levels of mGluR5 lead to a
reduction in D1R signaling. A recent study demonstrated a
cross talk between mGluR5 and D1R in the dopamine-
depleted striatum by showing that mGluR5 modulates
SKF38393-induced ERK activation [15]. Previous studies
suggest at least two ways in which knocking down mGluR5
could affect D1R-dependent signaling pathway via ERK [15]:
first, by decreasing diacylglycerol, which leads to lower acti-
vation of protein kinase C, which in turn reduces ERK signal-
ing and second, by reducing intracellular calcium release,
which reduces calcium calmodulin kinase II and ERK activa-
tion (Fig. 6) [63]. Here, we report that the reduced develop-
ment of dyskinesia in aphakia-mGluR5KD-D1 mice is associ-
ated with a decrease in the molecular markers pERK, pAcH3,
and FosB (Fig. 3). These results are in agreement with previ-
ous studies showing that mGluR5 antagonist reduced L-
DOPA-induced ERK activation and FosB expression in the
6-OHDA rat model of dyskinesia [26, 64]. The reduced
pERK, pAcH3 activation, and FosB expression induced by
L-DOPA in aphakia-mGluR5KD-D1 mice suggests cooperation
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between D1R and mGluR5 in the D1R-dependent signaling
pathway in dyskinesia. Our finding that PF470 does not fur-
ther modify dyskinesia in aphakia-mGluR5KD-D1 mice (Fig.
4) rules out a role of mGluR5 in non-D1R-containing neurons
in the development of dyskinesia.

Nicotinic receptors have recently emerged as a potential
therapeutic target to treat dyskinesia. nAChR are ionotropic
receptors widely expressed in the central nervous system.
The striatum expresses two nAChR implicated in regulating
the release of different neurotransmitters: the most abundant
is the *β2 (α4β2*, α6β2*), which is implicated in dopa-
mine release, while α7 is preferentially located in

glutamatergic terminals [3, 37, 53]. The location of nicotin-
ic receptor in striatal projection neurons remains controver-
sial. For instance, electrophysiological recordings using the
puff technique revealed that 32% of striatal projection neu-
rons respond to nicotine. In this study, we tested whether
nicotine could modulate dyskinesia via mGluR5 using the
aphakia-mGluR5KD-D1 mice.We found that nicotine robust-
ly reduced L-DOPA-induced dyskinesia in aphakia mice,
but was unable to modify the already reduced dyskinetic
signs in the aphakia-mGluR5KD-D1 mice. These results sug-
gest that nicotine effects and mGluR5 blockade function via
a similar mechanism.

Fig. 5 Nicotine reduces mGluR5
expression in D1R-containing
neurons. (a) Location of sampled
areas is indicated by the black box
in a schematic representation of a
coronal section taken at 0.62 mm
from bregma. (b) Graph
represents mGluR5 expression in
D1R-neurons expressed as the
area under the curve (AUC) of
fluorescence intensity. (c)
Representative confocal images
from L-DOPA-treated Ak and
Ak-mGluR5KD-D1 mice without
and with nicotine treatment
illustrating D1R (red) and
mGluR5 (green) coexpression.
Nuclei are visualized via DAPI
staining. Arrows indicate
examples of dual D1R-positive
and mGluR5-positive neurons.
Scale bar = 100 μm. Two-way
ANOVA followed by
Bonferroni’s post hoc test showed
significant differences for
genotype [F1,46 = 43.9, p =
0.0001] and treatment [F3,46 =
13.2, p = 0.0001]. ##p < 0.01,
#p < 0.05 vs. Ak saline,
***p < 0.001 vs. Ak L-DOPA.
n = 4–8 per group
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The reduction of dyskinetic behavior in aphakia mice was
accompanied with attenuation of the associated molecular
markers pERK and pAcH3, but surprisingly not of FosB ex-
pression. A possible explanation for the unaltered FosB ex-
pression is that chronic nicotine treatment induces striatal
FosB accumulation following dopamine receptor activation
[16]. It is possible that in our nicotine-treated animals, FosB
expression occurs, in part, independently of the ERK/pAcH3
pathway. However, future studies are needed to explore these
possibilities.

The molecular mechanisms underlying the ability of nico-
tine to reduce dyskinesia in aphakia mice are not completely
understood. There is evidence of pharmacological modulation
of mGluR5 in the striatum by nicotine [18, 41, 42]. For in-
stance, mGluR5 expression is downregulated in the caudate
nucleus and putamen of smokers, suggesting an interaction
between nicotine receptor and mGluR5 [42, 65]. This could
be one of the reasons why we observed that nicotine did not
further decrease the dyskinetic response to L-DOPA in aphakia-
mGluR5KD-D1 mice. In fact, we found that nicotine treatment
prevented the L-DOPA-induced mgluR5 expression in the de-
nervated striatum (Fig. 5). Another possible explanation could
involve the modulation of the nitrergic system by nicotine.
Nicotine increases nitric oxide synthase expression in the stria-
tum, which is involved in the development of dyskinesia
[66–68]. We, and others, have shown that increasing nitric ox-
ide signaling by administering a nitric oxide donor or a phos-
phodiesterase inhibitor decreases dyskinesia [47, 69, 70].
However, more studies are needed to clarify whether nicotine
alleviates dyskinesia by modulating the nitrergic system. In
addition, our results also showed that the antidyskinetic effect
of nicotine is accompanied by a better performance of motor
tasks, thus increasing the therapeutic effect of L-DOPA inde-
pendently of mGluR5 in D1R-containing neurons.

In summary, the current study demonstrates the role of
mGluR5 in D1R-containing neurons on dyskinesia. We found
that the specific reduction of mGluR5 in direct pathway neu-
rons reduces L-DOPA-induced dyskinesia in aphakia mice and
the associated molecular markers. In support to this, we found
that the antidyskinetic effect of a mGluR5 negative allosteric
modulator is mainly due to the blockade of those receptors
expressed in D1R-containing neurons. On the other hand, our
results also indicate that the antidyskinetic effect of nicotine
might be mediated by a downregulation of mGluR5 expres-
sion, because the combination of nicotine and reduction (or

blockade) of mGluR5 did not have an added antidyskinetic
effect. Further studies are needed to determine if combining
subthreshold doses of these drugs might have an additive
antidyskinetic effect. Our data suggest that therapies based
on targeting mGluR5 (specifically expressed in D1R-
containing neurons) or nicotine would be an efficient clinical
approach to treat dyskinesia.
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Summary

Pseudomonas aeruginosa is a widely distributed envi-
ronmental bacterium but is also an opportunistic path-
ogen that represents an important health hazard due
to its high intrinsic antibiotic resistance and its pro-
duction of virulence factors. The genetic structure of
P. aeruginosa populations using whole genome
sequences shows the existence of three clades, one
of which (PA7 clade) has a higher genetic diversity.
These three clades include clinical and environmental
isolates that are very diverse in terms of geographical
origins and isolation date. Here, we report the charac-
terization of two distinct clonal P. aeruginosa groups
that form a part of the PA14 clade (clade 2) sampled
from the Churince system in Cuatro Ciénegas Basin
(CCB). One of the clonal groups that we report here
was isolated in 2011 (group 2A) and was displaced by
the other clonal group (2B) in 2015. Both Churince
groups are unable to produce pyoverdine but can

produce other virulence-associated traits. The exis-
tence of these unique P. aeruginosa clonal groups in
the Churince system is of ecological and evolutionary
significance since the microbiota of this site is gener-
ally very distinct from other lineages, and this is the
first time that a population of P. aeruginosa has been
found in CCB.

Introduction

Pseudomonas aeruginosa is an environmental bacterium
that has been considered ubiquitous since it is present in
a wide range of environments, but it is also an opportu-
nistic pathogen that represents an important health haz-
ard due to its high intrinsic antibiotic resistance, the high
frequency of multi-resistant strains (Castañeda-Montes
et al., 2018) and its production of virulence-associated
traits (Gellatly and Hancock, 2013).

P. aeruginosa genomics has revealed the existence of
three main clades (Freschi et al., 2015) that include clini-
cal and environmental isolates (Grosso-Becerra et al.,
2014; Stewart et al., 2014; Diaz et al., 2018). The geo-
graphical origin and date of isolation of the strains
belonging to these three clades vary widely (Pirnay et al.,
2009; Castañeda-Montes et al., 2018). One of the clades
(the PA7 clade) presents a much higher genetic variabil-
ity (Roy et al., 2010), and a member of this clade (strain
ATCC 9027) has been reported to produce low levels of
virulence factors and to be non-virulent in a mouse model
(Grosso-Becerra et al., 2016).

The production of the siderophore pyoverdine is char-
acteristic of all fluorescent Pseudomonas, including clini-
cal and environmental P. aeruginosa isolates (Lamont
and Martin, 2003; Ravel and Cornelis, 2003; Schalk and
Guillon, 2013). The chemical structure of these side-
rophores consists of a dihydroxyquinoline chromophore
attached to a 6 to 12 variable peptide chain with a
sequence that is species- and even strain-specific
(Meyer, 2000).

P. aeruginosa produces three types of pyoverdines,
and their ferric ion specificity is around 1032 M−1. These
siderophores are also able to bind other metals, but with
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a much lower affinity (Braud et al., 2009). FpvA is the
specific outer-membrane receptor for pyoverdine-iron
complexes and is indispensable for its uptake (Schalk
et al., 2001). It has been reported that the production of
pyoverdine is important for the pathogenesis of
P. aeruginosa, but clinical isolates that do not produce
this siderophore can be isolated (Tasake et al., 2000;
Visca et al., 2006; Kirienko et al., 2013; López-Medina
et al., 2015; Granato et al., 2016).
P. aeruginosa is able to produce other non-fluorescent

siderophores, such as piochelin that plays an ecological
important role in the competition of this bacterium in envi-
ronments where soluble iron is very low (Schiessi
et al., 2017).

Another conserved characteristic among the three
described P. aeruginosa clades is the regulation at the
transcriptional level of the production of most of the viru-
lence factors by a complex regulatory network called
quorum-sensing response (QSR) that depends on the
production of autoinducers (AIs) that interact with tran-
scriptional regulators (Williams and Cámara, 2009;
Grosso-Becerra et al., 2016).

P. aeruginosa QSR modulates the expression of sev-
eral virulence factors such as pyocianin (PYO), elastase
and rhamnolipids (RL) through the activity of two tran-
scriptional regulators (LasR and RhlR) that interact with
their cognate AIs 3-oxo-dodecanoyl-homoserine lactone
(3O-C12-HSL) with LasR and butanoyl-homoserine lac-
tone (C4-HSL) with RhlR. P. aeruginosa clades 1 and
2 share the secretion of toxins through the type III secre-
tion system (T3SS), which is also an important virulence
associated trait (Dacheaux et al., 1999; Berube et al.,
2017). Strain PA14 and other members of clade 2 secrete
ExoU and ExoT effectors through the T3SS (Miyata
et al., 2003).

P. aeruginosa is a very well-studied species, but in
order to explore the possibility of isolating new
P. aeruginosa lineages and to understand the origin of its
pathogenic potential, we have characterized isolates from
diverse environments (Grosso-Becerra et al., 2014). In this
work, we explore the Cuatro Ciénegas Basin (CCB)
located in the Chihuahuan Desert in the Mexican State of
Coahuila, a place previously referred as a lost world due
to the presence of ancient bacterial lineages (Souza et al.,
2018). We have observed that in CCB microbial diversity
is extremely high (Souza et al., 2018) and a large portion
of it seems to include direct descendants of marine organ-
isms (Souza et al., 2006; Alcaraz et al., 2008) including
marine virus (Desnues et al., 2008; Taboada et al., 2018),
which is atypical for lagoons and springs outside CCB. We
think that this is given in part by the ion composition of its
water that is rich in sulphur and magnesium salts and poor
in phosphorous and iron. Moreover, the extreme unbal-
anced nutrimental stoichiometry where the ratio of

nitrogen/phosphorous is very high (Elser et al., 2005; Lee
et al., 2015, 2017) can explain most of the endemicity due
to extreme selective pressure. It has been proposed that
within CCB, oligotrophy not only forces the collaboration
within the community to optimize its nutrient cycling
(Tapia-Torres et al., 2016; Gomez-Lunar et al., 2018;
Rodríguez-Torres et al., 2017), but it acts as an effective
sieve against migration (Souza et al., 2012, 2018).

Within the diverse and particular CCB water bodies,
the most distinct site is the hydrological system of Chu-
rince, a particularly vulnerable site due to the overex-
ploitation of its aquifer by alfalfa agriculture (Souza et al.,
2007; De Anda et al., 2018; Souza et al., 2018). Churince
was composed of three interconnected sections: large
lagoon, intermediate lagoon and a spring. In 2004, the
lagoon farthest from the spring, the desiccation lagoon
(large lagoon), began to shrink and completely dried in
2006 (Alcaraz et al., 2008). Later, the intermediate
lagoon began to shrink in 2011 and completely dried in
2017 (Souza et al., 2018), now only the main spring
maintains some water.

Given its cultivable nature, several studies at CCB
water bodies have been focused in the genus Pseudo-
monas and hundreds of novel isolates have been iden-
tified (Escalante et al., 2009; Toribio et al., 2011;
Bonilla-Rosso et al., 2012; Rodríguez-Verdugo et al.,
2012; Ponce-Soto et al., 2015). Twice each year for
more than ten years, samples have been obtained from
defined points in the Churince system to study the sta-
bility of different bacterial communities, and in the case
of Pseudomonads it has also been determined the
effect in their composition of fluctuations in temperature
along the year (Rodríguez-Verdugo et al., 2012), and of
nutrient availability, for example (Ponce-Soto et al.,
2015). It is interesting that despite extensive sampling
effort, only one P. aeruginosa strain (M10) was isolated
from the Churince spring in 2008, which was very simi-
lar to the PAO1 type strain (Grosso-Becerra et al.,
2014). It is possible that strain M10 is an introduced
P. aeruginosa clone and not a member of a CCB bacte-
rial population.

However, as the system declined due to the severe
overexploitation of the aquifer, both by superficial chan-
nels and deep wells, the community conditions changed
and we started to isolate more P. aeruginosa strains.
Herein, we report the isolation and phenotypic characteri-
zation of 49 P. aeruginosa isolates from the Churince
system, 44 of them in October 2011 when intermediate
lagoon started to dry, and 5 in October 2015 on an even
more dry condition. The analysis of the genome
sequence of 10 isolates from the 2011 sample and the
5 isolates from 2015 showed that they represent two
novel P. aeruginosa clonal groups of the PA14 lineage
that are indigenous to CCB. All the isolates studied in this
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work were able to produce virulence-associated traits
with the exception of pyoverdine and are virulent when
tested in the Galleria mellonella model. The ecological
significance of the existence of these new P. aeruginosa
clonal groups that were native to CCB is discussed.

Results and discussion

Phylogenetic analysis of P. aeruginosa strains isolated
from intermediate lagoon in 2011 and 2015 using whole
genome sequencing

The water level of intermediate lagoon started to lower in
October 2011 (date of the first sampling presented in this
article) after a particularly hot summer where the
diminishing water supply by the deep aquifer met with a
larger evaporation. Due to the protected status of CCB

(�Area de Protección de Flora y Fauna) and the endan-
gered lagoon, in coordination with federal authorities and
with the local users, we were able to close for a year the
canal located in La Becerra (an important spring close to
Churince) from early 2013 to the fall of 2014, restoring,
temporarily, the water levels of intermediate lagoon
(de Anda et al., 2018), therefore allowing the microbiota
to recover, while the water levels increased. However, in
our second sampling shown in this work in October 2015,
the lagoon was dryer than in 2011.

In order to understand the evolutionary effect of the
lowering water level on the population of aquatic
microbes, we compared genomes of the 2011 sample
with the genomes of bacteria isolated in a new survey of
different Pseudomonas species in October 2015. Among
the recovered strains 44 P. aeruginosa isolates were
obtained in 2011 and only 5 in 2015. In order to study the
population genetics of the two collections, we obtained
the whole genome sequence of 10 strains isolated in
2011 and the 5 strains isolated in 2015 (Supporting Infor-
mation Table S1) and their phylogeny was deter-
mined (Fig. 1).

Unexpectedly, we observed that the sequenced strains
from each sampled year formed a distinct clonal group
closely related to the PA14 clade 2: one contains the
10 strains isolated in 2011 (defined as P. aeruginosa
group 2A) and the other contains the 5 strains isolated in
2015 (P. aeruginosa group 2B).

The result obtained (Fig. 1) through the phylogenetic
analysis of the whole genome sequence of the
15 P. aeruginosa strains of clonal groups 2A and 2B, com-
pared to 24 P. aeruginosa whole-genome sequences
(5 members of PAO1 clade 1 including M10 strain;
17 belonging to the PA14 clade 2; and 2 to the PA7 clade
3), show that the 10 strains isolated in 2011 and the
5 strains isolated in 2015 form two distinct clonal groups
(2A and 2B, respectively) within the PA14 clade 2 (Fig. 1).

Fig. 1. Core genome phylogeny of the 15 sequenced P. aeruginosa strains isolated from the intermediate lagoon. The phylogeny was con-
structed with FastTree 2.0 (Price et al., 2010) and annotated with the R package ggtree (Yu et al., 2018). Clade 2 is highlighted in grey and clonal
groups 2A and 2B are indicated with black bars. Pseudomonas putida KT2440 was used as outgroup.

© 2019 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 21, 2964–2976

2966 M. García-Ulloa II et al.



The existence of two distinct clonal groups in Churince
was further confirmed by the analysis of the phylogenetic
tree constructed based on the MLST data of 2953
P. aeruginosa strains including the strains isolated in 2011
and 2015, and the M10 strain isolated previously, together
with the data available on the PubMLST Pseudomonas
aeruginosa database. This phylogenetic analysis of nearly
3000 strains confirmed the existence of the two indige-
nous CCB clonal groups (2A and 2B) in two distinct bra-
nches both presenting a 100% bootstrap support (Fig. 2).
These results suggest that the wetland brief recovery in
2013 selected against the early P. aeruginosa clonal
group 2A allowing the succession process of another, not
previously seen group 2B in the drying lagoon.

The analysis of the genome assemblies of the
15 sequenced strains showed slight differences in genome
size and GC content between the two clonal groups, but
more interestingly, different number of CRISPR arrays,
which can be used for differentiating P. aeruginosa strains
(Van Belkum et al., 2015); clonal group 2A has one

CRISPR array, while group 2B has two (Supporting Infor-
mation Table S1). In addition, we found that clonal group
2A has a genome size of 6.44–6.46 Mb with a GC content
of 66.43%–66.46%, while group 2B has a slightly larger
genome size (6.49–6.53 Mb) with a GC content of
66.31%–66.34% (Supporting Information Table S1). Thus,
the two described clonal groups are indistinguishable
using their size or GC content. However, the previously
isolated M10 strain has more diverse genomic characteris-
tics; it has a genome size of 6.20 Mb with a GC content of
66.56% and no CRISPR arrays (Supporting Information
Table S1), features closer to those found on the PAO1
strain (Stover et al., 2000; Grosso-Becerra et al., 2014).
Moreover, even though the novel strains that belong to
each clonal group have a high genomic similarity and are
closely related to PA14 clade 2 (Fig. 1), they are unique
as can be concluded by the analysis of the structure of
their pvd genes discussed below.

The finding of two Churince native clonal groups of
P. aeruginosa was unexpected, since this is the first time

Fig. 2. MLST neighbour-joining phylogenetic reconstruction. 2953 P. aeruginosa concatenated MLST sequences from the PubMLST Pseudomo-
nas aeruginosa Database alongside the 10 and 5 MLST from members of clonal groups 2A and 2B, respectively, and strain M10, whose posi-
tions are highlighted in grey, were used for the phylogenetic reconstruction shown in Fig. 2A. A total of 1000 bootstrap replicates were performed
using MEGA7 (Kumar et al., 2016); branches corresponding to clonal groups 2A and 2B are 100% supported. A summarized subtree of clonal
groups 2A and 2B is shown in Fig. 2B and indicated with black bars was extracted from the complete phylogeny using the R package ggtree
(Yu et al., 2017).
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that lineages that are particular to a determined environ-
ment and time of isolation have been described in this
well-studied species. All the previously reported collec-
tions contain clinical and environmental representatives
and are in no way related to any specific environmental
parameter (Freschi et al., 2015; Mosquera-Rendón et al.,
2016; Castañeda-Montes et al., 2018).
In agreement with the ubiquitous character of the three

previously reported P. aeruginosa clades and the typical
cosmopolitan way of life of this bacterial species, we iso-
lated in 2008 from Churince spring, the M10 strain
belonging to clade 1, which is very similar to the PAO1
strain (Grosso-Becerra et al., 2014).
Nevertheless, the indigenous character of P. aeruginosa

clonal groups 2A and 2B reported here was not surprising,
since most of the microbiota studied in the Churince system
seems to be unique (Souza et al., 2018). We hypothesize
that P. aeruginosa clonal groups 2A and 2B represent
populations that belong to Churince communities, but that
their population size was very small to be detected in previ-
ous samplings and that they were able to thrive in
perturbed conditions. Our results suggest that the condi-
tions found in the desiccating intermediate lagoon were
favourable for P. aeruginosa clades 2A and 2B, and that
the constant follow-up of Churince microbiota sampling,
allowed us to pick up these rare inhabitants that could not
be found before and not even in the 2016–2017 samplings.

Antibiotic resistance of P. aeruginosa strains belonging
to the 2A and 2B clonal groups

It has been reported previously that the production and
resistance to antibiotics are ecologically significant traits

in the Churince system not only in sediment-associated
Bacillus (Pérez-Gutiérrez et al., 2012) but also in the
water column Pseudomonads inhabitants (Aguirre-von-
Wobeser et al., 2014; Ponce-Soto et al., 2015). There-
fore, we determined the antibiotic resistant profile of the
15 strains studied in this work against carbenicillin
(500 μg/ml), tetracycline (150 μg/ml), kanamycin
(200 μg/ml), streptomycin (200 μg/ml), chloramphenicol
(200 μg/ml), gentamycin (150 μg/ml), and apramycin
(100 μg/ml). In agreement with previous results for Pseu-
domonas isolated from the intermediate lagoon (Ponce-
Soto et al., 2015), we found that the 15 analysed strains
are resistant to carbenicillin and kanamycin and sensitive
to the rest of the antibiotics tested. This, along with their
unique phylogenetic position reinforces the idea of these
two clonal groups being native to the Churince system.
Meanwhile, strain M10, a typical environmental
P. aeruginosa, is sensitive to all antibiotics tested, which
is consistent with it being an introduced bacterium to the
Churince system.

In addition, we determined the antibiotic resistance pro-
file of these 15 strains to the antibiotics that are com-
monly used against P. aeruginosa infections and found
that all of them are sensitive with only one exception
(strain M58 has an intermediate resistance to aztreonam;
supplementary information Table S2).

Virulence-factors production of P. aeruginosa strains
belonging to the 2A and 2B groups

We carried out the phenotypic characterization of the
P. aeruginosa strains belonging to clonal groups 2A and
2B with respect to the production of virulence factors

Table 1. Phenotypic characterization of P. aeruginosa CCB isolates analysed in this work compared to PAO1-type strain.

Strain PYO (μg/ml) RL (μg of rhamnose) Elastase (Units) 3O-C12-HSL (Miller Units) C4-HSLa
Virulence in

G. mellonella modela

PAO1 3.46 ± 0.9 108.3 ± 5.24 1.41 ± 0.02 6658.7 ± 300 + +
M53 3.19 ± 0.7 122.9 ± 1 1.72 ± 0.12 4240.7 ± 662 + +
M54 3.84 ± 0.2 141.8 ± 3.42 2.57 ± 0.07 1226.6 ± 468 + +
M55 0.84 ± 1.6 135.4 ± 8 2.05 ± 0.66 4714.8 ± 960 + +
M56 0.84 ± 0.3 68.3 ± 7 1.40 ± 0.15 2594.5 ± 219 + +
M57 2.03 ± 0.1 92.44 ± 8 1.57 ± 0.28 4898.8 ± 1219 + +
M58 5.10 ± 0.8 83.8 ± 21.3 2.82 ± 0.07 3666.8 ± 101 + +
M59 3.62 ± 1.7 179.2 ± 45.8 2.14 ± 0.12 5334.1 ± 134 + +
M60 2.63 ± 0.2 151.8 ± 14.3 1.6 ± 0.12 5806.4 ± 1100 + +
M61 0.99 ± 0.3 156.8 ± 3 1.49 ± 0.23 5537.8 ± 990 + +
M62 0.51 ± 0.1 156 0.5 ± 15 1.96 ± 0.73 4052.79 ± 653 + +
M63 3.19 ± 1.3 84.8 ± 1 1.57 ± 0.24 3917.3 ± 361 + +
M64 2.74 ± 0.06 127.2 ± 1 1.42 ± 0.24 5389.4 ± 568 + +
M65 1.55 ± 0.7 151.9 ± 12 2.03 ± 0.9 3053.1 ± 455 + +
M66 35.72 ± 7. 110.2 ± 9 1.49 ± 0.18 519.2 ± 122 + +
M67 5.12 ± 0.4 140.2 ± 3 1.46 ± 0.18 4475 ± 429 + +

+ means that it was detected. A + sign in the virulence in the G. mellonella model means that the five tested larvae were dead at 24 h of injection
of 105 CFU.
a. The production of C4-HSL was determined using the qualitative bioassay based on the production of violacein by Chromobacterium
violaceum strain CV026.
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regulated by the QSR and the production of the AIs
C4-HSL and 3O-C12-HSL that participate in this complex
regulatory network (Table 1).

We found that the production of the QSR-regulated
virulence-factors (PYO, RL, and elastase) and the produc-
tion of the AIs C4-HSL and 3O-C12-HSL of strains
belonging to the P. aeruginosa 2A and 2B clonal groups
(Table 1) are very similar to the QSR presented by strains
belonging to clades 1 (including PAO1 strain), 2 (including
PA14 strain) and 3 (including ATCC 9027 strain, analysed
by Grosso-Becerra et al., 2016). The only strain with an
atypical QSR is strain M66 of clonal group 2B, which has
a high PYO production and a low production of the AI
3O-C12-HSL (Table 2). Strains with atypical QSR have
been previously reported (Grosso-Becerra et al., 2014;
Morales et al., 2017).

Furthermore, P. aeruginosa strains that belong to 2A
and 2B clonal groups produce the two types of RL:
mono-RL that contains one rhamnose moiety and di-RL,
which contains two molecules of rhamnose (Supporting
Information Fig. S1). Strains belonging to clade 3, as
PA7 (Roy et al., 2010) and ATCC 9027 (Grosso-Becerra
et al., 2016) only produce mono-RL.

We also found that all the strains belonging to clonal
groups 2A and 2B secrete ExoU and ExoT effectors by
the T3SS (Supporting Information Fig. S2), as has been
reported for PA14 and other strains of clade 2. In addition
we found that the two clonal groups studied here are
pathogenic when tested in the Galleria mellonellamodel
(Table 1), even though they are unable to produce
pyoverdine as discuss below. These results suggest
that these two lineages diverged from a clade
2 P. aeruginosa common ancestor that was able to
establish pathogenic interactions.

Analysis of pyoverdine genes of P. aeruginosa strains
belonging to clonal groups 2A and 2B

Many strains belonging to species of the fluorescent
Pseudomonas isolated from the Churince system are
unable to produce fluorescent siderophores even belong-
ing to fluorescent Pseudomonas species (Escalante
et al., 2009; Toribio et al., 2011; Bonilla-Rosso et al.,
2012; Rodríguez-Verdugo et al., 2012; Ponce-Soto et al.,

2015), and the same is true for P. aeruginosa strains iso-
lated in 2011 (44 strains) and 2015 (5 strains) analysed
in this work.

In order to determine whether the lack of pyoverdine pro-
duction reflected a specific arrangement of the pvd genes
in the 15 P. aeruginosa isolates that were sequenced in
this work, we analysed these loci and compared them with
the pvd genes of the PAO1-type strain (Fig. 3).

Our results show that all the sequenced strains that
belong to the 2A group contain a deletion spanning from
the PA2403 ORF to the pvdE gene (including the gene
encoding for the pyoverdine receptor FpvA), while the
five strains belonging to clade 2B have deletions includ-
ing the pvdD gene, but retaining fpvA (Fig. 3). In addition,
strains M63 and M65 lack the pvdI gene and strain M65
also lacks pvdJ (Fig. 3). Thus among the five strains
belonging to clonal group 2B, we found three different
patterns of deletions affecting the pvd gene cluster
(Fig. 3). The detected variability of the pvd gene cluster
among the sequenced strains belonging to clonal groups
2A and 2B suggest that the lack of pyoverdine production
is positively selected among P. aeruginosa isolates
native to intermediate lagoon.

Furthermore, we analysed the pvd genes in strain M10
and as expected since it is a fluorescent isolate, we
found that it has a very similar pattern of pvd genes to
strain PAO1 (Fig. 3). These results reinforce the idea that
strain M10 is an introduced bacterium to CCB and does
not form part of a native P. aeruginosa population of the
Churince system.

Structure of the pvd locus among the strains isolated in
October 2011 that were not sequenced

To determine whether the remaining 34 strains isolated in
2011 that were not sequenced have the same structure of
the ten 2A clonal group sequenced strains, we designed a
series of oligonucleotides to amplify some of the deletions
present in the 15 sequenced isolates, using as a positive
control the region from pvdE to fpvA (which is present in
the PAO1, M10 and the 5 strains belonging to the clonal
group 2B) and oligonucleotides that specifically amplify
the 16S rDNA (see Supporting Information Table S3 and
Fig. S3).

Table 2. Characterization by PCR of the deletions present in 21 P. aeruginosa strains belonging to 2A clonal group that were not sequenced.

PCR product Strains that present the PCR product Type of deletion*

pvdE to PA2403 7 strains (they do not present the pvdE to
fpvA PCR product)

Type 1, as in the 10 sequenced strains
belonging to 2A clonal group (Fig. 3)

fpvA to pvdJ 2 strains (also have the pvdE to fpvA PCR
product)

Type 2, as in strains: M63, M64, M66, M67,
belonging to 2B clonal group (Fig. 3)

fpvA to PA2403 12 strains that also have the pvdE to fpvA
PCR product.

Type 3, as strain M65 belonging to 2B
clonal group (Fig. 3)
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Our results show that 13 of the 34 tested strains did
not amplify the pvdE to fpvA region, nor the three types
of pvd deletions that we screened by PCR (Table 2),
even though we were able to amplify the gene
encoding 16S rRNA in all of them. These results show
that these 13 strains contain an uncharacterized dele-
tion that is not equal to those found in the
10 sequenced strains belonging to 2A group, or to the
deletions found in the 5 sequenced strains from clonal
group 2B (Fig. 3).
Among the remaining 21 strains, only 7 have the type

1 deletion presented by the 10 sequenced strains belong-
ing to clonal group 2A (Fig. 3 and Table 2). This was
determined by the amplification of a PCR product using
oligonucleotides from pvdE to PA2403 (Table 2;
Supporting Information Fig. S3 and Table S3).
Interestingly, we detected among the bacteria that

were collected in 2011, 2 strains that have the same
deletion as strains M63, M64, M66 and M67 of the clonal
group 2B, spanning from fpvA to pvdJ (type 2 deletion,
Table 2), and 12 strains with a similar deletion as strain
M65 (type 3 deletion, Table 2) that also belongs to the
2B group (Table 2).
The existence of 27 strains among the 44 strains col-

lected in October 2011 that have a different structure of
the deleted pvd locus as the 10 sequenced strains

belonging to clonal group 2A (Fig. 3) shows that the
44 strains isolated in 2011 that presumably belong to
clonal group 2A, are not the same individual that has
been sampled twice and led us to the conclusion that the
lack of pyoverdine production is positively selected
among P. aeruginosa isolates indigenous to the interme-
diate lagoon.

It is possible that P. aeruginosa strains that were iso-
lated in October 2011 that present a similar deletion to
clonal group 2B strains, in fact belong to this phyloge-
netic group and not to the 2A group. So it is possible that
clonal groups 2A and 2B coexisted in the Churince inter-
mediate lagoon in 2011, but this possibility does not mod-
ify the conclusions attained in this work.

The results presented here strongly suggest that the
lack of pyoverdine synthesis of P. aeruginosa strains
endemic to CCB is of ecological significance. It is intrigu-
ing though, that pyoverdine deficient strains were
selected in the Churince system, an environment with an
extremely low iron concentration. A possible explanation
for this apparent paradox is that FpvA might be used as
the receptor of a common bacterial toxin in Churince, as
has been shown in the case of pyocine S2 produced by
P. aeruginosa (Denayer et al., 2007). If this were the
case, the fpvA gene present in some of the strains stud-
ied in this work (Fig. 3) would not be expressed. It has

Fig. 3. Schematic representation of the pvd gene cluster. This chromosomal region is shown in the P. aeruginosa strains isolated from the Chu-
rince system compared with P. aeruginosa PAO1. Identification of the syntenic genes was done with progressive Mauve (Darling et al., 2010).
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been reported that antagonic interactions through diffus-
ible molecules are common among Churince prote-
obacteria (Aguirre-von-Wobeser et al., 2014).

In this scenario, the production of other siderophores
as pyochelin will circumvent the problem of iron starva-
tion, so we hypothesize that Churince P. aeruginosa
strains belonging to the 2A and 2B clonal groups, that
are deficient in pyoverdine production, can produce
pyochelin, and possibly other siderophores. In support of
this hypothesis, we found that the 15 sequenced
P. aeruginosa strains have apparently functional pchA,
pchB, pchD, pchR genes and in addition they present
the pfeA gene encoding for the ferric enterobactin recep-
tor that might enable them to capture iron coupled with
this siderophore produced by other bacterial species.

Moreover, P. aeruginosa strains belonging to clonal
groups 2A and 2B are pathogenic in the Galleria
mellonella model (Table 1). These results suggest that
pyoverdine deficiency is an ancient phenotype that has
been counterbalanced by the production of other
virulence-associated traits (Table 1, Supporting Informa-
tion Fig. S2), since the production of pyoverdine has
been reported to be indispensable for the establishment
of pathogenic interactions when mutants lacking this
siderophore were selected from pyoverdine proficient
strains (Kirienko et al., 2019). This rational has been
used to select compounds that inhibit the production of
this siderophore that block P. aeruginosa virulence
(Kirienko et al., 2019), but these molecules will not be
effective for the treatment of infections caused by natu-
rally occurring pyoverdine deficient strains such as those
studied in this work.

Concluding remarks

In this study, we described the characterization of two
novel P. aeruginosa clonal groups (2A and 2B) that are
endemic to the Churince system in the CCB. This is the
first time that P. aeruginosa isolates have been found to
be limited to a particular environment and we think that
this situation reflects that these clonal groups were part
of this ecosystem, but they need perturbed conditions
(low water levels) in order to outcompete the previously
diverse bacterial community of Churince.

We have shown here that the two P. aeruginosa clonal
groups isolated in CCB are virulent and thus capable of
infecting the debilitating endemic fishes and turtles, so it
is possible that the negative effect to these animals cau-
sed by the drought that started in 2011 gave them a
proper niche to increase their population size.

Unfortunately the intermediate lagoon is been consid-
ered dead, since plants are growing on top of the stro-
matolites for the first time in the history of this site
(Minckley et al., 2019) since the Churince system had no

previous record of plant occupation due to the long-term
stability and presence of water in the site. Therefore, the
49 P. aeruginosa CCB isolates that we report in this work
might be the only living representatives of the clonal
groups described in this work. A similar fate has had all
the bacterial isolates that have been collected over the
years in what was a relict of the ancient ocean.

Experimental procedures

Sampling and isolation of P. aeruginosa strains

Samples were taken from surface water from all across inter-
mediate lagoon (26�50053.7900N, 102�08030.2900W) using
sterile BD Falcon vials (BD Biosciences, San Jose, CA).
Bacterial colonies were obtained by plating 200 μl of each
water sample on PIA medium agar plates, which were further
incubated at 32 �C for 1 day. Individual colonies were trans-
ferred to new PIA plates and grown at 32 �C for 1 day. Each
colony was stored in 30% glycerol solution at −80 �C.

Microbiological methods

The strains and plasmids used in this work are shown in
Supporting Information Table S1. The strains were rou-
tinely cultured in LB broth (Miller, 1972), or in phosphate-
limited peptone-protease, glucose, ammonium salts
(PPGAS) medium (Zhang and Miller, 1992) using glu-
cose as a main carbon source. For the analysis of pheno-
typic traits, the cultures were inoculated to start at the
same optical density (0.05 at 600 nm) and were incu-
bated 16 h in continuous shaking (225 rpm) at 37 �C.

Determination of the antibiotic resistance of
P. aeruginosa strains

In order to compare the resistance profile of the 15 strains
studied in this work to the antimicrobials that have been
reported to be prevalent among Pseudomonas isolated
from intermediate lagoon (Ponce-Soto et al., 2015), we
determine the antibiotic resistant profile of these isolates
against carbenicillin (500 μg/ml), tetracycline (150 μg/ml),
kanamycin (200 μg/ml), streptomycin (200 μg/ml), chlor-
amphenicol (200 μg/ml), gentamicin (150 μg/ml) and
apramycin (100 μg/ml).

The antibiotic resistance profile to antimicrobials com-
monly used to treat P. aeruginosa infections was done
by micro dilution titre in 96-well plaques, according to the
CLSI M100-ED28: 2018 Performance Standards for Anti-
microbial Susceptibility Testing, 28th Edition. The antibi-
otics used were amikacin (AK), gentamicin (GN),
aztreonam (AZT), ceftazidime (CAZ), cefepime (FEP),
ciprofloxacin (CIP), levofloxacin (LVC), doripenem
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(DORY), imipenem (IMP), meropenem (MRP), colistin
(CL), piperacillin/tazobactam (TZP).

Determination of virulence-factors and autoinducers
(AIs) production

PYO concentration was extracted and measured as
reported previously (Essar et al., 1990). Elastase activity
was determined using Elastin Congo Red protocol
(Beatson et al., 2002) with some changes. Briefly, 50 μl
of supernatant were added to 5 mg of Elastin Congo Red
(Sigma) and 950 μl of a buffer solution containing 20 mM
Tris–HCl (pH 7.5) and 1 mM CaCl2. The reaction was
incubated in continuous shaking at 37 �C for 30 min.
After centrifugation, the absorbance at 495 nm of the
supernatant was measured with a spectrophotometer
zeroed with a control reaction using LB medium alone.
RL were measured as reported (Chandrasekaran and
Bemiller, 1980) and were visualized by thin layer chroma-
tography (Matsuyama et al., 1987).
The extracts to determine AIs production were pre-

pared as previously reported (Grosso-Becerra et al.,
2014). To perform these determinations cells were grown
in PPGAS medium at 37 �C for 24 h. Detection of
C12-HSL was assessed by measuring β-galactosidase
(β-gal) activity (Miller, 1972) in E. coli strain DH5α
harbouring a plasmid expressing a lasB´-lacZ transcrip-
tional fusion under the control of its transcriptional regula-
tor LasR (plasmid pECP64, Pearson et al., 1997).

Determination of virulence using the Galleria mellonella
assay

Virulence in Galleria mellonella was evaluated according
to the protocol described previously (Koch et al., 2014).
In brief five larvae with a size of 2.5 to 3 cm were
injected with 10 μl of a 10 mM magnesium sulphate
solution containing the inoculum of each strain at a con-
centration of 1 × 105 CFU/ml. As a positive virulence
control, we used either PA14 or PAO1 strains (Table 1),
and as a negative control, we used the non-virulent
ATCC 9027 strain (Grosso-Becerra et al., 2016), and
10 μl of sterile 10 mM magnesium sulphate was used
as injection control. The larvae were incubated at 37 �C
for 24, 48 or 72 h, and the dead and living organisms
were quantified.

DNA extraction, whole genome sequencing and
genome assembly

Strains were inoculated into 3 ml LB medium at 32 �C
with 200 rpm shaking. Genomic DNA was extracted
and purified from 1.5 ml of culture broth using the
DNeasy Blood and Tissue Kit (Qiagen). Quality and

quantity of purified genomic DNA was tested by using
NanoDrop 2000 UV–Vis spectrophotometer (Thermo
Scientific, MA). Whole genome sequencing for all
15 isolates was carried out by using the MiSeq 2x300
paired-end platform (Illumina, Inc.). De novo genome
assembly was performed using MaSuRCa v3.2.2
assembler (Zimin et al., 2013) followed by the –

trusted_contigs option from SPAdes v.3.10.1 assembler
(Bankevich et al., 2012), which showed to improve the
final result. Contigs with a length smaller than 600 bp
and less than 10x coverage were removed. The quality
of the assemblies was assessed with QUAST v4.5
(Gurevich et al., 2013) and BUSCO v3.0.2 (Simão
et al., 2015; Waterhouse et al., 2017). CRISPR arrays
were detected with MinCED (Bland et al., 2007)
(Table 1).

Phylogenetic analysis

Genomic assemblies were aligned using progressiveMauve
(Darling et al., 2010), and core genomes were extracted with
the stripSubsetsLCBs script. Core genome phylogenies
were carried out by using FastTree 2.0 (Price et al., 2010).
MLST sequences were extracted from the genome assem-
blies with blastdbcmd command from BLAST+ software
(Camacho et al., 2008), concatenated manually and aligned
alongside other 2953 MLST sequences from the PubMLST
Pseudomonas aeruginosa Database with CLUSTAL W
(Thompson et al., 1994). The Neighbour Joining MLST phy-
logeny and 1000 bootstrap replicates were carried out by
MEGA7 (Kumar et al., 2016). Both core genome and MLST
phylogenies were visualized with FigTree v.1.4.3.

PCR determination of deletions affecting the pvd genes

The oligonucleotides used to amplify the pvd genes dele-
tion present in the 34 P. aeruginosa strains isolated in
2011 from intermediate lagoon (Supporting Information
Table S2) were designed based on the alignment of
flanking regions sequence present in the genomes of
PAO1, M10 and the sequenced CCB isolates studied in
this work. The conditions for the PCR assay were deter-
mined using one of the sequenced strains that contain
each type of deletion.

Sequence accession numbers

The whole-genome sequences of members of 2A and 2B
clonal groups and strain M10 were deposited at GenBank
under the accession numbers NZ_SDVO00000000
(M10), NZ_SDVN00000000 (M53), NZ_SDVM00000000
(M54), NZ_SDVL00000000 (M55), NZ_SDVT00000000
(M56), NZ_SDVS00000000 (M57), NZ_SDVR00000000
(M58), NZ_SDVQ00000000 (M59), NZ_SDVK00000000
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(M60), NZ_SDVJ00000000 (M61), NZ_SDVI00000000
(M62), NZ_SDVH00000000 (M63), NZ_SDVG00000000
(M64), NZ_SDVF00000000 (M65), NZ_SDVP00000000
(M66) and NZ_SDVE00000000 (M67). GenBank acces-
sion numbers of the reference strains used in the phyloge-
netic reconstruction are NC_002947 (P. putida KT2440),
NC_020912 (P. aeruginosa B136-33), NZ_KE137323
(P. aeruginosa PAK), NC_011770 (P. aeruginosa
LESB58), NC_017549 (P. aeruginosa NCGM2.S1),
NC_009656 (P. aeruginosa PA7), NZ_LLKP01000001.1
(P. aeruginosa ATCC 9027), NZ_CP015377
(P. aeruginosa BAMC_07–48), NZ_CP017099 (P
aeruginosa DN1), GCA_000647615 (P. aeruginosa
ID4365), NZ_AP017302 (P. aeruginosa IOMTU_133),
NZ_CP017969 (P. aeruginosa B10W), NZ_CP019338
(P. aeruginosa L10), NZ_AP014622 (P. aeruginosa
NCGM1900), NZ_AP014651 (P. aeruginosa NCGM257),
NZ_CP012585 (P. aeruginosa PA_D1), NZ_CP012581
(P. aeruginosa PA_D16), NZ_CP012578 (P. aeruginosa
PA_D2), NZ_CP012584 (P. aeruginosa PA_D25),
NZ_CP012580 (P. aeruginosa PA_D9), NZ_CP011369
(P. aeruginosa S04_90), NZ_CP015877 (P. aeruginosa
SJTD-1), NC_008463 (P. aeruginosa UCBPP-PA14) and
NC_002516 (P. aeruginosa PAO1).
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Abstract
Autophagy is considered a major bulk degradation system that helps cells to counteract different intracellular and extracellular
stress signals. Several protein complexes integrate multiple signals in order to activate autophagy, which sequesters damaged
cellular components and carries them to lysosomes for degradation. This active mechanism is essential to maintain cell homeo-
stasis and particularly in neurons to sustain their viability. Because of their polarized morphology, neurons face special challenges
to recycle cellular components through autophagy in dendrites and distal regions of axons. Thus, autophagy is critical in the
remodeling of pre- and post-synaptic constituents to sustain neuronal functionality. Under stress conditions, autophagy may play
either a cytotoxic or a cytoprotective role. This discrepancy is partly due to the lack of a full characterization of the autophagic
process and conclusive evidence to support whether basal autophagy is stimulated or impaired in a particular condition.
Moreover, in many studies, only pharmacologic tools have been used to modulate autophagy. Throughout the present review,
we go over the literature revealing autophagy induction in the nervous system under diverse stressful conditions, the signaling
pathways involved, and its consequences for neuronal homeostasis and survival. We have focused on five particular stress
conditions that alter neuronal homeostasis and can induce neuronal death including, starvation, oxidative stress, endoplasmic
reticulum (ER) stress, proteotoxic stress, and aging.

Keywords Autophagy . Neurons . Starvation . Oxidative stress . Endoplasmic reticulum stress . Aging

Introduction

Autophagy is an evolutionary conserved mechanism in eu-
karyotes, considered as the major bulk degradation system
where damaged cytoplasmic components are delivered to the
lysosome for degradation. Autophagy is also responsible for
the turnover and recycling of cytoplasmic materials to produce
building blocks and energy to maintain cellular homeostasis
[1–3]. Several extracellular and intracellular stimuli promote
autophagy representing an essential mechanism by which
cells can adapt to stress conditions, particularly to starvation.
However, basal levels of autophagy are present in all cells in
order to maintain cellular homeostasis and energy balance [4].

Depending on how cytoplasmic material is delivered to the
lysosome, autophagy is divided in three classes:
macroautophagy, microautophagy, and chaperone-mediated
autophagy. In macroautophagy, an isolation membrane
(phagophore) sequesters portions of the cytoplasm, including
proteins and organelles, to form a double- or multi-membrane
structure named autophagosome. The autophagosome fuses
with the lysosome to become an autolysosome and degrades
its content. Microautophagy involves the engulfment of small
portions of the cytoplasm directly by the lysosome membrane
to be subsequently degraded [5]. Finally, chaperone-mediated
autophagy is a specific type of autophagy, where substrate
proteins are targeted one by one toward the lysosome and then
translocated across the lysosomal membrane [6].
Macroautophagy has been mostly investigated and is consid-
ered as the major subtype of autophagy; thereby, we will refer
to macroautophagy as autophagy.

The Autophagy Machinery

The process of autophagy involves the participation of
autophagy-related (ATG) proteins, which are recruited to the
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phagophore to form the autophagosome. The canonical for-
mation of the autophagosome involves different steps includ-
ing induction, autophagosome formation, fusion of the
autophagosome with the lysosome, and cargo degradation,
followed by the release of breakdown products into the cyto-
sol. ATG proteins contribute to these steps and many of them
are essential for a proper autophagy function.

A central inhibitor of autophagy is mTOR, a Ser/Thr pro-
tein kinase originally recognized as a target of rapamycin,
which is involved in numerous cell processes such as protein
synthesis, growth, sensing of environmental nutritional
changes, and autophagy. mTOR integrates multiple upstream
signals which control autophagic activity. Under nutrient-rich
conditions, mTOR activation negatively regulates autophagy
through inhibition of the ULK1 complex, composed by
ULK1, ATG13, FIP200, and ATG101 [7, 8]. In contrast, upon
starvation or rapamycin treatment, mTOR inactivation leads
to a stable form of the ULK1 complex located at the
phagophore to induce autophagy.

In cells undergoing autophagy, autophagosome formation
initiates at phagophore assembly sites (PAS), where double-
layered membrane elongates to form a phagophore and then
an autophagosome [8]. Different organelles are considered as
phagophore membrane sources such as endoplasmic reticu-
lum (ER), mitochondria, and the Golgi complex, where mul-
tiple PAS can arise [9]. Phagophore formation initiates after
ULK1 activation, which in turn targets class III PtdIns3K
complex, containing VPS34, BECN1, ATG14, and VPS15,
to produce PtdIns3P [7]. After the initiation of the phagophore
formation, the elongation of the phagophore membrane that
will ultimately become an autophagosome is regulated by two
ubiquitin-like reactions. In the first reaction, ATG12 is activat-
ed by ATG7 (E1 ubiquitin-activating enzyme) and transferred
to ATG10 (E2 ubiquitin-activating enzyme); after these two
subsequent reactions, ATG12 is covalently bound to ATG5 to
form the ATG12-ATG5 conjugate. This complex interacts
with ATG16L1 resulting in a ternary complex ATG12-
ATG5-ATG16L1 [8, 10], which localizes to the phagophore
membrane and is essential for its elongation. This complex
dissociates when the autophagosome is fully formed. The sec-
ond ubiquitin-like reaction involves the conjugation of ATG8
family, which includes the microtubule-associated protein
light chain 3 (MAP-LC3/ATG8/LC3), γ-amino-butyric acid
receptor-associated protein (GABARAP), and Golgi-
associated ATPase enhancer of 16 kDa (GATE-16), to phos-
phatidylethanolamine (PE). LC3, the best-characterized
ATG8member, is cleaved by ATG4B to produce the cytosolic
form LC3-I [11]. LC3-I is conjugated to PE at the
autophagosome membrane through two ubiquitin-like reac-
tions involving ATG7 (E1 like) and ATG3 (E2 like), to form
autophagosome-associated LC3-II. The ATG12-ATG5-
ATG16L complex regulates the conjugation of LC3-I to PE
acting as an E3-like enzyme, although it is not essential for

conjugation to occur [8]. LC3-II is associated to both sides of
the autophagosome and regulates its size due to its ability to
determine membrane curvature.

Autophagosomes are mobilized toward lysosomes along
microtubules through dynein-dependent transport; then, the
outer membrane of the autophagosome fuses with the lyso-
some to form an autolysosome, a process that requires the
lysosomal membrane protein LAMP-2 and the small
GTPase Rab7 [12]. Soon after the fusion, LC3-II attached to
the outer membrane is delipidated byATG4B to recycle LC3-I
[13]. Proper function and integrity of the lysosome are essen-
tial for successful fusion to occur. Degradation of the inner
membrane and autophagosome content including LC3-II is
dependent on lysosomal hydrolases such as cathepsin B, D,
and L. Degraded autolysosome content is released into the
cytosol for protein synthesis and maintenance of cellular
homeostasis.

On the other hand, non-canonical pathways of autophagy
have been discovered, whereby autophagosome formation oc-
curs in the absence of some key autophagy proteins such as
ATG7, ATG5, LC3, and BECN1. These non-canonical path-
ways have been identified under certain cellular circumstances
and their role in cellular homeostasis is not completely clear
[14]. For instance, BECN1-independent autophagy contrib-
utes to apoptosis in cortical neurons exposed to the pro-
apoptotic agent staurosporine [15]. On the other hand, mouse
embryonic fibroblast lacking ATG5 or ATG7 can undergo
autophagy when exposed to certain stressors such as
etoposide, staurosporine, and even nutrient deprivation.
Interestingly, under these conditions, lipidation of LC3 does
not occur, suggesting that ubiquitin-like proteins are not re-
quired for alternative autophagy. However, some conventional
autophagy-related proteins including ULK1, BECN1, and
VPS34 are required for alternative autophagy. These findings
suggest that under certain stress conditions, an alternative au-
tophagy can occur in order to overcome stress. Although,
conventional autophagy is necessary for the clearance of pro-
tein aggregates in neurons [16].

Autophagy can be either nonselective or selective.
Selectivity is mediated by autophagy receptors that recognize
both, the tagged cargos with degradation signals and the
autophagosome membrane through the LC3-interacting re-
gion [17]. The ubiquitin-binding protein p62/SQSTM1 is the
best-characterized autophagy receptor and its degradation into
the autolysosome has been widely used as a measure of the
autophagic flux.

Autophagy in the CNS

In mammalian adult brain, neurogenesis is limited to selected
regions, namely, the dentate gyrus of the hippocampus and the
subventricular zone. Thus, there is no turnover of dysfunction-
al neurons and they ought to survive an entire lifetime. As
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post-mitotic cells, neurons rely on autophagy for the mainte-
nance of protein and organelle homeostasis and thus neuronal
viability.

The relevance of autophagy as a quality control mechanism
in the CNS is evidenced in animal models where essential
autophagy genes are genetically suppressed. Mice lacking
Atg5 [18], Atg7 [19], and FIP200 [20], specifically in the
CNS, show neurological and behavioral defects, including
abnormal limb-clasping reflexes, locomotor ataxia, and defi-
cits inmotor coordination that result in early death. Deficiency
of these autophagy-related genes causes the accumulation of
polyubiquitinated proteins in almost all brain regions, forming
inclusion bodies that increase in size and number with age [18,
19]. Moreover, animals exhibit axonal degeneration and neu-
ronal loss in the cerebral and cerebellar cortices. These find-
ings highlight the importance of a continuous clearance of
cytosolic proteins through basal autophagy, in order to prevent
the accumulation of abnormal proteins, which might impair
neuronal function.

Autophagy plays a housekeeping role degrading
aggregate-prone proteins including polyglutamine-expanded
huntingtin (mHTT) and mutant α-synuclein (PD) [21]. In
agreement, autophagy dysfunction, leading to the accumula-
tion of pathogenic proteins and autophagy vacuoles, has been
reported in neurodegenerative disorders [22]. Conversely,
stimulation of autophagy reduces the accumulation of
mHTT and α-synuclein, protects against cell death, and re-
duces behavioral alterations in different animal models of neu-
rodegenerative diseases [23–25].

Besides a housekeeping role, autophagy functions as an
adaptive response exerting cytoprotective and anti-
inflammatory actions under stress conditions [9].
Pharmacological or genetic inhibition of autophagy dimin-
ishes neuronal capacity to respond to nutritional, physical,
and chemical insults, suggesting an adaptive role that contrib-
utes to reestablish physiological conditions [26]. In contrast,
there is also evidence supporting that autophagy can lead to
cell death, named autophagic cell death, under certain condi-
tions such as starvation and hypoxia/ischemia [27]. Thus, au-
tophagy may exert a cytotoxic rather than a cytoprotective
action under some circumstances [28]. The differential role
of autophagy as an adaptive response or a mechanism contrib-
uting to cell death is related to the intensity and the duration of
the stress stimulus (Fig. 1).

Autophagy Takes Place in Specific Neuronal
Compartments

Neurons are polarized cells with unique morphology. The ax-
on is a specialized compartment that can reach up long dis-
tances from the soma, the main site of protein degradation and
synthesis. How autophagy regulates protein homeostasis
along the different cell compartments is a challenging

question [29]. Live-cell imaging studies indicate that
autophagosomes are formed at the distal end of the axon.
Autophagy core proteins are recruited to ER membranes pres-
ent at the distal axon, where autophagosomes are generated
[27, 28]. Then, autophagosomes travel by retrograde transport
toward the soma and fuse with late endosomes or lysosomes,
forming autolysosomes as they reach the soma [30, 31]. This
process regulates axonal homeostasis and maintains the qual-
ity control of proteins present in nerve terminals. On the other
hand, in the case of dendrites, it has been suggested that
autophagosome biogenesis can occur locally or autophagy
vesicles can be recruited to this compartment in a synaptic
activity-dependent manner [32].

Synapses are critical neuronal compartments for brain
function. Synaptic activity requires the participation of a large
amount of proteins, which are highly susceptible to damage
that leads to their accumulation and function impairment.
Autophagy-recycling plays a crucial role in removing dam-
aged proteins and maintaining homeostasis also in synapses
[33]. In addition, autophagy regulates presynaptic structure
and function. It has been reported that autophagy deficiency
in dopaminergic neurons results in enhanced dopamine secre-
tion in response to stimulation and accelerated presynaptic
recovery due to the lack of the turnover of neurotransmitter
vesicles [34]. Conversely, enhanced autophagy induced by
rapamycin decreased dopaminergic synaptic vesicle density
[35]. This suggests that autophagy regulates neurotransmis-
sion through the degradation of synaptic vesicles, altering
synaptic terminal volume and the release of neurotransmitter.
Also, autophagy is involved in synaptic plasticity. After chem-
ical long-term depression, autophagosomes accumulate with-
in dendrites and spines, and partially contribute to AMPA

Fig. 1 Stress stimuli induce autophagy that depending on the duration
and intensity can elicit different responses. Mild and short stress induce
autophagy-dependent turnover of damaged cellular components to restore
cell homeostasis that ultimately promote neuronal survival. Prolonged
and intense stress induce autophagy dysfunction and apoptosis activation,
which in turn causes neuronal death. Inhibition of neuroprotective au-
tophagy leads to accumulation of damaged cellular components and cell
homeostasis disruption. By contrast, inhibition of neurotoxic autophagy
prevents apoptosis activation and autophagy-dependent cell demise
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receptor degradation. Under these conditions, ATG7 knock-
down recovers AMPA protein levels only partially, suggesting
the involvement of other degradation systems [36].

Starvation and Nutrient Deprivation

Neurons are highly metabolically active with a limited nutri-
ent storage capacity; thereby, they are particularly sensitive to
energy fluctuations. Glucose is the obligatory substrate for
adult brain and a continuous supply of glucose and oxygen
is required during development for normal brain function.
Under prolonged fasting, which can lead to moderate hypo-
glycemia, or during pathological conditions such as ischemia
and severe hypoglycemia, the brain is deprived from glucose.
In these conditions, autophagy may be triggered in neurons in
order to reestablish the energy status.

Metabolic stimuli that lead to autophagy activation are ca-
nonically integrated by the master regulator mTOR. However,
depending on the stimuli, the upstream signaling can vary. For
instance, growth factor deprivation, such as insulin, activates
autophagy through PI3K/Akt signaling and subsequent inhi-
bition of mTOR (reviewed in [37]). On the other hand, amino
acid starvation is sensed by Rag GTPases that regulate the
inhibition of mTOR and consequently ULK1/2 activation
leading to autophagy [38]. Under these conditions, ablation
of ULK1/2 completely abrogates autophagy activation [39].
Moreover, autophagy induced by glucose starvation also de-
pends on mTOR-ULK1/2 but the upstream signaling involves
AMPK activation [40]. Thus, cells can respond to a variety of
metabolic challenges inducing autophagy in order to maintain
the energy status. Nonetheless, severe conditions that lead to
energy depletion result in autophagy impairment. This is be-
cause some autophagy steps are ATP-dependent such as lyso-
somal v-ATPase functioning, which is essential for the
autophagosome-lysosome fusion and autolysosome degrada-
tion [41].

It is well known that food restriction induces autophagy in
many organs. However, pioneer studies in mice exposed to
food deprivation during 48 h showed no increase in brain
autophagy [42]. The authors hypothesized that under these
conditions, other organs could supply the brain with nutrients
such as glucose and ketone bodies. However, more recent
studies revealed that short-term fasting induces the upregula-
tion of autophagy in cortical neurons and Purkinje cells, me-
diated by the decreased activation of neuronal mTOR in vivo
[43]. In hypothalamic neurons, autophagy is induced by free
fatty acids under fasting conditions in order to modulate food
intake and long-term energy homeostasis [44]. Inhibition of
hypothalamic autophagy alters energy balance and potentiates
the development of metabolic diseases. Thus, autophagy with-
in hypothalamic neurons is crucial for the control of food
intake, energy and body weight balance [45].

Data on autophagy activation during nutrient stress in cul-
tured neurons are still controversial. It has been observed that
deprivation of growth factors and hormones in cortical cul-
tures activates autophagy via mTOR inactivation [46]. In this
condition, activation of autophagy protected neurons against
proteotoxicity induced by polyQ-expanded huntingtin, sug-
gesting an adaptive role. Conversely, in hippocampal-
cultured neurons, nutrient or glucose deprivation markedly
decreased mTOR signaling but it was not sufficient to activate
autophagy. However, glucose deprivation attenuates retro-
grade transport of autophagosomes due to ATP depletion
[47]. The authors hypothesized that autophagy has a key func-
tion regulating neuronal homeostasis, rather than providing
amino acids in response to starvation. Likewise, we have re-
cently demonstrated the impairment of the autophagy flux and
the accumulation of autophagosomes in response to glucose
deprivation in cortical-cultured neurons, due to lysosomal
damage [48]. However, the autophagy flux can be restored
upon glucose replenishment or when an alternative fuel such
as the ketone body beta-hydroxybutyrate is added [49].
Similarly, long-term exposure to glucose deprivation during
18 h induces the accumulation of autophagy markers in the
mouse neuroblastoma cell line Neuro2a suggesting the im-
pairment of the autophagy flux [50].

Several molecules regulate autophagy under nutrient-
deficient conditions, AMPK is one of the best characterized.
AMPK monitors the energy homeostasis of the cells by sens-
ing the AMP/ATP ratio. In addition, different upstream ki-
nases can regulate AMPK activation including, LKB1 (liver
kinase B1), CaMKKB (calcium/calmodulin kinase kinase B),
and TAK-1 (TGFB-activated kinase-1) [51]. Autophagy is
induced by AMPK-mediated mTOR inhibition, via phosphor-
ylation of TSC2 and Raptor; however, AMPK can directly
phosphorylate ULK1 and initiate autophagy [52] (Fig. 2a).
Hypothalamic AMPK integrates diverse hormonal signals
and plays an important role in the regulation of food intake.
In hypothalamic cell lines exposed to low glucose or in
animals treated with 2DG, autophagy is induced via
AMPK activation, which increases the expression of
NPY and decreases that of POMC stimulating food intake.
Conversely, knockdown of AMPK within the hypothala-
mus induces the opposite changes in NPY and POMC ex-
pression leading to a reduction in food intake and body
weight [53].

Under more severe conditions such as cerebral ischemia,
morphological and biochemical markers of autophagy have
been observed in several studies (reviewed [54]). However,
whether autophagy plays a neuroprotective or neurotoxic role
is still controversial [55]. Particularly, in ischemic injury,
AMPK leads to autophagy activation, and inhibition of the
AMPK-autophagy pathway confers protection against brain
damage through the restoration of mTOR activity [56]. In
contrast, it has been reported that metformin preconditioning

Mol Neurobiol (2019) 56:6594–6608 6597



protects against ischemia by activation of AMPK-dependent
autophagy [57]. As mentioned before, autophagy plays an
adaptive role in response to different types of stress; however,
autophagy defects can compromise this adaptive response in-
creasing the susceptibility to acute stress.

Manipulations that induce autophagy can elicit a hormetic
effect increasing the resistance to several stressful conditions
[28]. Autophagy induction during ischemic/hypoxic precon-
ditioning exerts protection against a subsequent lethal
hypoxic/ischemic insult. The mechanisms involved are not
completely clear but some have been proposed. A recent study
suggests that autophagy induction by hypoxic preconditioning
(HPC) is mediated by the increased expression of HIF-1α and
its downstream targets BECN1 and BNIP3, in SH-SY5Y cells
exposed to oxygen and glucose deprivation exerting neuro-
protection [58]. BNIP3 activates autophagy by mTOR inhibi-
tion and through the dissociation of BECN1 form Bcl-2 or
Bc l -XL by compe t i t ion wi th BECN1, favor ing
autophagosome formation [59]. Another recent study showed
that HPC prevents neuronal damage in the hippocampus of
rats exposed to transient global ischemia, through the restora-
tion of the otherwise impaired autophagic flux. This effect
involves the stimulation of autophagosome maturation by
the activation of the small GTPase, Rab7, mediated by its
interaction with UVRAG and Vps16, favoring the
autophagosome-lysosome fusion [60].

On the other hand, autophagy activation by rapamycin in-
creases the expression of p-PI3K, p-Akt1, and p-CREB,

which correlates with decreased β-amyloid toxicity and im-
proved cognitive decline in rats, suggesting that autophagy is
part of a pro-survival response involving the activation of the
pAkt1/CREB signaling pathway [61]. The molecular mecha-
nisms involved in the activation of this survival pathway after
autophagy induction have not been described. Additionally,
rapamycin treatment prior to hypoxia-ischemia promotes neu-
roprotection through activation of either autophagy or Akt/
CREB pathway [62].

Increased tolerance to lethal ischemic injury after ischemic
preconditioning (IPC) has been shown to involve the in-
creased expression of GRP78, an endoplasmic reticulum
(ER) chaperone implicated in the unfolded protein response
(UPR). GRP78 stimulates autophagy through the upregulation
of AMPK in in vitro ischemia models, but the molecular
mechanisms involved are still not clear [63, 64]. In addition,
GRP78 can bind to p62/SQSTM1 to induce a conformational
change which favors cargo degradation [65]. Conversely, au-
tophagy activation during IPC upregulates GRP78,
HSP60, and HSP70 and reduces the severity of ER stress
triggered by lethal ischemia preventing ER-mediated apo-
ptosis. Moreover, rapamycin administration before ische-
mia exerts similar effects, suggesting that protection elic-
ited by IPC is mediated by the reduction of ER stress
through autophagy activation [66]. From these studies, it
can be concluded that moderate autophagy activation and
mild ER stress induction are responsible at least in part of
IPC protection against lethal ischemia.

Fig. 2 Signal transduction pathways that regulate neuronal autophagy in response to a starvation and nutrient deprivation, b oxidative stress, c
endoplasmic reticular stress, and d proteotoxic stress
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Autophagy can be also regulated by Sirtuins, a family
of NAD-dependent protein deacetylases that sense envi-
ronmental stress. Sirt1 activity is necessary for the induc-
tion of autophagy by starvation, as it interacts and
deacetylates autophagy-related proteins including ATG7,
ATG5, and LC3 [67]. The lack of Sirt1 results in acety-
lated ATGs which associates with impaired autophagy,
including the accumulation of p62/SQSTM1 and damaged
organelles, disruption of energy homeostasis, and early
death after birth [68]. Moreover, overexpression of Sirt1
is sufficient to stimulate autophagy even under nutrient-
rich conditions. Increasing Sirt1 activity confers protec-
tion against axonopathy and neurodegeneration [69].
Furthermore, the sirtuin activator, resveratrol, rescues
neuronal dysfunction induced by polyQ and β-amyloid
toxic i ty through autophagy induct ion [70, 71] .
Additionally, sirtuins can enhance the expression of au-
tophagy proteins via deacetylation of FoxO, a well-known
transcription factor regulating the expression of autophagy
genes (Fig. 2a). Sirt1 promotes FoxO transcription activ-
ity, while Sirt2 prevents the interaction of acetylated
FoxO with ATG7 preventing autophagy [67]. In addition,
neurons lacking Sirt2 showed increased ATG5 acetylation
and less recruitment of Parkin toward mitochondria
resulting in mitophagy dysfunction [72], suggesting a cru-
cial role of Sirt2 in mitochondrial homeostasis. In con-
trast, the overexpression of Sirt2 in cholinergic SN56 cells
and neuroblastoma SH-SY5Y inhibits the autophagy flux
leading to the accumulation of protein aggregates [73] by
a mechanism that has not yet been elucidated.

Oxidative Stress and Autophagy

Due to its high metabolic energy requirements and rate of
oxygen consumption, the brain is prone to reactive oxygen
and nitrogen species (ROS/RNS) production and particularly
vulnerable to oxidative stress. The antioxidant capacity of the
brain to counteract ROS is limited compared to other organs.
In addition, brain contains high levels of polyunsaturated fatty
acids, which are targets for lipid peroxidation and act as pro-
oxidants [74]. Oxidative stress has been implicated in the
pathogenesis of neurodegenerative disorders, which are char-
acterized by high levels of ROS [75]. Under these circum-
stances, autophagy reduces oxidative damage and ROS levels
through the removal of pro-oxidant protein aggregates and
damaged organelles [76].

ROS act as signaling molecules and modulate various path-
ways, including autophagy, through the redox regulation of
proteins. Starvation triggers the accumulation of ROS, mainly
H2O2, which leads to the inactivation of ATG4 ensuring the
conjugation of LC3 with the autophagosome membrane, an
essential step in autophagosome formation [77] (Fig. 2b).
Given the role of ROS in autophagy induction, non-

enzymatic and enzymatic antioxidants act as natural
downregulators of this process.

Oxidative stress leads to autophagy activation and the ac-
cumulation of autophagosomes in different types of cells.
Mitochondrial ROS, mainly O2

·−, induce autophagy mediated
by AMPK activation during starvation [78, 79]. Likewise, in
U87 glioblastoma cells, inhibitors of mitochondrial com-
plexes I and II induce ROS-mediated autophagy, and SOD2
overexpression markedly reduces autophagosome formation
[80]. Autophagy inhibition reduces the toxicity of mitochon-
drial electron transport chain inhibitors, suggesting that au-
tophagy contributes to cell death. In normal mouse astrocytes,
inhibition of mitochondrial complexes fails to produce ROS
and to induce autophagy, possibly because of the lower energy
requirements of this type of cells as compared to others such
as cancer cells [80]. In contrast, in human neuroblastoma cells,
SH-SY5Y rotenone (complex I inhibitor) treatment inhibits
the autophagic flux and leads to cell death [81], while treat-
ment with resveratrol, a well-known autophagy inducer, par-
tially rescues SH-SY5Y cells from rotenone toxicity [82]. In
the same cell line and in primary dopaminergic neurons, cell
death induced by mitochondrial complex I inhibitor MPP+ is
accompanied by the activation of autophagy mediated by the
ERK/MAPK pathway. Under these circumstances, ablation of
autophagy or inhibition of ERK signaling decreases MPP+
toxicity, suggesting the contribution of autophagy to cell death
[83, 84]. However, manipulations that enhance autophagy and
promote the autophagy flux, such as ischemic preconditioning
or pharmacological pretreatments, protect against MPP+ tox-
icity [85–87], suggesting an adaptive role of autophagy under
these circumstances.

On the other hand, oxidative stress caused by the direct
exposure to H2O2 induces the accumula t ion of
autophagosomes in primary cortical cultures and the genetic
or pharmacological ablation of autophagy prevents neuronal
death [88]. This result suggests that autophagy contributes to
H2O2-induced oxidative stress and neuronal death.
Furthermore, in SH-5YSY neuroblastoma cells, H2O2 expo-
sure induces the activation of autophagy and the subsequent
lysosome membrane permeabilization causing cell death [89,
90]. Inhibition of autophagy or prevention of lysosome mem-
brane permeabilization protected cells against H2O2 damage.
In contrast to H2O2 exposure, generation of O2

·− by the xan-
thine + xanthine oxidase system causes neuronal death accom-
panied by autophagic features. Under these circumstances,
ATG7 knockdown delays early cell death progression, sug-
gesting the involvement of other cell death mechanisms in
O2

·−-mediated oxidative stress damage [91].
Under acute stress such as traumatic brain injury, ischemia/

reperfusion, and hypoxia, the excessive production of ROS
leads to the loss of cellular homeostasis and autophagy induc-
tion [76]. Excessive production of ROS from NADPH oxi-
dase and autophagy play an important role in neuronal death
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induced by hypoxia-ischemia and ischemia/reperfusion
in vitro and in vivo [92]. Treatment with the autophagy inhib-
itor 3-MA effectively reduces the abundance of autophagy
markers and OGD-induced neuronal death. Moreover, inhibi-
tion of NADPH oxidase decreased autophagy in an OGD
model, suggesting that oxidative stress-dependent autophagy,
mediated by NADPH, contributes to brain injury [93]. On the
other hand, during hypoxic conditions, autophagy can also be
regulated by the hypoxia-inducible factor-1 (HIF1), a key
player in the cellular response to hypoxia. HIF is stabilized
by ROS and activates target genes such as BNIP3 and NIX
[94]. In addition, BNIP3 and NIX are involved in mitophagy
[95]. However, the direct activation of NIX-mediated
mitophagy by ROS has not been explored.

The nuclear transcription factor NRF2 is considered as the
master regulator of the antioxidant cell response [96]. NRF2
controls over 250 genes, including p62/SQSTM1, which in
turn positively regulates NRF2. Under basal conditions,
NRF2 is repressed by Keap1, which mediates its proteasomal
degradation. However, ROS-induced autophagy leads to p62/
SQSTM1 accumulation and sequestration of Keap1, leading
to increased NRF2 signaling [97] (Fig. 2b).

Analysis of postmortem brain tissue from Alzheimer’s pa-
tients supports the role of p62/SQSTM1 in NRF2 regulation
during neurodegeneration. These samples show p62/
SQSTM1 accumulation and co-localization with Keap1, sug-
gesting that Keap1 is recruited to autophagosomes allowing
NRF2 activity [98]. However, it is well known that autophagy
is impaired in neurodegenerative diseases and thereby contrib-
utes to neuronal demise; thus, it is unknown to what extent
autophagic degradation of Keap1 contributes to NRF2 tran-
scriptional activity in Alzheimer’s disease.

On the other hand, SIRT6, a NAD-dependent histone
deacetylase, has been implicated in the regulation of metabo-
lism, inflammation, and aging. SIRT6 deficiency leads to ox-
idative stress and mediates premature senescence-like pheno-
type, suggesting that disturbances in SIRT6 levels are in-
volved in the aging process. Moreover, SIRT6 counteracts
oxidative stress by transactivation of antioxidant genes like
NRF2 [99]. SIRT6 stimulates the autophagy flux via attenua-
tion of Akt/mTOR signaling under H2O2-induced oxidative
stress (Fig. 2b). However, under these circumstances, inhibi-
tion of SIRT6 increases neuronal survival by suppressing au-
tophagy [100].

On the other hand, SIRT6 can also modulate autophagy
after cerebral ischemia. Reduced SIRT6 levels associate with
the release of the high-mobility group box (HMGB1), a
chromatin-associated nuclear protein that plays a pivotal func-
tion in inflammation and acts as autophagy effector [101].
HMGB1 interacts with BECN1 leading to its subsequent dis-
sociation from Bcl-2 and autophagy activation under oxida-
tive stress [102]. The mitochondrial inhibitor 3-nitropropionic
acid (3-NP) induces oxidative stress, autophagy, and striatal

neurodegeneration in vivo through HMGB1 activation.
Pharmacological inhibition and shRNA targeting of
HMGB1 reduces autophagy markers and striatal damage sug-
gesting that HMGB1 is an important signaling molecule for
autophagy in neurodegeneration induced by mitochondrial
dysfunction [103]. During acute brain damage, HMGB1 is
released from neurons and contributes to the inflammatory
response. Particularly, after ischemia/reperfusion, HMGB1
mediates brain inflammatory injury and blocking HMGB1
function reverses the inflammatory response and brain dam-
age [104]. Therefore, HMGB1 can be another mediator of
oxidative stress-induced autophagy (Fig. 2b).

Altogether, the observations described above suggest that
in response to ROS production and oxidative stress, autopha-
gy plays a critical role in the maintenance of cellular homeo-
stasis by degrading damaged proteins and organelles. Several
molecules and proteins integrate ROS signals leading to au-
tophagy activation. However, the correlation of autophagy
markers with neuronal death under oxidative stress conditions
suggests its contribution to neuronal damage, due to the im-
pairment of this process, such as that resulting from the inter-
ruption of the autophagic flux. Therefore, genetic of pharma-
cologic ablation of autophagy confers protection against dam-
age induced by oxidative stress. On the other hand, manipu-
lations that enhance autophagy or stimulate the autophagy
flux increase the resistance to oxidative stress conditions and
promote cell survival.

ER Stress, UPR Activation, and Autophagy

The ER is an important organelle involved in cellular homeo-
stasis and protein quality control. Several extracellular or in-
tracellular stimuli can disturb ER homeostasis leading to ER
stress. To counteract this condition, cells activate the UPR,
which reestablishes ER function and ultimately cell homeo-
stasis. Three ER transmembrane sensors, PERK (PKR-like
ER kinase), IRE1 (Inositol-requiring enzyme 1), and ATF6
(activating transcription factor 6), orchestrate the UPR, which
attenuates global protein translation, upregulates protein fold-
ing capacity, and executes programmed cell death. ER stress
has been shown to induce autophagy through UPR signaling.
Under these circumstances, autophagy functions as an adap-
tive response to alleviate ER stress.

The mechanisms involved in autophagy induction by acti-
vation of the UPR have not been completely elucidated but
some reports have implicated GRP78/Bip. GRP78/Bip is an
ER-resident chaperone that binds to and inhibits the three
UPR sensors. Accumulation of unfolded proteins within the
ER lumen recruits GRP78 releasing UPR sensors and
allowing UPR activation. As mentioned above, GRP78 can
regulate autophagy during ischemic preconditioning. Also, in
primary cortical neurons, it has been reported that GRP78 can
regulate autophagy. Exposure to cadmium produces ER stress,
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which induces autophagy mediated by GRP78 upregulation.
Conversely, GRP78 siRNA blocks the conversion of LC3-I to
LC3-II and autophagosome formation. Furthermore, it is sug-
gested that cadmium-induced GRP78 upregulation stimulates
autophagy via AMPK activation [105] (Fig. 2c).

Under severe brain injury conditions such as hypoxia/is-
chemia, ER stress and UPR activation contribute to neuronal
death [106]. In addition, the PERK and the IRE1 branches of
the UPR can activate autophagy [107]. However, the role of
autophagy in ischemic injury is still controversial. During is-
chemic preconditioning, mild ER stress induces autophagy
and confers neuroprotection against the ischemic insult.
Therefore, inhibition of ER stress and subsequent autophagy
activation inhibits neuroprotection elicited by ischemic pre-
conditioning [106]. Moreover, mild ER stress induced by
tunicamycin triggers an autophagic response, which protects
against 6-OHDA toxicity in mice [108]. On the other hand, it
has been shown in in vitro and in vivo models of ischemia-
reperfusion that autophagy is activated during the reperfusion
phase contributing to the clearance of damaged mitochondria.
In agreement, pharmacological or genetic inhibition of au-
tophagy enhanced neuronal damage [109]. In accordance with
these results, tunicamycin and thapsigargin administration
during reperfusion confers protection against transient ische-
mia, enhancing autophagy, particularly mitophagy, through
PERK-eIF2a-ATF4 signaling [110] (Fig. 2c).

ER stress and UPR dysfunction play an important role in
the pathogenesis of neurodegenerative diseases and aging. In
Huntington’s disease models, upregulation of IRE1 kinase
activity leads to impaired autophagic flux and thereby accu-
mulation of mHTT, while reduction of IRE1 expression or
inhibition of its kinase activity reduced the accumulation of
mHTT [111]. However, how IRE1 inhibits the autophagy flux
still remains to be elucidated.

IRE1 can induce autophagy by recruiting TRAF2/ASK and
the activation of JNK, which phosphorylates Bcl-2, disrupting
its interaction with BECN1, thereby activating autophagy
[112] (Fig. 1c). This signaling depends on IRE1 kinase activ-
ity. In streptozotocin-induced diabetic mice, ER stress and
UPR lead to cognitive decline. In this condition, autophagy
activation through the JNK pathway counteracts ER stress-
associated neuronal damage [113]. In addition, IRE1 RNAse
activity can inhibit autophagy through the downregulation of
FOXO1, a transcription factor that regulates autophagy
through the upregulation of ATG5, LC3, and BECN1 tran-
scription [114] (Fig. 2c). It has been shown in a transgenic
micemodel expressingmHTT that IRE1RNAse activity leads
to XBP-1 alternative splicing, which downregulates FOXO1
promoting its degradation by the proteasome. Thus, XBP1
deficiency enhances FOXO1 expression and autophagy re-
ducing HD neurodegeneration [115]. These results suggest
that IRE can induce opposite effects on autophagy activation
through either its mRNAse or kinase activity.

The PERK branch of the UPR has been also implicated in
autophagy. It has been reported that polyQ aggregates induce
the activation of PERK/eIF2α-dependent autophagy, as de-
fense mechanism against polyQ-induced cell death. PERK/
eIF2α activates autophagy possibly through the upregulation
of ATG12 mRNA and increased ATG5-dependent LC3
lipidation [116]. Furthermore, it is known that ATF4 and
CHOP, the downstream transcription factors of the PERK
pathway, induce the expression of autophagy genes such as
ATG12, ATG5, LC3, and BECN1, connecting UPR signaling
and autophagy (Fig. 2c) [117].

Proteotoxic Stress and Autophagy

Neurons are particularly vulnerable to the accumulation of
misfolded proteins; due to their post-mitotic nature, protein
aggregates cannot be dissipated by cell division.
Additionally, the decline of degradation systems with advanc-
ing age further contributes to neuronal vulnerability.
Approximately 30% of the newly synthetized proteins are
misfolded and prone to form aggregates interfering with nor-
mal cellular function [118]. Therefore, quality control systems
continuously operate to manage the flux of misfolded proteins
and maintain proteostasis. This quality control machinery in-
volves refolding (chaperones) and degradation (autophagy
and ubiquitin proteasome system). The ubiquitin proteasome
system (UPS) represents the first line of defense against
misfolded proteins; however, aggregates or oligomeric forms
of misfolded proteins are not efficiently degraded by the pro-
teasome. Moreover, accumulation of protein aggregates leads
to proteasome inhibition resulting in further accumulation of
misfolded proteins [119]. Conversely, autophagy can target
large protein complexes, aggregates, and organelles. Upon
UPS inhibition, autophagy activity increases as a compensa-
tory mechanism to alleviate subsequent proteotoxic stress
[120]. Basal neuronal autophagy is critical to prevent the ac-
cumulation of ubiquitinated proteins and inclusion bodies,
which can disrupt neuronal function [18, 19]. Thus, any ge-
netic or pharmacologic manipulation that enhance autophagy
results in the clearance of a variety of aggregate-prone disease
proteins.

As we mentioned before, p62/SQSTM1 is the best-
characterized autophagy receptor with a role in the clearance
of ubiquitinated proteins, aggregates, and organelles [17].
Additionally, it has been identified as a common component
of neuronal protein inclusions in several neurodegenerative dis-
eases [121]. Phosphorylation of p62/SQSTM1 at serine 403 by
casein kinase 2 (CSK2) increases the affinity of p62/SQSTM1
for polyubiquitinated proteins and the subsequent autophagy-
mediated degradation. Overexpression of CSK2 reduces the
formation of mutant huntingtin large inclusions [122].
Moreover, overexpression of mHTT induces the expression
of p62/SQSTM1, suggesting that p62 plays an important role
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in response to proteotoxicity [123]. Likewise, proteotoxic stress
induced by proteasome inhibition or expression of polyQ-HTT
causes ULK1-dependent phosphorylation of p62/SQSTM1 at
S409. This phosphorylation increases binding affinity of p62 to
ubiquitinated proteins. In contrast, phosphorylation of p62/
SQSTM1 by ULK1 does not occur under amino acid or glu-
cose deprivation, suggesting that ULK1-p62/SQSTM1 cascade
is involved in the sensing of proteotoxic stress [124]. However,
the upstream signaling pathway which activates ULK1-p62/
SQSTM1 cascade remains unknown.

Another protein involved in the interplay between protea-
some and autophagy is the histone deacetylase 6 (HDAC6), a
microtubule-associated deacetylase that interacts with
polyubiquitinated proteins. In Drosophila, HDAC6 activity
is critical for autophagy in order to compensate UPS impair-
ment. Furthermore, ectopic expression of HDAC6 is sufficient
to prevent degeneration caused by proteasome inhibition and
polyQ toxicity [125]. Additionally, HDAC6 controls the fu-
sion of autophagosome with lysosomes in basal autophagy
that targets protein aggregates. HDAC6 recruits and activates
an actin-remodeling factor, cortactin, to the autophagy sub-
strates and the subsequent assembly of F-actin network that
facilitates the fusion of the autophagosome with the lysosome
[126] (Fig. 2d). Interestingly, HDAC6 is not required for
starvation-induced autophagy.

These two ubiquitin-binding proteins, p62/SQSTM1 and
HDAC6, confer specificity to quality control by autophagy
and distinguish aberrant protein aggregates and damaged or-
ganelles from normal ones. p62/SQSTM1 and HDAC6 bind
preferentially lysine 63 (K63)-linked ubiquitinated proteins.
Deletion of p62/SQSTM1 or HDAC6 induces a robust accu-
mulation of K63-linked ubiquitin chains in mice brain and
MEFs, respectively. This suggests that the specific type of
ubiquitin chains added to misfolded proteins determines to
which degradative pathway they are delivered [119]. On the
other hand, CHIP, a chaperone-dependent ubiquitin E3 ligase,
can form a complex with UBC3, which catalyzes the forma-
tion of ubiquitin chains in K63. Thus, this complex can direct
the degradation of misfolded proteins via autophagy (Fig. 2d).
In addition, CHIP colocalizes with α-synuclein and Hsp70 in
Lewy bodies a hallmark of Parkinson disease, suggesting that
CHIP plays a role in α-synuclein aggregation and degrada-
tion. Overexpression of CHIP promotes the degradation of α-
synuclein by both proteasome- and autophagy-dependent
mechanisms [127].

ALFY (autophagy-linked FYVE protein) has been shown
to colocalize with ubiquitin and p62/SQSTM1-positive aggre-
gates under stress conditions [128]. This protein acts as a
scaffold which interacts with p62/SQSTM1 and ATG5 and
recruits the autophagy machinery toward protein aggregates
(Fig. 2d). ALFY is essential for selective autophagy under
proteotoxic stress and its overexpression decreases the accu-
mulation of polyQ-HTT and confers neuroprotection [129].

Conversely, ablation of ALFY in Drosophila results in the
accelerated accumulation of ubiquitinated-positive inclusions
and neuronal degeneration [130]. Tollip is another ubiquitin-
binding protein with a role in the clearance of cytotoxic pro-
teins such as polyQ-HTT. Tollip binds to polyubiquitinated
proteins with high affinity compared to p62/SQSTM1 and
may function cooperatively with p62/SQSTM1 in selective
autophagy [131]. Interestingly, Tollip is downregulated in
brain tissue samples from aged and Alzheimer’s affected
humans [132].

Besides protein aggregates, damaged organelles such as
mitochondria are tagged with ubiquitin to trigger selective
autophagy (mitophagy). Upon mitochondrial damage, the
ubiquitin kinase PINK1 is translocated toward the outer mem-
brane of mitochondria and phosphorylates ubiquitin. This ac-
tivates the ubiquitin ligase Parkin, which builds ubiquitin
chains to recruit autophagy receptors and subsequently the
autophagymachinery. Under these conditions, PINK1 recruits
the autophagy receptors NDP52 and optineurin but not p62/
SQSTM1 [133]. Dysfunctional mitophagy is associated with
degeneration in several neurodegenerative disorders
(reviewed in [134, 135]).

Aging and Autophagy

Aging is associated with the loss of proteostasis, accumulation
of altered macromolecules, and a decreased turnover of cellu-
lar components [136]. Reduced protein degradation can result
from alterations in the autophagic/lysosomal system that final-
ly contributes to the aging process [137]. In aged tissues, re-
duced expression of ATG proteins and other proteins required
for autophagy induction has been reported. Particularly, in the
human aged brain, key autophagy genes such as Atg5, Atg7,
and BECN1 are downregulated, suggesting that normal aging
is associated with decreased autophagy [138]. As previously
mentioned, autophagy plays a protective role against neuro-
degenerative diseases; hence, its downregulation during aging
might contribute to the predisposition to neurodegenerative
diseases. Moreover, a decline in synaptic plasticity and defi-
cient memory and cognitive function related to aging can be
associated with the progressive transcriptional downregula-
tion of autophagy genes [138, 139]. In addition, several au-
tophagy proteins including ATG5-ATG12 and BECN1 com-
plexes are highly reduced in old murine brains suggesting low
levels of basal autophagy [140]. Furthermore, old brain tissue
shows a significant increase in the protein level of mTOR,
suggesting enhanced mTOR activity, which together with de-
creased autophagy machinery, may play an important role in
the age-related impairment of autophagy [140].

A role of autophagy as an anti-aging mechanism has been
suggested. Several interventions that modulate metabolism
(augmenting ketone bodies), energy intake (caloric restric-
tion), and energy expenditure (exercise) are shown to enhance
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autophagy and improve brain health. Inhibition of insulin-like
growth factor promotes autophagy and shows an anti-aging
effect extending the life span in some species such as the
worm C. elegans [141]. Moreover, autophagy is required for
dietary restriction to extend C. elegans life span [142].
Furthermore, caloric restriction delays the onset of age-
associated pathologies including brain atrophy and extends
life span in the rhesus monkey [143]. Likewise, in rodent
models, caloric restriction extends the life span and reduces
several age-associated process [144], although it is still not
clear whether these effects are mediated by increased autoph-
agy. Long-term exercise training ameliorates cognitive decline
in aged rats and reduces oxidative stress. These effects are
associated with the activation of autophagy in the hippocam-
pus, which promotes mitochondrial recycling (mitophagy)
[145]. Synaptic dysfunction is an early feature of aging that
precedes neuronal loss and ultimately neurodegeneration.
Therefore, restoration of synaptic homeostasis through the
stimulation of autophagy has become a common strategy in
order to help neurons to clear damaged proteins or aggregates
[33]. Administration of spermidine increases the viability in
an autophagy-dependent manner in several types of cells, in-
cluding neurons [146]. Furthermore, this natural polyamine
suppresses memory impairment by counteracting age-
dependent synapse dysfunction in Drosophila. Conversely,
memory improvement is impaired by deletion of Atg7 and
Atg8 autophagy genes [147].

In addition to these findings, it has been observed that
skeletal neuromuscular junctions of aged mice display a vari-
ety of alterations including axonal swelling and synaptic de-
tachment, associated with autophagy impairment [148, 149].
Moreover, inhibition of autophagy exacerbates neuromuscular
synaptic dysfunction and promotes the aging phenotype.
Conversely, stimulation of autophagy by caloric restriction
or exercise decreases pre- and post-synaptic abnormalities
and reduces the loss of motor neurons in aged mice [148]. In
agreement, it has been observed that metformin, an AMPK
activator and a well-known autophagy inducer, mimics caloric
restriction benefits in health. Long-term treatment with met-
formin counteracts oxidative stress augmenting the antioxi-
dant defense and autophagy, suggesting that metformin pro-
motes healthy aging in the brain [150]. Altogether, these ob-
servations lead to the suggestion that impaired autophagy con-
tributes to brain aging and that pharmacologic or nutritional
strategies to induce autophagy favor healthy brain aging
(Fig. 3).

Conclusions

Autophagy is a major degradation system responsible for the
turnover of cytoplasmic material in order to maintain cellular
homeostasis. Particularly in neurons, autophagy plays a cru-
cial role in the maintenance of protein and organelle

Fig. 3 Autophagy decreases with
age leading to loss of proteostasis,
accumulation of protein
aggregates, and oxidative stress.
Any intervention that enhances
autophagy results in brain health
improvement

Fig. 4 Autophagy induction in
the absence of stress stimuli leads
to hormesis. Pharmacologic or
nutritional manipulations that
induce autophagy increase the
resistance to stressful conditions
resulting in neuroprotection or
extended life span
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homeostasis due to their post-mitotic nature. Besides its
housekeeping role, autophagy is especially relevant as an
adaptive mechanism in response to several stressful condi-
tions to restore homeostasis and promote cell survival.
However, autophagy has been implicated in neuronal damage,
particularly that associated with acute injury, as autophagy
markers correlate with cell death. Hence, ablation of autoph-
agy elicits beneficial effects against brain injury. Nevertheless,
in many reports, the lack of evidence to demonstrate whether
the accumulation of autophagy markers (i.e., LC3-II,
autophagosomes) results from the induction of autophagy or
from the impairment of the autophagy flux has made it diffi-
cult to conclude about the role of autophagy. Therefore, in
order to prove that autophagy is involved in cell death, it is
essential to use both pharmacologic and genetic tools to in-
hibit autophagy components. On the other hand, under severe
and prolonged stress insults, autophagy failure such as that
induced by lysosome membrane permeabilization can trigger
other cell death mechanisms, leading to the misconception
that autophagy contributes to cell death. Finally, it is becom-
ing clear that treatments that enhance autophagy (i.e., pharma-
cologic, nutritional, or preconditioning) or promote the au-
tophagy flux increase resistance to acute stress and extend life
span, supporting the idea of autophagy as an adaptive re-
sponse (Fig. 4).
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ABSTRACT: Traumatic brain injury (TBI) is becoming an increasing
public health issue. With an annually estimated 1.7 million TBIs in the
United States (U.S.) and nearly 70 million worldwide, the injury,
isolated or compounded with others, is a major cause of short- and long-
term disability and mortality. This, along with no specific treatment, has
made exploration of TBI therapies a priority of the health system. Age
and sex differences create a spectrum of vulnerability to TBI, with the
highest prevalence among younger and older populations. Increased
public interest in the long term effects and prevention of TBI have
recently reached peaks, with media attention bringing heightened
awareness to sport and war related head injuries. Along with short-term
issues, TBI can increase the likelihood for development of long-term
neurodegenerative disorders. A growing body of literature supports the
use of glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic peptide (GIP), and glucagon (Gcg) receptor (R)
agonists, along with unimolecular combinations of these therapies, for their potent neurotrophic/neuroprotective activities
across a variety of cellular and animal models of chronic neurodegenerative diseases (Alzheimer’s and Parkinson’s diseases) and
acute cerebrovascular disorders (stroke). Mild or moderate TBI shares many of the hallmarks of these conditions; recent work
provides evidence that use of these compounds is an effective strategy for its treatment. Safety and efficacy of many incretin-
based therapies (GLP-1 and GIP) have been demonstrated in humans for the treatment of type 2 diabetes mellitus (T2DM),
making these compounds ideal for rapid evaluation in clinical trials of mild and moderate TBI.

KEYWORDS: TBI, incretins, GLP-1, GIP, Gcg, glucagon, exendin-4, neurodegeneration, microglia, brain trauma

■ INTRODUCTION

Incretin Based Therapies: A Well Supported Ap-
proach to Traumatic Brain Injury Treatment. Traumatic
brain injury (TBI) constitutes a significant public health issue
worldwide, increasing disability and mortality rates among all
age groups.1 TBI ranges from mild (mTBI) to severe and
presents diverse acute symptoms; the heterogeneity of the
initial injury remains a barrier to the development of effective
therapeutic interventions and clinical trials.2 The randomness
of events leading to human head injuries requires a range of
models that produce trauma analogous to that seen in
incidents ranging from falls and sports related injuries to a
severe car crash or explosion in war.3

The primary injury of TBI involves damage to brain tissue
from direct trauma, typically in combination with inertial
forces, with a secondary injury later emerging and charac-
terized by widespread degeneration of neurons and glial cells.4

Secondary injury manifestations are delayed and suggest a
possible therapeutic window.5 Pharmacologic intervention to
reduce progression and severity of the secondary injury
presents the greatest promise for counteracting a patient’s
long-term morbidity and improving quality of life. Currently,
there are no Food and Drug Administration (FDA) approved
treatments for the secondary TBI injury;6 instead there is
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much focus on symptomatic treatments of the condition,
including those for headaches, sleep issues, fatigue, balance
problems, and nausea.7 Other common acute manifestations of
TBI include cognitive deficits in attention, learning and
memory, and higher-order executive functions. However,
these consequences can remain long after the initial injury.8,9

TBI can additionally lead to the development of chronic
neurodegenerative disorders, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), frontotemporal dementia
(FTD), and chronic traumatic encephalopathy (CTE).10−12 As
Masel and Dewitt (2010)13 describe, TBI is “a disease process,
not an event”, referring to a common practice among insurance
agencies to classify TBI as a singular injury. The long-term
consequences of the injury need to be considered following
initial treatment.
Understanding of the molecular mechanisms underpinning

the secondary TBI injury are important for the development of
effective therapies for the mitigation of long-term consequen-
ces. Pharmacological treatments focused on the secondary and

long-term neurological effects of the condition are currently
emerging.14−20 Incretin mimetics are a particularly promising
class of drugs for the treatment of mTBI and are based on the
utilization of the endogenous incretin signaling system
involving glucagon-like peptide 1 (GLP-1), glucose-dependent
insulinotropic polypeptide (GIP), glucagon (Gcg), and their
receptors (R). GLP-1 and GIP exert similar mechanisms of
action,21 and their long-acting drug analogues were originally
developed for their insulinotropic and insulin-sensitizing
actions for the treatment of type 2 diabetes mellitus
(T2DM), characterized by insulin resistance22,23 and blunted
incretin effects.24 Incretin effects account for up to 70% of
insulin release and defects in this system are thought to be
main contributors to the development of T2DM.25 Endoge-
nously, GLP-1 and GIP are chiefly produced in the small
intestine and maintain low concentrations in the blood-
stream26 that are rapidly upregulated in response to food
ingestion. Following upregulation, GLP-1 and GIP act in a
glucose-dependent manner on pancreatic β-cells to stimulate

Figure 1. Amino acid sequences of incretins and glucagon and their mimetics. The discovery of the GLP-1 analogue exendin-4 (commercially
known as Exenatide), in the saliva of the Gila monster has paved the way for DPP-IV resistant incretin mimetics. Residue derivations for the dual-
and triagonist incretin-based therapies are highlighted as well as resistance to DPP-IV cleavage. All endogenous human peptides are susceptible to
DPP-IV cleavage, while the mimetics display some form of resistance. For more detailed structures, see Tschöp et al. (2016) (ref 28).
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the production and secretion of insulin and potentiate
absorption of glucose by the body.
In contrast to the incretins, Gcg is most well-known for its

action on the liver, stimulating the process of glycogenolysis, or
the breakdown of glycogen into glucose. This lends itself to the
effective treatment of severe hypoglycemia, or low blood sugar.
GcgR antagonism has been explored as a way to effectively
manage hyperglycemia. However, effects of GcgR agonism
appear to play a pivotal role in satiety, metabolic homeostasis,
and glucose metabolism.27 Clinically balancing combinatory
levels of GLP-1, GIP, and Gcg in unimolecular incretin
mimetics counteracts monotherapeutic problems, such as
hyperglycemic liabilities of Gcg. Minor changes in peptide
analogue sequences allow for longer acting pharmacological
effects on receptors of interest.28 Endogenously, GLP-1, GIP,
and Gcg are cleaved and inactivated by dipeptidyl peptidase-4
(DPP-IV) within two and 8 min of their release.29,30

Resistance to this degradation is essential for incretin-based
mimetics to effectively treat T2DM and other metabolic
conditions (Figure 1).28,31

Incretin mimetics used in T2DM treatment are based upon
the amino acid sequence of human GLP-1 and the naturally

occurring analogue exendin-4 (Ex-4), which was originally
isolated from the saliva of the Gila monster (Heloderma
suspectum)32 and is resistant to degradation from DPP-IV
consequent to a substitution of alanine (A) to glycine (G) in
the 2-position of Ex-4 (Figure 1). These drugs have received
increasing attention for their extrapancreatic effects, especially
within the central and peripheral nervous system, as they have
been shown to confer neurotrophic33 and neuroprotective
actions in both in vivo and in vitro models of neurogenerative
disorders.34−37 The recognition of a synergistic GLP-1/GIP or
GLP-1/Gcg effect has led to the development of dual GLP-1/
GIP and GLP-1/Gcg receptor coagonists with the potential for
enhanced efficacy than either mimetic alone.38−41 Recently,
unimolecular combinations of GIP, GLP-1, and Gcg, have
been shown to be a more physiologically balanced and
amenable incretin combination for the diverse needs of human
patients42 and show promise in several models of neuro-
degeneration.43 GLP-1 based polypharmacologic approaches
to the treatment of metabolic diseases, and possibly neuro-
logical disorders, seem to hold much promise, as single
therapeutics often have limited effectiveness.44 Alhough all
commercially available GLP-1R agonists are effective for

Table 1. Incretin-Based Therapies in Animal Models of TBIa

aIncretin-based therapies have been studied across a variety of TBI models of and have demonstrated efficacy in preventing apoptosis, oxidative
stress, and inflammation, while providing neurotrophic support. GLP-1R agonism has been the most widely explored incretin-based therapy for
TBI, though others have shown promise as well. FDA approved drugs and drugs in clinical trials are shown in red and blue respectively. SC =
subcutaneous injection. Sources: (a) ref 80; (b) ref 81; (c) ref 82; (d) ref 83; (e) ref 84; (f) ref 85; (g) ref 86; (h) ref 87; (i) ref 74; (j) ref 88; (k)
ref 89; (l) ref 90; (m) ref 75; (n) ref 91.
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diabetes treatment, head to head comparisons of clinical trials
of each drug reveal differential ratios of reduced blood glucose
and weight loss and the amount of adverse events associated
with intake.45 No systematic comparisons of the effectiveness
of T2DM treatment using dual and triagonists have yet been
explored, although there are also likely differences in efficacy
across these compounds as well. Understanding the residue
contributions to the efficacy of these unimolecular combina-
tions is difficult to assess, although the use of genetically

modified mice with receptors of interest removed is an avenue
to explore these questions.25 As Capozzi et. al (2018)25 point
out, genetic deletion of these receptors has limitations and can
potentially confound findings, as these mice may genetically
compensate for these deletions and present atypical physio-
logic responses to the compounds.46 This leaves potential gaps
in understanding of which mimetics to use in future clinical
trials, especially for neurologic disorders. The amino acid

Table 2. Incretin-Based Therapies Approved for Use or in Clinical Trialsa

aThere are currently a wide variety of incretin-based therapies approved for the treatment of metabolic diseases (shown in red and green if
approved in the USA or elsewhere, respectively) and many more that are in clinical trials or development (shown in blue). Included in this table are
the DPP-IV inhibitors which increase endogenous levels of GLP-1, GIP, and GCG. Formulations of incretin-based therapies in clinical trials
focused on neurological diseases are highlighted in yellow. Bydureon and Victoza are the only FDA approved incretin analogues that have
completed clinical trials for a neurological disease/disorder. There are currently no GIPR-GCGR antagonists under investigation. #: Clinical trials
can be found at https://clinicaltrials.gov. NASH = nonalcoholic steatohepatitis; NAFLD = nonalcoholic fatty liver disease; SC = subcutaneous
injection; T1DM = Type 1 Diabetes Mellitus. Sources: (a) ref 67; (b) ref 92; (c) ref 71; (d) ref 93; (e) ref 94; (f) ref 95; (g) ref 96; (h) ref 38; (i)
ref 97; (j) ref 43; (k) ref 98; (l) ref 99; (m) ref 100; (n) ref 101; (o) ref 102; (p) ref 103.
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sequences for GLP-1, GIP, Gcg, and their dual- or triagonist
unimolecular combinations are shown in Figure 1.
Repurposing of the already well tested and tolerated incretin

mimetics is promising for introduction to the general
population for use in TBI treatment. Incretin mimetics have
been shown to decrease neuroinflammation, excitotoxicity,
oxidative stress, and apoptosis in animal models of a range of
neurological maladies including autoimmune encephalomyeli-
tis,47 retinal neurodegeneration,48,49 stroke,50−53 AD,54−57

PD,58−63 and amyotrophic lateral sclerosis;64 all of these
processes are also implicated in the progression of secondary
TBI injury.65,66 Animal models of TBI have also demonstrated
efficacy of incretin and Gcg based mechanisms; some of the
treatments used in these studies are FDA approved or in
clinical trials (Table 1). More promising, improved outcomes
in human clinical trials for PD67−70 and AD patients71

following treatment with GLP-1 analogues provide additional
evidence for the safe use of incretin mimetics for the treatment
of neurodegenerative conditions. Only two of the FDA-
approved incretin-based mimetics used for the treatment of
metabolic diseases, Bydureon (AstraZeneca) and Victoza
(Novo Nordisk), have entered into clinical trials for the
treatment of a neurological disorder, although newer drugs are
also currently being explored for similar trials (Table 2).
Sustained release formulations of incretins are becoming
available and have been used in human models of PD67 and
AD71 and animal models of AD,55 PD,60,72,73 and TBI.74

Recent studies of a unimolecular dual GLP-1/GIP receptor
coagonist41 have shown therapeutic promise in animal models
of mTBI75 (Table 1) and other neurodegenerative dis-
eases.39,40,76,77 The latest iterations of incretin-based analogues
utilize unimolecular GLP-1/GIP/Gcg receptor triagonism42

and have been shown to provide neuroprotection in models of
AD.78,79 These novel incretin mimetics likely provide similar
neuroprotection and mitigation of neurodegeneration in
models of TBI.

Traumatic Brain Injury: A Public Health Perspective.
The United States Center for Disease Control’s (CDC)
analysis of 2013 health care data finds that there were
approximately 2.5 million TBI-related emergency department
(ED) visits, 282 000 TBI related hospitalizations, and 56 000
TBI associated deaths,104 all increases from previous
estimates.105 Although hospitalizations related to TBIs have
remained consistent, TBI-related visits to the ED have
escalated dramatically. Between 2007 and 2013 there was a
32% increase in overall TBI-related ED visits,104 further
corroborated by two other separate analyses showing
significant upsurges in TBI related ED visits between
2006−2010106 and 2007−2010.107 The 2006−2010 analysis
found a 56% rise in TBI-related hospitalizations, despite only a
3.6% increase in total ED visits. Increased public awareness of
TBI, specifically of mild forms, has likely led to this rise in ED
visits.106 Increases in TBI-related ED visits include those
associated with sports injuries, which saw a 65.9% rise in
annual visits between 2006 and 2011 (65 516 to 105 384
annual visits).108

Epidemiological analyses of these trends is difficult to assess,
although a similar conclusion can be made from them all: TBI
remains a significant health issue for millions of people, both
immediately following the injury and in the years and decades
following. Estimates indicate approximately 3.2109 to 5.3
million110 Americans are currently living with a long-term
disability associated with a TBI incident, albeit these estimates
likely underestimate actual incidence due to underreporting
from those sustaining a TBI and the lack of high quality
monitoring data.11,111 Long-term outcomes following a
pediatric TBI are especially difficult to assess. Children,
especially boys, are highly vulnerable to TBI.112 Boys are less
likely to wear head protection and are more likely to be injured
deliberately causing much of the injury disparity compared to
girls.113 Whereas much of the general public’s focus and
interest in TBI stems from sports-related injuries, elderly
individuals’ falls are most associated with the increases in TBI-

Figure 2. Basic TBI diagnostic assessment in military and general clinical settings. Classifying the severity of a TBI is the first step in determining
treatment options and trajectory. Basic diagnostic categorizations used in a military context are shown in panel A. With increasing use of blood-
based biomarker surveillance, the use of brain imaging across each severity level will likely be highlighted less and perhaps deemed unnecessary for
all cases. The Glasgow Coma Scale (GCS) (B) is a widely used diagnostic tool in assessing the severity of TBI, though the medical community is
currently improving on less subjective readouts to better diagnose level of injury and needs of each patient. Panel A was adapted from Defense and
Veterans Brain Injury Center (2015)121 and panel B from Teasdale et al. (2014).135
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related ED visits.104 The elderly population has lower
thresholds of injury severity that result in higher mortality
and worse functional outcomes than younger individuals.114,115

This, combined with higher medication use and comorbid
conditions, exacerbate poor outcomes in the elderly.104

Globally, TBIs result in over 10 million deaths per year. It is
not currently known how many individuals are living with a
disease/disability resulting from a previous TBI, but
approximately 60 million individuals worldwide have pre-
viously been hospitalized for TBI-related injuries.110

Military personnel remain at high risk for TBI. The Global
War on Terrorism in the Middle East and ongoing military
operations in Iraq and Afghanistan have spanned 16 years and
have involved more than 2.7 million U.S. and coalition
personnel.116 TBI is referred to as the “signature wound” of the
ongoing military conflict due to the higher rates of these
injuries than in prior conflicts. United States personnel TBI
cases are in addition to many more cases in enemy combatants
and the unfortunate innocent citizens of the countries in which
the combat has occurred. Blast injury is the main cause of
casualties and TBI, resulting from enemy combatants’
increased use of improvised explosive devices (IEDs), rocket-
propelled grenades, and landmines. Estimates range from
approximately 15%117 to 19.5−22.8% of all returning deployed
US troops118,119 having suffered a blast exposure TBI, with
total cases of military related TBI injuries between the years
2000 and 2018 reaching greater than 383 947.120 For this
assessment, only the highest severity injury was recorded for
individuals who sustained more than one TBI. On the basis of
the updated 2015 version of the International Classification of
Diseases121 (Figure 2A), roughly 82% of all military related
TBIs between 2000 and 2018 can be classified as mild.120

Diagnosis of blast induced TBI is often delayed. Military
personnel are 8.4 times more likely to be diagnosed with a TBI
within 4 weeks following return from deployment than before
entering combat.122 Chances of a TBI diagnosis remain
heightened for over a year, with reasons ranging from a lack of
recognition or underreporting of experiencing high-risk events
by those injured during combat to riskier behaviors upon
return home.122,123 Long-term outlook for military personnel
diagnosed with an mTBI have shown increased risks for
developing PD124 and dementia125 years after initial injuries.
Commonly referred to as “shell shock” or “post-concussion
syndrome” during World Wars I and II, closed head injuries
related with proximity to explosions resulted in symptoms
including amnesia, concentration issues, headache, and
dizziness. During these wars, debate on whether these
symptoms were of psychological or physical manifestation
were unclear;126 however, scientists now understand clear
physical connections between injuries from blast exposure and
many of the symptoms observed.127

Increasing evidence suggests that both single and repetitive
TBI injuries can lead to the development of neurodegenerative
diseases with possible dose- and frequency-dependent
correlations;11,128 however, genetic predisposition and environ-
mental factors likely play a key role in the threshold for clinical
manifestation.129−133 Moderate and severe TBIs require high
levels of monitored care, although mild injuries can also result
in long-term deleterious health effects. In addition, cognitive
deficits and behavioral or emotional changes such as irritability,
poor memory, attention, and depression may manifest.134

Whereas many symptoms of mTBI may resolve rapidly, deficits

can be evident years later, often unattributed to the initial
injury.
Although much of the mystery surrounding the long-term

effects of TBI remain today, advances in diagnostic metrics and
severity assessments have the potential to change disease
outlook and treatment options. Since the 1970s, diagnosis of
TBI severity has relied on using the Glasgow Coma Scale
(GCS), which scores patients’ ability to open eyes, respond
verbally, and perform a motor response135 (Figure 2B). Scores
range from 3 to 15, with lower scores associated with the most
severe TBIs and higher scores with injuries considered
moderate or mild. Even though it is an easy to use tool for
TBI diagnosis and potential prognosis, the GCS does not
provide objective readouts underlying patient specific
pathophysiological sequalae that underpin such diverse out-
comes,2 especially with regard to severe trauma in elderly
patients.136,137 New technologies in brain imaging134 and
blood biomarker surveillance138−140 are in rapid development
and will likely be standardized in the near future. This will be
particularly helpful for long-term diagnoses and potentially be
used for early identification of secondary disease manifes-
tations such as the that of CTE.141 Use of blood biomarkers
remains in its relative infancy, with the FDA approving the first
blood test for TBI patients in 2018.142,143 A quick turnaround
is clearly essential for these tests to be effective, and once
standardization is achieved, this will represent a shift to
biological readouts to diagnose TBI, instead of or in
combination with the commonly used, and still useful, GCS.
Moreover, simple blood tests may potentially decrease the
costs of healthcare by decreasing the needed number of
procedures such as head scans for many mTBIs.

Mechanisms of TBI Damage. Despite the diversity of TBI
cases and their outcomes, all CNS trauma pathology is
determined by primary and secondary phases of injury.
Immediately following a contusion; primary injury includes
mechanical force damage to the brain that can rapidly cause
neuronal cell necrosis (limited to the epicenter in mild cases),
axonal injury, disruption of the blood brain barrier (BBB),
reactive oxygen species (ROS) release, and spreading
excitatory neurotransmitter release and depolarization65,144

(Figure 3A). A hallmark of diffuse TBI is axonal damage, with
visible degeneration of white matter tracts, as evidenced in CT
and magnetic resonance imaging (MRI) brain imaging
studies.145,146 Stretching and shearing of cell membranes
from TBI cause rapid sodium and calcium ion influx into
neurons, resulting in cell membrane depolarization.147 Shortly
after the primary TBI injury, neutrophils arrive to contain the
damage by removing cellular debris and damaged cells,
although their action can also have pathogenic effects,
especially in more severe TBIs.148 In events such as TBI,
damaged neurons undergoing nonapoptotic death release
danger-associated molecular patterns (DAMPs), including S-
100 proteins and other alarmins,149,150 into the extracellular
space where they can activate cytokine and pattern-recognition
receptors (Figure 3B). Activation of these receptors, including
purinergic and toll-like receptors (TLRs), especially on
astrocytes and microglia, initiates an inflammatory response.151

Microglia are the resident macrophages of the brain and are
endowed with highly motile processes that survey the brain for
damage and maintain homeostasis.152 DAMPs inform an
immune reaction that causes a phenotypic shift in microglia
from a resting or “surveying” state in to an “activated” pro- or
anti-inflammatory state, traditionally referred to as M1 and
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M2, respectively153 (Figure 3C). However, this commonly
used dichotomous nomenclature does not fully encompass the
phenotypic diversity of microglia,154 further supported by
recent single cell RNA-sequencing of microglia throughout a
mouse lifespan and following injury155 as well as character-
ization of region-specific genetic diversity in mice156 and
rats.157 Indeed, previous studies have shown varied activation
states of microglia across a wide variety of models of TBI,158

although a more thorough investigation of the diversity of
microglia populations following this acute insult is needed.
Markers of general microglia activation include antibodies to
ionized calcium-binding adaptor molecule 1 (Iba-1) and/or
some combination of others such as CD68 or CD11b.159 A
recent murine-based study found that following mTBI-induced
disruption of the BBB, there is damage to the glial limitansa
barrier of astrocytic GFAP-positive endfeet tiling nearly all
cerebrovascular basal lamina and that is central to the selective
permeability of the BBBresulting in a purinergic receptor-
dependent recruitment of microglia to support or replace the
damaged astrocytes. These microglia formed a phagocytic
barrier, preventing further leakage into the brain parenchyma
and provided neuroprotection early in the injury.144 This is just
one example of the many roles of microglia during a traumatic
pathological event. Regardless of the current microglial
heterogeneity debate, chronic activation of microglia is a

hallmark of secondary TBI injury in humans. This has been
demonstrated up to 17 years post-TBI in vivo146 and in post-
mortem tissues.160 Inflammation can persist years after a single
TBI event in humans,160 and animal models of TBI show
chronic microglial activation as a primary mechanism for TBI
secondary injury and CNS deficits.161,162 Chronic microglial
activation in the thalamus, remote to the focal injury, is closely
related to the amount of thalamocortical damage.146

Preliminary evidence in human TBI patients indicates a
correlation between increased chronic thalamic microglial
activation and greater cognitive deficits.146 Furthermore,
diffusion tensor MRI studies in humans support the hypothesis
that damage to thalamico-cortical fiber tracts is a key factor
underpinning deficits in executive function following TBI.163

Additional evidence comes from age-dependent upregulation
of activated microglia in the thalamus in healthy individuals
and in several cortical regions in humans with AD.164

Microglia in brains of people subjected to insult, injury, or
disease, as well as microglia in aging, are often found to be in a
“primed” state; that is, microglia that express a pro-
inflammatory gene profile and exhibit a hyper-reactive
inflammatory response to subsequent disturbances when
compared to naiv̈e cells.165−167 Such priming of microglia is
also thought to contribute to long-term effects of even a
singular TBI event. Subsequent TBIs exacerbate the inflam-

Figure 3.Mechanisms of TBI damage depend on severity. The primary TBI injury is scaled in the focal region and includes disruption of the blood-
brain barrier (A) and direct injury to cells (B). This can result in cell death and release of intracellular contents including neurotransmitters, ROS,
and other cell debris which act upon surrounding cells in a cascading fashion. Microglia phagocytize cell debris and detect damage signals that result
in increased Iba1 expression, phenotypic shifts, and altering roles for microglia (C). M1 microglia act in a pro-inflammatory manner, releasing
cytokines and chemokines that act in a paracrine and autocrine fashion alerting surrounding cells that damage has occurred. This initiates
recruitment of other cells to respond. M2 microglia maintain a phagocytic role and continue to clear cell debris and release anti-inflammatory
cytokines. DAMPs from damaged cells and cytokines released from M1 microglia, including Il-1α, C1q, and TNF-α, act upon resting astrocytes and
initiate the formation of reactive astrocytes, most commonly characterized by increases in GFAP expression (D). A2 astrocytes are theorized to be
reparative and maintain a phagocytic capability, clearing damage, while A1 astrocytes lose this ability and produce an unidentified neurotoxin that
acts on surrounding neurons. Following TBI, astrocytes have decreased capability to transport free glutamate. This, compounded with cytokine,
specifically TNF-α and IL-1β, initiated increases in glutamate production in neurons and the activation of glutamate receptors from excess
interstitial glutamate, causes a classic excitotoxic response that damages healthy neurons and eventually can lead to cell death (E). Microglia
affected during the TBI injury or secondary phase of the injury may become chronically activated with an overall increased pro-inflammatory profile
(F). These cells are hyper-reactive to inflammatory stimuli (including subsequent TBIs) and have been implicated in the progression of long-term
neurodegeneration and related diseases.
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mation response in these cells166,168 (Figure 3F). In addition,
chronically activated microglia interact with neurons, removing
excess synapses,169,170 and release higher basal levels of
cytokines.168,171 In animal models of brain injury and aging,
Kim Green and colleagues have experimented with “resetting”
the microglial phenotypic profile by pharmacologically (via
colony-stimulating factor 1 receptor inhibition) ablating
primed microglia and repopulating them via drug withdrawal.
Microglia-depleted mice experience no behavioral deficits,172

and when repopulated following injury or in aging models,
microglia are morphologically naiv̈e. These animals experience
decreased inflammation profiles, rescued behavioral outcomes,
and increased dendritic spine numbers.173 Aged mice with
repopulated microglia show similar microglial densities,
morphologies, and overall gene expression profiles as those
of young adults, with increased neuronal function and reversal
of impairments in long-term potentiation (LTP).170 Though
responses to inflammatory stimuli remain unchanged in the
repopulated microglia, these improvements are notable.
Importantly, this reveals links to long-term deleterious
implications of primed microglia involvement in chronic
neurodegeneration and the aging process. Another recent
study corroborates Elmore et al. (2018)170 with findings that
microglial repopulation in aged mice reverts microglial
phenotypes but does not change responses to subsequent
inflammatory stimuli; deleterious environmental cues such as
astrocyte activation remain after repopulation and contribute
to hyper-reactivity of the new microglia.174 Microglia depletion
and repopulation therapies have been tested successfully across
a wide range of animal models.175 Only recently has this
therapy been utilized in a TBI model, reducing both
inflammation-related gene profiles and astrogliosis following
injury.176 Future research is needed to show cognitive effects of
microglia replacement following TBI.
Shortly after TBI, cytokine and chemokine protein

expression are upregulated.177 This orchestra of proteins
includes CCL2, CCL20, CCL21, Il-1α, IL-1β, IL-6, IL-10,
TNF-α, IL-8, iNOS, MHCII, IL-12p40177−179 and the
complement cascade (including C1q and complement
component 3 (C3)).180−182 These proteins facilitate a panoply
of both deleterious and restorative processes179 and can act in
a paracrine or autocrine fashion. Increased C3 active fragments
are observed in human TBI patients.181,182 In mouse models,
pharmacological inhibition of C3 active fragment formation183

and C3 knock out (KO) mice184 provide neuroprotection
following TBI. Release of Il-1α, TNF-α, and C1q by activated
microglia is sufficient to induce the formation of neurotoxic A1
astrocytes that produce a neurotoxin capable of inducing rapid
death of subsets of neurons and oligodendrocytes185 (Figure
3D). This so-called “A1” astrocyte profile, characterized by
high C3 protein expression (among others), is prevalent in
normal aging186 and chronic neurodegenerative diseases such
as PD, AD, ALS, and HD.185 Normally aged triple-KO mice
(mice that do not produce Il-1α, TNF-α, and C1q) have
significantly reduced A1 gene profiles,186 highlighting a role for
primed microglia in the development of this cell phenotype in
normal aging. Microglia depletion therapy in mice prevented
TBI-induced increases of IL-1α and C1q and downstream
astrogliosis.176 There is increasing interest in the role of C3
and the complement cascade in the exacerbation of secondary
injury and chronic neuroinflammation following TBI.180

Recent work shows that targeted inhibition of C3 activation
in a controlled cortical impact (CCI) TBI model improves

cognitive recovery and inhibits chronic neuroinflammation and
neurodegeneration.187 Furthermore, aged C3 deficient mice
lack age-related neuronal functional deficits in the hippo-
campus,188 and pharmacologic or genetic inhibition of the
complement pathway following TBI in aged mice prevents
cognitive deficits.189 The acute inflammatory environment
immediately following a TBI and the long-term elevation of
TNF-α from primed microglia may, likewise, be implicated in
impaired memory via altered astrocyte activity and signaling,190

again highlighting the importance of understanding the
crosstalk between multiple cells types following brain trauma.
It is important to note that the inflammatory response is not
wholly adverse. For example, inflammatory mediators such as
TNF-α also induce CNS repair. In a TBI model using
transgenic mice that did not produce TNF-α, wild type mice
recovered motor function faster and experienced less cortical
tissue loss from the injury.191

Astrocytes respond to pro- and anti-inflammatory cytokines
in a “context-dependent” manner that allows for a diverse
range of phenotypic subtypes.192 These “reactive astrocytes”
have traditionally been characterized by increased GFAP
expression;193 however, increased GFAP expression is not
limited to the A1 variety194 (Figure 3D). Indeed, GFAP is an
important marker for TBI pathology, as upregulated levels of
astrocyte-derived GFAP in the blood serum of TBI patients is
recognized as an accurate indicator of TBI severity.143 Though
not fully understood, GFAP serum levels in older patients may
not be as accurate an indicator of TBI as in younger
patients.195 Although the biological role of the “neurotoxic”
A1 astrocytes is not well-defined, this cell population is clearly
involved in the neurodegenerative process. Importantly, such a
role is not exclusive among astrocytic involvement in TBI.
Participation of other inflammation-induced subtypes of
astrocytes, such as the “A2” variety,194 appear to play crucial
roles in mitigating TBI pathology by providing neuro-
protection via a variety of mechanisms.192,196 In synopsis,
glial cells appear to take on many different activities during
pathological events, and it is the balance between these that
ultimately defines the final outcome.
Excitotoxicity is a common pathological feature of secondary

TBI injury arising from excess extracellular glutamate, the
prominent excitatory neurotransmitter171,197 (Figure 3E).
Regional microdialysis studies have reported elevations of
glutamate immediately following TBI that appear to depend on
both injury severity, with a prolonged elevation in severe
traumas, and the number of physiological variables in-
volved.198−200 Astrocytes are largely responsible for the uptake
of extracellular glutamate via glutamate transporters201 and
following TBI, decreased expression of these transporters in
astrocytes has been demonstrated in animal models202 and in
humans.203,204 Astrocytes205,206 and microglia207,208 responded
to TNF-α by amplifying glutamate release. TNF-α, together
with Il-1β, increases neuronal production and release of
glutamate, further escalating extracellular levels of the neuro-
transmitter209 (Figure 3E). Research describing the role of
TNF-α in mediating excess interstitial glutamate is growing,
and there is extensive interest in using drugs to reduce this
cytokine’s activity across a wide variety of CNS conditions and
injuries.210,211 Excess glutamate leads to overstimulation of
postsynaptic glutamatergic receptors, specifically the N-methyl-
D-aspartate receptors (NMDARs) and 2-amino-3-[3-hydroxy-
5-methylisoxazol-4-yl] proprionate receptors (AMPARs),
which allow calcium entry into cells and causes neuron
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depolarization and further glutamate release.212 Overstimula-
tion of these receptors leads to intracellular ionic imbalance,
with excess calcium playing important roles initiating intra-
cellular cascades and cell damage (Figure 3E). Altered calcium
homeostasis can lead to calcium-dependent cysteine protease,
or calpain, activation which amplifies pro-apoptotic signaling,
including activation of BID, BAX, and p53, while decreasing
antiapoptotic Bcl-2 protein. This leads to neuronal dysfunction
and apoptosis,213 and at very high levels of calpain activation,
necrosis can result.214

In response to elevated levels of ROS and subsequent DNA
damage during TBI, overactivation of poly(ADP-ribose)
polymerase-1 (PARP-1) may result and is associated with
depletion of cellular energy stores and necrosis.215 PARP-1
inhibition shows improved outcomes in animal models of
TBI216−218 (Table 3) and increased expression of PARP-1 has
been demonstrated following human TBI.219 Along with its
involvement in microglial activation,217,220,221 PARP-1 pro-
motes the mitochondrial release of apoptosis inducing factor
(AIF) and its carrier protein cyclophilin A (CypA).222,223 AIF
is then translocated to the nucleus where it initiates chromatin
condensation, DNA fragmentation, and ultimately cell death223

(Table 3). Uniquely, this cell death pathway is caspase

independent.222 Additional cell death mechanisms can involve
the initiation of cell-cycle activation (CSA). Neurons are
postmitotic cells though CSA pathways may be reinitiated
from oxidative stress and DNA damage induced from TBI or
other insults.224,225 This is supported by increased expression
of the CSA markers cyclin D1, CDK4, E2F5, c-myc, and
PCNA and downregulation of cell cycle inhibitors following
TBI.226 Genetic or pharmacologic inhibition of CSA in animal
models of TBI show decreased cell death, glial activation,
lesion size, and improved cognitive recovery227−229 (Table 3).
Following even mild cases of TBI, apoptotic pathways rise

acutely and are sustained in the long term.230 Hyperactivity in
neurons and decreased blood flow to the focal injury leads to
increased metabolic stress and subsequent depletion of
adenosine triphosphate (ATP) stores. This may cause high
levels of ROS which can lead to cell death.231 Within neurons,
the transcription factor p53 is activated and results in delayed
apoptotic cell death in the subacute period after TBI (as well as
in response to oxidative stress, glutamate excitotoxicity, and
other insults). In a CCI model of TBI in mice, p53 levels were
found to be elevated in the brain as early as 15 min after the
TBI procedure and time-dependently rose and was sustained
over time.232 At 5 h after TBI, a robust increase in p53-labeled

Table 3. Pharmacologic or Genetic Intervention of Cell Death Pathways in TBIa

aEvidence for mechanisms of cell death in TBI are shown from pharmacologic (red) or genetic (green) disruption of these pathways. Included are
transgenic (Tg) and knockout (−/−) animals of relevant cell death pathways. Effects of these interventions following TBI are shown on the right.
Adapted from Schoch et al. (2012).255 CCI = controlled cortical impact; FPI = fluid percussion injury; hqhom = homozygous Harlequin mice.
Sources: (a) 241; (b) 242; (c) 243; (d) 244; (e) 245; (f) 228; (g) 227; (h) 229; (i) 246; (j) 232; (k) 233; (l) 238; (m) 20; (n) 218; (o) 247; (p)
217; (q) 220; (r) 248; (s) 222; (t) 249; (u) 250; (v) 251; (w) 252; (x) 253; (y) 254.
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cells was evident within the site of maximal CCI injury in the
brain.233 Stable inhibitors of p53 (Table 3), pifithrin-α (PFT-
α) and analogues,234,235 have been shown to minimize
apoptotic cell death by inhibiting p53 transcriptional activity
and preventing p53-dependent activation of apoptotic path-
ways.236,237 This is also purported in rodents challenged with
CCI-induced moderate TBI20,232,233,238 as well as weight drop-
induced mild TBI,18 resulting in substantial mitigation of
ensuing neuronal loss and cognitive deficits with a therapeutic
window of 5 to 7 h after injury. These studies clearly
demonstrate that the secondary TBI phase of cell death
involves apoptosis and that post-TBI inhibition of apoptotic
mechanisms can mitigate the associated deficits. Whereas PFT-
α and analogues are pharmacological tools to inactivate p53-
dependent pathways; importantly, approved classes of drugs
can likewise prevent neuronal p53-dependent apoptosis
without the potential concerns of globally blocking p53 activity.
In addition to transactivation of multiple apoptotic gene
pathways within the nucleus, p53 also mediates apoptosis by
binding and inactivating the antiapoptotic proteins Bcl-xL and
Bcl-2 on the mitochondrial surface and directly activating the
apoptotic proteins Bak and Bax. Mitochondrial p53 trans-
location induces mitochondrial outer membrane permeabiliza-
tion (MOMP) via Bak and Bax, release of mitochondrial
proapoptotic factors (e.g., cytochrome c, Smac/DIABLO,
PUMA, and AIF) into the cytosol, and subsequent activation
of caspase 3-dependent apoptosis.234,236,237,239,240 A thorough
summary of the effects of various genetic and pharmacologic
disruptions of cell death pathways following TBI is shown in
Table 3.
Animal Models of TBI. Significant heterogeneity across

the spectrum of clinical TBI subtypes necessitates a wide range
of models to mimic aspects of human injury. Although similar
GCS scores may indicate similar levels of injury, the
appearances of those injuries can vary widely, including the
presence of hematomas, cerebral contusions, pneumocephaly,
hemorrhaging, and subdural hydromas,256 or none of these at
all. A wide range of models of TBI are necessary to evaluate the
random nature of the injury. Although larger animals have
been used in modeling TBI,257 their expense and ethical
concerns have shifted the scientific community to primarily use
rodents for these studies. Arguments for the use of larger
animals in these studies cite differences in the size and
structure of rodent brain compared to human (lissencephalic
versus gyrencephallic), clinically relevant monitoring ability
(intracranial pressure, brain tissue oxygen content, and cerebral
blood flow), and possible differences in mechanisms of
repair.257,258 The body of work using rodent models continues
to grow due to the low cost, standardized methodologies,
especially regarding behavioral testing, and ease of manipulat-
ing complex molecular cascades via pharmacologic or genetic
means255,259 (see Table 3). A focus on animal models that
resemble mild human head injury is essential, as a majority
(>70%) of human TBI’s are classified as mild.260

The most commonly used models include the weight drop
(WD) method, controlled cortical impact (CCI), and fluid
percussion injury (FPI), and more recently models of blast
injury to understand the large number of TBI cases from
military personnel (all reviewed extensively).3,259 Although
rodents are primarily used in these models, they are amenable
to larger species.3 The CCI and FPI models require removal of
a piece of skull (craniectomy in CCI and craniotomy in FPI) in
a region of interest and are defined by a controlled pressure

pulse initiated by either the tip of a rod attached to the CCI
device or a pendulum striking a piston attached to a reservoir
of fluid for the FPI device. Albeit the direct impact onto the
dura and method of injury makes these models not completely
analogous to common head injuries seen in humans, they are
particularly effective at consistent and graded injuries.3 The
WD and blast models of TBI both utilize closed head injuries
whereby a weight is dropped through a cylindrical tube of a
predetermined height (such as 80 cm) and onto the head of an
anesthetized mouse or the anesthetized mouse is exposed to
some variation of blast waves from a controlled open-field
explosion of TNT.3 Due to the limitations and danger of
explosives, increased use of “shock tubes” that use compressed
gas to deliver shock waves are expanding the research of blast
TBI.261 These injury models closely resemble common clinical
cases of TBI incurred through falls, sports injuries, traffic
accidents,262 or on the battlefield.261

The use of standard behavioral assays in rodent models are
valuable for understanding cognitive deficits in human TBI,
often considered a silent symptom of the condition. WD, CCI,
FPI, and blast TBI models all demonstrate cognitive deficits
(cited in Table 4). This is manifested in a neurological severity
score (NSS), which combines behavioral and motor function
performance tests (see ref 263), or in some cases, more
simplified behavioral assays of memory such as the novel
object recognition (NOR) or Y-Maze spontaneous alteration
tests.3 Previous WD-based studies confirm the visual memory
deficits demonstrated by the NOR test at 7 and 30 days post-
TBI,81,84,264−266 although memory deficits demonstrated via
the Y-maze are often evident but not as consistent across these
same studies. This highlights the heterogeneity across mTBI
injury and potential inconsistency in delivery of the TBI, which
is in line with the human condition in which no two TBI
events are identical. Depressive effects of mTBI are evaluated
by the forced swim test and have been observed 7 days (for the
70 g WD) and 30 days (50 and 70 g WD) post-TBI. This is
notable, as depression is a common symptom in human TBI
patients.267

In addition to assessing behavioral and motor outcomes,
WD, CCI, FPI, and blast models of TBI demonstrate a wide
variety of pathophysiological sequelae similar to human TBI
including (a) neuroinflammation, epitomized by increased
cytokine production and microglial (increased Iba1 expres-
sion) and astrocyte (increased GFAP expression) activation;
(b) apoptotic signaling and cell death/neurodegeneration
indicated by increased TUNEL and BID positive cell staining,
decreased neuronal nuclei (NeuN) staining, and increased
protein expression of proapoptotic AIF, BAX, and caspases; (c)
decreased synaptic plasticity and function shown by deficits
observed in long-term potentiation (LTP) in brain slice
preparations and decreased synaptic protein expression, such
as synaptophysin; (d) blood-brain barrier degradation as
evidenced by Evans blue dye or other blood-originating tracers
entering into brain tissue following TBI; (e) oxidative stress
shown by increased production of antioxidants, ROS, or
remnants of oxidation such as malondialdehyde using
thiobarbituric acid reactive species (TBARS) assays in brain
tissue; and finally (f) glutamate regulation dysfunction shown
by decreases in glutamate transporters, RNA sequencing data,
or increases in free extracellular glutamate. A summary of the
many studies demonstrating the effects observed in WD, blast,
FPI, and CCI TBI models is shown in Table 4. Work
demonstrating glutamate toxicity is lacking across all models
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and generally relies on indirect indicators of glutamate
regulation issues. Although rodent models of TBI are
extremely useful, development of standardized models of TBI
in larger animals should facilitate transfer to clinical trials.258

Incretin-Based Signaling To Counteract TBI Damage
Mechanisms. GLP-1 and GIP are gastrointestinal peptide
hormones with well-studied functions in glucose-dependent
insulin secretion. Gcg has an opposing physiological effect,
increasing glucose concentrations in the blood. As members of
the glucagon peptide family, GLP-1 and Gcg are derived from
the same proglucagon gene, while GIP originates from the GIP
gene.335 All three peptides are susceptible to cleavage and
neutralization by the enzyme DPP-IV (Figure 1), reducing
active endogenous levels of each within minutes after
production and release.29,30 Three forms of endogenous
GLP-1 have been studied for their insulinotropic effects: the
full-length form of GLP-1 (1−37), the truncated form of GLP-
1 (7−37), and the truncated amide form (7−36 amide). Only
the truncated forms have been found to stimulate glucose-
dependent insulin secretion, while the full-length form appears
inactive.336 Most of the truncated GLP-1 that is produced
undergoes amidation on its c-terminal glycine to form GLP-1
(7−36) amide. The benefit from amidation is unknown; it is
thought that the amide form is more stable in the circulation,
considering that GLP-1 (7−36) amide constitutes 70% or
more of circulating GLP-1.337

The receptors for GLP-1, GIP, and Gcg are class B G-
protein coupled receptors (GPCRs). Although the receptors
for GIP and GLP-1 are predominantly expressed in the
pancreatic islet cells21,22 and those of Gcg in the liver,338 all
three are present in the CNS.339−341 GLP-1R, GIPR, and
GcgR mRNA are chiefly expressed in neurons,342 and
differential GLP-1R protein expression has been observed
throughout the brain.343,344 Under pathological conditions,
such as in PD or TBI, expression of GLP-1R mRNA in affected
brain regions and cells types can change drastically.345

Observations in a mouse model of PD demonstrate decreased
expression in neurons and 2-fold increases in microglia.93

Additionally, human PD cases show 10-fold increases in GLP-
1R expression in the substantia nigra.93 These receptors have
seven α-helical transmembrane domains (TMDs), a classic
signature of all GPCRs, and an N-terminal extracellular domain
(ECD) typical of class B GPCRs. The TMDs bind the N-
terminal portion of the truncated GLP-1 peptide and the ECD
binds the C-terminal portion of the peptide,346 with multiple
binding sites biasing activated intracellular cascades.347−349

Unlike class A GPCRs, the class B ECD acts as more than an
affinity trap, as both the ECD and TMD are responsible for
class B GPCR activation.350 All three receptors’ activation can
lead to neuroprotection and neurotrophic effects through
multiple pathways.
Activated receptors interact with Gαs and dissociate the

trimeric G protein to activate adenylyl cyclase and subsequent
conversion of ATP to cAMP27,335,351 (Figure 4). Upon GLP-1
addition, cAMP concentrations reach a peak at the 15 min
time-point in PC12 cells,33,51 neuroblastoma SH-SY5Y cells,352

and rat hippocampal cells,35 leading to cAMP-dependent
protein kinase A (PKA) and exchange protein activated by
cAMP (Epac) activation.353−355 PKA directly activates the
cAMP-responsive element binding protein (CREB) by
phosphorylating Serine 133 on the protein.356 CREB is a
transcription factor with a well-studied role in neuronal
plasticity and neuronal survival; it is regulated by multipleT
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pathways in addition to the cAMP associated route, including
the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/
AKT pathway.357 Epac activation leads to similar downstream
events.354 Increasing circulation times of endogenous GLP-1,
GIP, and Gcg via DPP-IV inhibition increases CREB
activation.91 Furthermore, Perry et al.33 showed that activation
of PKA nonessentially enhances GLP-1 mediated neuro-
plasticity in PC12 cells, and PI3K and ERK were found to
play a role in neurite extension as a result of GLP-1R
activation.33

The mechanism of GLP-1R/GIPR/GcgR activation of the
PI3K pathway is unclear. However, GLP-1R appears to initiate
this neurotrophic pathway near its beginning, as activation of
the upstream protein, insulin receptor substrate-1 (IRS-1), was
found to be markedly increased one hour after Ex-4
administration in hypothalamic neurons358 (Figure 4). Down-
stream, the neuronal PI3K pathway branches to produce a
variety of protective and neuroplastic effects. AKT, also known
as Protein Kinase B (PKB), promotes cell survival by
phosphorylating and thereby sequestering pro-apoptotic
protein Bad, which normally heterodimerizes and neutralizes
the mitochondria associated antiapoptotic protein, Bcl-2. In
addition, AKT inhibits p53,359 Forkhead box protein O1/03
(FOXO1/03), and subsequent production of pro-apoptotic
proteins.335,360 AKT also promotes the activation of mTOR
which supports neuronal differentiation and growth by
increasing protein synthesis, pyrimidine synthesis, and
preventing autophagy.360 Direct phosphorylation of CREB by
AKT further promotes cell survival, possibly in part by
inducing the expression of Bcl-2.361 Numerous benefits of
activation of CREB and downstream cAMP responsive
element (CRE) by a GLP-1/GIP/Gcg receptor triagonist
were recently described in a mouse model of AD.79

Furthermore, in a secondary analysis of the recent successful
48-week Exenatide-PD trial,67 researchers extracted neuronal
derived exosomes from blood serum of human participants,
and within these exosomes, found increased protein levels of

IRS-1, AKT, and mTOR.362 These findings present a clinical
context for the positive outcomes of the Exenatide-PD trial,
which noted improvements in motor scores for patients, and
furthers understanding of GLP-1R agonism in the human
CNS.
Following TBI, much of the oxidative stress, excitotoxicity

and inflammation observed in the injured brain can be
attenuated by incretin-based therapies. Such actions are a clear
parallel to antiapoptotic effects provided by GLP-1 and
analogues on pancreatic cells21 and have been demonstrated
in neuronal cell culture models51 and recent mouse models of
stroke and chronic cerebral hypofusion.363,364 Pretreatment of
β-cells with Ex-4 and subsequent induction of oxidative stress
via hydrogen peroxide (H2O2) addition resulted in a 41.7%
decrease in apoptosis. This was mediated by AKT inhibition of
the c-Jun N-terminal kinase (JNK) and glycogen synthase
kinase 3β (GSK3β)-mediated apoptosis pathway365 (Figure 4).
A GLP-1/GIP/Gcg triagonist was also shown to block
activation of GSK3β and is thought to be a potential
mechanism for rescue of neuronal plasticity deficits in a
mouse model of AD.79 Activation of caspase-9 and -3, two
important mediators of apoptosis, was also reduced as a result
of this pretreatment. Treatment with Ex-4 in similar H2O2-
induced oxidative stress experiments resulted in Epac-depend-
ent increases in β-cell production of prominent antioxidant
enzymes, including catalase, glutathione peroxidase-1, and
manganese superoxide dismutase (MnSOD).353 Following
oxidative stress, activation of PKA and induction of oxidative
defense genes HO-1 and NQO1 via Ex-4 improved cell viability
in human umbilical vein endothelial cells.366 A recent report
describes mitigation of oxidative DNA damage in a model of
stroke through neuronal GLP-1R activation and subsequent
enhancement of PI3K-AKT-induced expression of apurinic/
apyrimidinic endonuclease 1 (APE1),367 a protein key to
amplifying base excision repair of oxidative DNA damage368,369

(Figure 4). Further evidence for the antioxidant effects of
incretin-based therapies comes from the use of the DPP-IV

Figure 4. Incretin-based signaling to counteract TBI. Incretin based therapies target key cell signaling pathways that counteract TBI secondary
phase injury. These include mechanisms to decrease apoptosis, inflammation, and oxidative stress, while also promoting repair. *Only
demonstrated through GLP-1R agonism.
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inhibitor sitagliptin in a mouse model of TBI, which resulted in
increased MnSOD production and overall improved out-
comes91 (Table 1). In a model of stroke, GLP-1 analogues
induced similar increases in MnSOD production.363

Another important neuroprotective effect of incretin-based
therapies includes a strong anti-inflammatory component,
namely the reduction of glial cell activation and related
cytokine production. In a model of PD, the GLP-1 analogue
NYLO1 (Table 2) blocked the formation of A1 astrocytes,
indicated by decreased C3 immunoreactivity. Significant
reduction in the number of activated microglia and subsequent
production and release of Il-1α, TNF-α, and C1q was also
observed.93 In this model, blocking the formation of A1
astrocytes proved to be a major mechanism preventing
neuronal loss, attributable to the attenuated microglial
activation. Yun et al.93 and Athauda and Foltynie360 point
out that reduction in microglial activation or activity by GLP-
1R agonists may be the primary mechanism for neuro-
protection in models of stroke,53,58,370,371 PD,372 ALS,64 and
other conditions.49,373 GLP-1R agonism in microglia promotes
an M2 phenotype induction58,374 possibly via alternative CREB
mediated pathways,375 increasing the anti-inflammatory and
reparative functions of these cells. In models of TBI and
related in vitro studies, incretin-based therapies have shown
efficacy in increasing CREB signaling75,83,84,91 and anti-
inflammatory effects, including reduced glial cell activation
and cytokine production using independent administration of
GIP88 and the GLP-1 analogue PT-30274 (Table 1). PARP-1 is
involved in microglial activation221 and its inhibited expression
by GLP-1 and analogues, shown in models of stroke and
chronic cerebral hypofusion,363,364 may provide an additional
anti-inflammatory mechanism for GLP-1 based therapies.
Finally, inhibition of NF-κB downstream of PI3K and AKT
is yet another possible mechanism of GLP-1R agonism for the
mitigation of inflammation-related sequalae.360 NF-κB inhib-
ition is neuroprotective in models of PD376 and TBI,232 with
DPP-IV inhibitors and GLP-1 analogues significantly suppress-
ing the transcription factor and potentially increasing
endogenous inhibitors.93,360 Though NF-κB induction is
neuroprotective when activated in neurons, blockage of glial
cell NF-κB induction supersedes this potential benefit through
mitigation of the release of inflammatory mediators and other
neurotoxic proteins.377

In synopsis, incretin-based therapies present a multitude of
beneficial signaling end points that can readily be applied to
TBI pathophysiological sequalae (Table 4). Considering the
strong neurotrophic/neuroprotective, antioxidant, and anti-
inflammatory components that underlie the actions of incretin-
based therapies, all of which are beneficial for TBI
pathophysiological effects, these compounds appear to be
ideally suited for introduction into clinical trials for TBI.
Targeting Specific Intracellular Pathways. As shown

above, incretin-based mimetics affect a wide variety of
intracellular pathways. Interest in the many signaling profiles
of GPCRs is growing, including that of incretin receptors, and
investigation of how these diverse pathways are activated is an
increasingly important area of research for the development of
more effective, disease-specific therapies.378 Evidence of
various biased activation sites of incretin receptors, specifically
GLP-1R, adds an additional layer of complexity to their known
pleiotropic signaling and provides possible opportunities for
optimization of signaling pathways to best treat TBI or other
neurological disorders with reduced side effects. Recent work

has described specific binding sites of the GLP-1R receptor
that preferentially activate intracellular calcium recruitment
and cAMP and pERK1/2 signaling in insulinoma cells.349

Adding to this knowledge, replacing the α-amino acids of the
endogenous GLP-1 backbone with β-amino acids has helped
characterize further nuances in these signaling paradigms.379

Biased agonism is not exclusively a function of receptor
binding sites and ligand structure, but can also depend on
effector molecules and adapter proteins recruited to or
allosteric modulation of the GPCR.380 β-arrestin proteins are
regulators of GPCR activity, including receptor desensitiza-
tion.381 Varying the amino acid backbone of GLP-1R agonists
differentially promotes characteristic G-protein signaling
(cAMP, etc.) and β-arrestin recruitment,382 with the impacts
of effector molecules or adapter proteins on downstream
signaling and phenotypic responses varying.383 In pancreatic β-
cells, for example, β-arrestin 1, recruitment has been shown to
help facilitate the antiapoptotic effects of GLP-1 through the
phosphorylation of the pro-apoptotic protein, Bad.384

As yet, little to no information is available elucidating the
occurrence of GLP-1R biased agonism in nervous system tissue
or in relation to contributions of GIP or glucagon,383 but this
clearly appears to be a potentially fruitful avenue to evaluate.
Furthermore, the differential expression patterns of incretin
receptors in neurons or microglia also may add another level of
intricacy to understanding the diverse pathways initiated by
both endogenous and designer agonists. Interest in nonpeptide
GLP-1R agonists is substantial and an example is the
experimental diabetes drug TTP273 (Table 2). TTP273
appears to be a functionally biased ligand with a favorable
tolerability and low incidence nausea and vomiting.385

Interestingly, TTP273 lacks any β-arrestin 2 recruitment
typical of endogenous GLP-1R agonists,385 which promotes
stereotypic GPCR signaling cascades.386 β-arrestin 2 recruit-
ment, however, can attenuate this normal signaling pattern,
with the GLP-1R/β-arrestin 2 complex increasing the
receptor’s affinity for glucagon and internalization of the
receptor.386 The route of administration (e.g., oral, subcuta-
neous injection, or transdermal) can also impact a drug’s time-
dependent pharmacological actions as well as compliance.387

Preliminary evidence shows that TTP273 has differential
effects on food intake depending on its route of admin-
istration.385 Delivery to target sites is also paramount to initial
drug design and, for the treatment of neurological disorders a
reasonable BBB penetration is vital to support therapeutic
levels being achieved in brain. In the case of TTP273 that was
designed for T2DM and likely not intended for neurological
disorders, BBB permeability was probably not a key concern
during the agent’s initial design, with preliminary evidence
showing that brain drug concentrations are only 2 to 3% of
that of plasma’s,388 similar to Ex-4.67,74 With these many
considerations, understanding the mechanisms of biased
agonist signaling may allow for the development of disease
tailored drugs, particularly in relation to incretin receptor
agonists.

■ CONCLUSION
In the present review, we have provided an overview of the
current literature supporting the use of incretin-based therapies
across a wide variety of nervous system disease and injury
models, including TBI. The safety, availability, and demon-
strated efficacy of incretin-based therapies make them ideal for
rapid introduction into clinical trials to evaluate alternative

ACS Pharmacology & Translational Science Review

DOI: 10.1021/acsptsci.9b00003
ACS Pharmacol. Transl. Sci. 2019, 2, 66−91

78

http://dx.doi.org/10.1021/acsptsci.9b00003


uses to their already prescribed treatment of metabolic
diseases. There is a great and immediate need for an effective
drug therapy for treatment of secondary injury related to TBI,
especially considering the long-term consequences of even a
single TBI injury, including the development of conditions
such as PD and AD that can be triggered by TBI. Considering
the dangers of even just one TBI, it is encouraging that the
general public is heeding current science and increasingly
seeking medical attention for head injuries. Unfortunately,
there are no treatments for secondary injuries associated with
TBI. Incretin-based therapies can fill this pharmacological void,
and there is sound and increasing scientific evidence of using
translationally relevant doses across both cellular and animal
models of brain injury to support trials of evaluating incretin-
based mimetics in human TBI. Biased, designer incretin-
receptor agonists are currently in development and further
work needs to be done to tailor these compounds to
neurological disorders. The next questions to consider are as
follows: (a) Which of the available agents should be first
appraised? (b) Which TBI subjects (mild, moderate or severe)
should be evaluated in clinical trials? (c) When should
treatment start and how should it be initiated to rapidly
achieve and maintain therapeutic brain levels? (d) How long
should treatment continue? (e) What biochemical and clinical
outcome measures should be evaluated to define target
engagement and response? With the use of the dose and
route of administration approved and found effective for the
treatment of T2DM, it is encouraging that several FDA
approved incretin-based therapies and other emerging
analogues are making their way into clinical trials for
neurological diseases. A concerted effort is needed to
effectively apply these safe and efficacious drugs to trials for
TBI treatment.
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ABSTRACT

Mammea-type coumarins are a particular type of secondary

metabolites biosynthesized by the tropical rainforest tree

Calophyllum Brasiliense, which is distributed from South Amer-

ica to Mexico. Particularly, mammea A/BA and A/BB (alone or

as a mixture) possess biological properties such as cytotoxic

and antitumoral activities, however, most of its molecular tar-

gets remain unknown. In this context, novel bioinformatic ap-

proaches, such as network pharmacology analysis, have been

successfully used in herbal medicine to accelerate research in

this field, and the support of experimental validations has

been shown to be quite robust. In the present study, we per-

formed a network pharmacology analysis to assess the possi-

ble molecular biological networks that interact with mammea

A/BA and A/BB. Moreover, we validated the most relevant net-

works experimentally in vitro on K562 cancer cells. The results

of the network pharmacology analysis indicate that mammea

A/BA and A/BB interacts with cell death, PI3K/AKT, MAPK, Ras,

and cancer pathways. The in vitro model shows that mammea

A/BA and A/BB induce apoptosis through the overexpression

of the proapoptotic proteins Bax and Bak, disrupt the auto-

phagic flux as seen by the cytosolic accumulation of LC3-II

and p62, disrupting the mitochondria ultrastructure and con-

comitantly increase the intracellular calcium concentration.

Additionally, docking analysis predicted a possible interaction

with a rapamycin-binding domain of mTOR. In conclusion, we

validated network pharmacology analysis and report, for the

first time, that mammea A/BA and A/BB coumarins induce

apoptosis through the inhibition of the autophagic flux, possi-

bly interacting with mTOR.

Network Pharmacology Uncovers Anticancer Activity
of Mammea-Type Coumarins from Calophyllum brasiliense

* These two authors contributed equally to this work.
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ABBREVIATIONS

AO acridine orange

BP biological process

[Ca2+]i intracellular calcium concentration

CC cellular component

CP cisplatin

CQ chloroquine

CTD Comparative Toxicogenomics Database

FRB FKBP-12 rapamycin-binding

iNOS inducible nitric oxide synthase

KEGG Kyoto Encyclopedia of Genes and Genomes

MABB mammea A/BA and A/BB

MF molecular function

NO nitric oxide

NPr network pharmacology analysis

OMIM Online Mendelian Inheritance in Man

PDB Protein Data Bank

PVDF polyvinylidene difluoride

RMSD root mean squared deviation
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Introduction
Coumarins comprise a large class of secondary metabolites with
phenolic structures, composed of fused benzene and α-pyrone
rings, biosynthesized by several species of plants, fungi, and bacte-
ria. Several studies have shown a wide range of pharmacological
properties for these compounds, including anticoagulant, anti-in-
flammatory, antiparasitic, antibacterial, antiviral, and anticancer.
These heterocyclic compounds represent the core structure for
several molecules with pharmaceutical relevance already used in
therapeutics, e.g., warfarin, coumermycin, and novobiocin,
among others [1]. In this context, mammea-type coumarins,
which are biosynthesized by plant species from Mammea, Mesua,
and Calophyllum genera of the Calophyllaceae family, possess a
5,7-dihydroxycoumarin skeleton (▶ Fig. 1) and have different
names, such as A/BA, A/BB, B/BB, A/AA, etc., according, to the type
of substituent onC-4, C-6 andC-8 of themain chemical skeleton. In
general, these compounds possess biological effects, such as anti-
parasitic [2, 3], anti-fimic [4], and cytotoxic [5]. For instance,mam-
mea A/AA induces the release of the apoptotic-inducing factor to
the cytoplasm in the HeLa cell line [6], and mammea E/BB plays an
anionic protonophore [7] role that uncouples the mitochondrial
electron transport in the cancer cell lines T47C and PC-3 [8]. On
the other hand, mammeasin A, mammea A/AD, and kayeassamin
G have shown an inhibitory effect on iNOS and, consequently, on
the production of NO in lipopolysaccharide-activated RAW264.7
cells by an nuclear factor-kappa B-independent mechanism [9].
Particularly MABB (▶ Fig. 1), alone or as a mixture, displays anti-
parasitic effects against Trypanosoma cruzi [2] and Leishmania am-
azonesis [10], as well as cytotoxicity and antitumor properties in
vivo [11]. These compounds have also been shown to be active
against clinical isolates ofMycobacterium tuberculosis. Moreover, in
a toxicogenomic analysis in vivo performed by our group, we de-
scribe that these compounds were not toxic over non-tumoral tis-
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23
sues from CD-1 mice [12]. Interestingly, in 2004, Reyes-Chilpa et
al. [5] reported thatmammeaA/BA possess low cytotoxicity in vitro
to normal human lymphocytes with an LC100 of 126.45mg/mL.

NPr is a novel, exciting approach in herbal medicine and drug
development that describes a field in systems biology to under-
stand the role of how drugs interact with different targets, signal-
ing pathways, organs, and diseases from a network point of view.
This approach is used to discover novel mechanisms of actions
and possible adverse effects of drugs through network analyses
of multiple levels of biological complexity [13]. Altogether, these
approaches combined with other chemoinformatic methods syn-
ergize the drug discovery process and help to rediscover the po-
tential of already known compounds [13]. In recent years, several
groups have used network pharmacology approaches to explore
bioactive compounds, novel targets, and molecular mechanisms
from different plants and fungi with known ethnobotanical uses
[14–16], contained in different herbal preparations [17,18], and
to repurpose compounds in herbal remedies [19]. Therefore, in
the present study, we used NPr to discover targets and pathways
that could interact with MABB and performed an experimental in
vitro validation of such paths on the K562 cancer cell line.
Results
We performed NPr on several databases. ▶ Table 1 indicates the
most enriched pathways, GO-Terms and diseases that interact
with MABB (a set of the targets is shown in Table 1S, Supporting
Information). Additionally, we performed the network construc-
tion for the first 50 targets to determine its potential relationships
among them and its relation with pathways (▶ Fig. 2). Since the
apoptotic process was the main enriched pathway, we evaluated
the presence of the main proteins involved in such pathways as
well as the mitochondrial ultrastructure morphology and intracel-
lular calcium homeostasis ([Ca2+]i).

As depicted in ▶ Fig. 3, MABB treatment increases the fluores-
cence of the proapoptotic proteins Bax (▶ Fig. 3A a,b) and Bak
(▶ Fig. 3B c,d) in comparison to the vehicle (DMSO). Moreover,
MABB treatment significantly decreases the fluorescence corre-
sponding to Bcl-2 (▶ Fig. 3C e, f), an antiapoptotic protein. These
results suggest that MABB induces apoptosis through the overex-
pression of the proapoptotic proteins Bax and Bak, which are in-
volved in the activation of the mitochondrial intrinsic apoptotic
pathway in K562 cells.

We evaluated whether these compounds alter the [Ca2+]i. In-
terestingly, as seen in ▶ Fig. 4A–C, MABB induces a slow rise in
the [Ca2+]i, which reaches 600 nM. A plateau followed this increase
a few minutes after MABB administration, however, the last sec-
onds of the recording showed a burst in the [Ca2+]i, reaching
900 nM. These results suggest the possible activation of calcium-
dependent pathways, since the [Ca2+]i abruptly decreased once
MABB was removed. Moreover, the [Ca2+]i disruption, induced by
MABB treatment, is accompanied by modifications in the ultra-
structure of mitochondria of K562 cells. As seen in ▶ Fig. 4C,
MABB treatment induces mitochondria swelling. This morphology
is typical in damaged mitochondria as depicted in the positive
control, which was treated with rotenone, a specific inhibitor of
the mitochondrial complex I (▶ Fig. 4C). Interestingly, MABB in-
15



▶ Table 1 Enrichment analysis (GO and Pathway) of the targets of MABB.

Compound Pathway or GO term Count Adjusted p value DB

Mammea A/BA Apoptotic process (GO‑BP) 24 1.24e-16 CTD

Protein kinase activity (GO‑MF) 18 9.90e-19 CTD

Cytosol (GO‑CC) 34 1.43 e-20 CTD

Erb signaling pathway (hsa 04012) 7 2.05e-07 KEGG

PI3K-Akt signaling pathway (hsa 04151) 8 3.07e-05 KEGG

MAPK signaling pathways (hsa 04919) 7 4.62e-05 KEGG

Ras pathway (P04393) 5 8.76e-06 Panther

Regulation ofmacromoleculesmetabolic process (GO‑BP) 33 3.44e-16 CTD

Diseases related with targets

Pathways in cancer (hsa05200) 9 6.36e-07 KEGG

Prostate cancer (hsa05215) 7 2.68e-09 KEGG

Angiogenesis (P00005) 5 1.95e-06 Panther

Mammea A/BB Kinase activity (GO‑MF) 22 2.45e-22 CTD

Apoptotic process (GO‑BP) 26 2.02e-23 CTD

Cytoplasm (GO‑CC) 45 6.03e-24 CTD

PI3K-AKTsignaling pathways (hsa 04151) 10 3.64e-07 KEGG

ErbB signaling pathways (hsa 04012) 8 3.09e-09 KEGG

MAPK signaling pathways (hsa 04919) 8 3.64e-07 KEGG

Ras pathway (P04393) 6 3.11e-07 Panther

Positive regulation of macromolecule metabolic process 27 5.49e-16 CTD

Diseases related with targets

Prostate cancer (hsa05215) 8 3.09e-09 KEGG

Pathways in cancer (hs05200) 10 3.64e-07 KEGG

Colorectal cancer (hs05210) 5 4.58e-06 KEGG

Pancreatic cancer (has 0512) 5 5.51e-06 KEGG

▶ Fig. 1 C. brasiliense specimen. Ricardo Reyes-Chilpa took the image (A) at La Reserva de Los Tuxtlas, Veracruz, Mexico (May 2017). Chemical
structures of mammea A/BA (B) and mammea A/BB (C).

16 Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23
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▶ Fig. 2 Network of the interactions among the 50 primary targets predicted for mammea A/BA. The network interaction was predicted with
GeneMania software. Red lines show physical interactions, yellow lines show predicted interactions, and blue lines show interactions shared by
common signaling pathways.
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duces cytoplasmic vesicles that surround the damaged mitochon-
dria. This result is contrary to the negative control (DMSO) in
which the cells showed mitochondrial ridges.

According to the NPr, PI3K-AKT and macromolecule metabo-
lism were among the enriched pathways that correlate with the
autophagy process. Therefore, we validated autophagy by the ac-
idic vesicle formation and the quantification of autophagic
markers, including the lipidated form of the microtubule-associ-
ated protein light chain 3 (LC3-II) and its receptor SQSTM1/p62
(p62). Finally, we evaluated the possible interaction between
mTOR and MABB by a docking assay.

Autophagy induces the acidic vesicle aggregation, the de-
crease of LC3-I and p-62, and the increase of LC3-II [20]. As ob-
served in ▶ Fig. 5A, MABB treatment induces acidic vesicle aggre-
gation similar to that of the positive control CP (▶ Fig. 5A panels e
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23
and n, respectively). CQ prevented this effect, since the size of the
vesicles is more significant than in MABB (▶ Fig. 5A panel k).
Moreover, to evaluate the effect of MABB treatment on the auto-
phagic flux, we determined the content of LC3-II and p62. Our re-
sults showed that MABB treatment increases the LC3-II protein
content over 12 times (▶ Fig. 5B) in contrast to the vehicle
(DMSO). However, MAAB treatment did not alter the content of
p62 (▶ Fig. 5C), suggesting a disruption in the autophagic flux.

To predict whether coumarins may interact with mTOR, we
performed an in silico study (docking), including binding sites,
the ATP-binding domain, and the allosteric domain in the mTOR
complex (▶ Fig. 6). We conducted a re-docking analysis of the
co-crystallized ligands to validate our protocol. The docking of
17 G (PDB 4JSX) resulted in a similar conformation than the crys-
tallized pose with an RMSD of 0.5789 and a docking score of
17



▶ Fig. 3 MABB induce apoptosis in K562 cells. Immunofluorescence analysis and representative confocal images of triple immunofluorescence
staining, showing the content, in red fluorescence, of Bax (A), Bak (B), and Bcl-2 (C) in K562 cells incubated with the vehicle (DMSO) (a, c and e)
or with MABB (43.5 µM during 18 h) (b, d and f), respectively. Hoechst labeled nuclei in blue and phalloidin 488 labeled cytoskeleton in green.
Bars represent the mean ± S. E.M. of the relative fluorescence units (RFU) from the red channel of five images from three independent experiments.
Data were analyzed by Studentʼs t-test followed by the Mann-Whitney test; *p ≤ 0.05 vs. vehicle. Scale bar: 50 nm.
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− 33.07 kcal/mol. For the inhibitor ARD (PDB 3FAP), the RMSD was
2.0191 with a docking score of − 26.30 kcal/mol (Fig. 3S A,B, Sup-
porting Information). These results suggest that the algorithm
implemented in ICM Molsoft provides enough reproducibility
and accuracy for the study. Based on the scoring function, the
docking predicts that both coumarins may interact in the rapa-
logue-binding pocket (allosteric FRB domain), since docking
scores for mammea A/BA were − 31.85 kcal/mol and
− 21.13 kcal/mol for allosteric and ATP-binding domains, respec-
tively. For mammea A/BB, the docking scores were − 31.98 kcal/
mol and − 24.11 kcal/mol for allosteric and ATP-binding domains,
respectively (Table 2S, Supporting Information). In the case of
mammea A/BA, itʼs predicted to be stabilized by several hydro-
phobic interactions (Tyr26, Phe46, Glu54, Val55, Trp59) and a hy-
drogen bond with Ile56 of the FRB domain. According to the mod-
el, our results suggested hydrophobic interactions with the KD‑N
lobe, (Ser2036 and Phe2039) and a possible hydrogen bond with
Tyr2105 for this analysis. In the same way, mammea A/BB appears
to interact in a similar binding site as mammea A/BA, stacked in
the pocket through hydrophobic interactions with Trp2101,
Asp2102, Tyr2105, and Phe2039 of the KD‑N lobe, and Phe36,
Val55, and Ile91 of the FRB domain. Additionally, we predicted
two hydrogen bonds with Ile56 and Tyr82 (FRB domain).
Discussion
As previously mentioned, MABB coumarins may be considered
drug candidates since they present versatile pharmacological
properties and have been shown to be safe [12]. Network phar-
macology approaches have been used from two points of view:
18
1) to identify novel targets and 2) to determine which unknown
signaling pathways interact with compounds [17,21]. In this con-
text, our data showed that MABB interacts with an apoptotic pro-
cess and PI3K/AKT, MAPK, Ras, and Erb pathways. Interestingly,
most of them possess tyrosine kinase properties [22] in this con-
text, and the PI3K/AKT pathway is associated with the autophagy
process [23]. Disease enrichment analysis indicates that MABB
might be related with cancer pathways in general, suggesting its
potential as an antitumoral compound.

First, we evaluated the effect of MABB in apoptosis through the
fluorescence analysis of Bcl-2, Bax, and Bak proteins in K562 cells.
Bax and Bak are two nuclear-encoded proteins that can pierce the
mitochondrial outer membrane to mediate cell death by apopto-
sis, promoting permeabilization and the release of cytochrome C.
Bcl-2 antiapoptotic protein also regulates this mitochondrial path-
way. Our analyses showed that MABB treatment induces the over-
expression of Bax and Bak. Meanwhile, the Bcl-2 signal was ab-
sent, suggesting that treatment induces apoptosis through the in-
trinsic mitochondrial pathway. These results are in concordance
with another type of mammea coumarin that induces this type
of cell death in another leukemia cell line [10].

Since we observed that MABB induces apoptosis through a
previously mentioned pathway, we evaluated whether MABB
could produce mitochondrial damage concomitantly. Transmis-
sion electron microscopy (TEM) images indicated the presence of
mitochondrial damage, characterized by swelling and loss of the
mitochondrial ridges, as well as cytoplasmic vacuolization sur-
rounding damage. These results are consistent with previous
studies in which similar coumarins induced mitochondrial uncou-
pling [6,8]. Moreover, Brenzan et al. [10] demonstrated that
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23



▶ Fig. 4 MABB treatment induces [Ca2+]i disruption and alters the mitochondria ultrastructure on K562 cells. A Representative recordings of the
[Ca2+]i measurements in cells treated with MABB (43.5 µM). Representative recording of Fura-2AM excitation at 340 nm and 380 nm. B The bar
represents the [Ca2+]i in MABB-treated cells (907 ± 14.71 nM, n = 5). C Representative images from TEM, respectively: negative control (DMSO),
MABB (43.5 µM, 6 h), positive control (Rotenone, 13 µM, 6 h). Green arrows indicate normal mitochondrion and red arrows indicate damaged
mitochondrion. Scale bar: 500 nm. Images represent three independent experiments.
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mammea A/BB induces atypical cytoplasmic vacuolization and
mitochondrial swelling in Leishmani amazonensis. Furthermore,
our recordings indicate that 3min after MABB administration,
the [Ca2+]i rises to 900 nM, followed by an abrupt decrease, which
suggests cell death. These results might explain the mitochondrial
damage, the presence of acidic vesicles, and the eventual release
of proapoptotic proteins that lead to cell death. Mitochondrion
are active players in [Ca2+]i homeostasis (chemiosmotic theory)
and, as previously mentioned, the [Ca2+]i overload induces the
activation of several kinase-dependent proteins, such as PKC and
ASK1, leading to apoptosis and mitochondrial damage [24,25].
Our results are in accordance with other coumarins where the
same effect was observed [26].

The second potential interaction, according to NPr, was PI3K/
Akt, MAPK, and Ras pathways associated with autophagy. To val-
idate this, we quantified the LC3-II and p62 protein content and
the acidic vesicle aggregation, which are characteristics of such a
process. Our results demonstrated that MABB treatment induces
apoptosis through the disruption of the autophagic flux, since we
observed acidic vesicle aggregation and autophagosome accumu-
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23
lation by LC3-II and p62. These results are in agreement with pre-
vious studies reporting that silver nanoparticles induce apoptosis
through the cytoplasmic accumulation of LC3-II and p62 in NIH
3 T3 and HCT116 cells [27] and with those of spicatoside A, a ste-
roidal saponin isolated from Liriope platyphylla that exerts antitu-
mor activity through the modulation of both autophagy and apo-
ptosis [28].

Finally, according to the literature, several synthetic coumarins
have been found to possess potent anticancer properties through
the inhibition of the PI3K-AKT-mTOR pathway [29] or as inhibitors
of mTOR, a hub protein in this signaling pathway [30]. Moreover,
some of these compounds are currently patented, such as
CN103254203A. Hence, we decided to explore in silico whether
MABB may interact with mTOR (since these types of approaches
are a valuable low-cost tool). As reported in the literature, small
molecules could inhibit the mTOR complex in two different ways
[31]: 1) as competitive ligands in the ATP-binding pocket [32] or
2) as allosteric inhibitors interacting in the FRB domain [33]. The
scoring function implemented in ICM software predicts that the
coumarins interact in the allosteric binding site associated with
19



▶ Fig. 5 MABB induce autophagy in K562 cells. Representative confocal images from K562 cells positive to acridine orange (AO) staining. When AO
is incorporated into the acidic vesicles (during autophagy), it emits orange fluorescence. A Cells were exposed to vehicle (DMSO, panels a–c),
mammea (MABB, 43.5 µM, 18 h, panels d–f), CQ (chloroquine, 20 µM, 18 h, panels g–i), M + CQ (MABB and CQ mixture, panels j–l), and CP (cis-
platin, 20 µM, 18 h, panels m–o). Representative Western blots of LC3-II and p62 proteins. Densitometric analysis expresses the relative ratio
of LC3-II/actin (B) or p62/actin (C). Bars represent the mean ± S. E.M. of four experiments. Data were analyzed by one-way ANOVA followed by
Dunnʼs test; *p ≤ 0.05 vs. vehicle.

▶ Fig. 6 MABB coumarins interact with mTOR. MABB and mTOR interaction complex. A Representation of the complex built from the superposi-
tion of two crystal structures of mTOR (PDB 4JSX: orange, gray, green, and pale pink; and PDB 3FAP: orange and blue). Details of the binding site for
mammea A/BA (pale yellow sticks) in (B) 3D and (C) 2D representations, and mammea A/BB (green sticks) (D) 3D and (E) 2D representations (white
sticks represent residues of mTOR involved in interactions). Green dotted lines represent hydrogen bonds. The figures were built with ICM-Molsoft
and LogPlot Plus Softwares.
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the analogs of rapamycin (rapalogues), which in turn could inhibit
its activity. In both cases, the stabilization seems to be mainly by
20
hydrophobic contacts, as expected for ligands that bind to the
allosteric site [33]. According to a model proposed by Choi et al.
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23



[34], most of the interactions calculated for rapamycin and the
FKBP12 domain (KD‑N lobe) agree with the predicted ones for
the MABB. These results predict that, as in the case of rapamycin,
MABBmay act as an inhibitor of the mTOR phosphorylation mech-
anism. Additionally, the prediction suggests that MABB may act as
specific inhibitors of the complex, reducing the probability of side
effects (by inhibiting other kinases).

In conclusion, NPr indicated that MABB is suitable for drug de-
velopment of novel anticancer compounds since they interact
with several targets related to cancer and induce apoptosis
through the inhibition of the autophagic flux, possibly via an
mTOR interaction. However, further experiments must be per-
formed to experimentally validate the mTOR interaction with
MABB to avoid false positives on the docking assay. Additionally,
other possible targets and signaling pathways should be tested
and experimentally confirmed since our results open possible nov-
el applications and research for this type of compound.
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Materials and Methods

Isolation and identification of mammea A/BA
and A/BB

Amixture of coumarins, MABB, was isolated from Calophyllum bra-
siliense leaves (voucher 1523A-Instituto Mexicano del Seguro So-
cial-Medicinal Herbarium), as previously described by [35], and
identified by 1H and 13C NMR in comparison with previous reports
[5]. For biological studies, we used a mixture of coumarins A/BA
and A/BB, 75 to 25% (3 :1) MABB. The content of each compound
of the mixture was determined by 1H NMR, assuming 100% for
both compounds and using an integration of OH-7.

Network pharmacology

To identify if MABB could be repurposed or considered for treat-
ment of other diseases, an NPr in silico approach was performed
to identify novel target proteins and pathways that could interact
with them. Predictive models were used, including DRAR‑CPI
[36], SEA [37], SwissTarget [38], and STITCH [39].

Enrichment analysis for targets

An analysis of network interactions related to the first 50 targets
that interacted with each compound was performed using the
CTD [40] and the GSEAPY package from Python. The main BP
(GO:0008150), MF (GO:0003674), and CC (GO:0005575) were
determined, as well as the main KEGG and Panther pathways
along with OMIM-related diseases. The most significantly en-
riched terms in the BP, MF, and CC categories, KEGG, Panther,
and OMIM (p < 0.05; p values were corrected using the Benjami-
ni-Hochberg procedure) are listed in ▶ Table 1 and separated ac-
cordingly with Pathways and Go-Terms and Diseases Related with
Targets. We constructed the network of functional association of
the targets with GeneMania (▶ Fig. 2) [41].

Cell culture

K562 cells were obtained from ATCC and cultured in RPMI (GIBCO)
with 10% FBS (Mayimex) and 10000 IU/mL penicillin/streptomy-
cin in humidified air at 37 °C with 5% CO2. Cells used for confocal
Gómez-Verjan JC et al. Network Pharmacology Uncovers… Planta Med 2019; 85: 14–23
microscopy were cultured in 12-well plates, over rounded cover-
slips at 1 × 103 cells per well. For protein isolation, cells were cul-
tured at 1 × 106 cells in 100mm culture plates. The cultured cells
were treated with MABB at 43.5 µM, CQ (20 µM, purity 98%; Sig-
ma-Aldrich), CP (20 µM, purity 95%; Lemery Labs), or rotenone
(13 µM, purity 95%; Sigma-Aldrich), as previously reported in
[35]. DMSO (JT Baker) at a final concentration of 0.04% was used
to dissolve the MABB, CQ, and rotenone compounds. CP was di-
luted in PBS 1X.

Immunofluorescence of BAK, BCL-2, and BAX

We performed the immunocytochemistry for all treatments ac-
cording to the methodology of [42]. Briefly, K562 cells were cul-
tured in round, glass coverslips and treated with MABB for 18 h
and incubated with polyclonal antibodies of anti-Bax (1 :100),
anti-Bak (1 :100), and anti-Bcl-2 (1 :100) (Santa Cruz Biotechnol-
ogy) overnight at 4 °C. Afterwards, cells were incubated with an
anti-rabbit or anti-mouse secondary antibody conjugated with
Alexa-Fluor 568 (1 :500; Invitrogen). We used Alexa-Fluor 488
conjugated phalloidin (165 nM; Thermo Fisher Scientific) for cy-
toskeleton labeling and Hoechst 33342 (12 µg/mL; Thermo Fisher
Scientific) for nucleus labeling. Confocal images were taken with
an Olympus FV1000 microscope using a 60 x oil immersion objec-
tive and diode lasers (473 nm) at the USAII-Facultad de Química,
UNAM, México. The fluorescence of Bax, Bak, and Bcl-2 was ana-
lyzed from five sections of three independent experiments using
Image J software as previously described [43].

Transmission electron microscopy

K562 cells were treated with MABB at 43.5 µM for 6 h. DMSO 4%
was used as a negative control (v/v) and rotenone (13 µM during
6 h) as a positive control. After 6 h of treatment, cells were fixed
with 2.5% glutaraldehyde and postfixed in 1% OsO4 and 0.8%
K4Fe(CN)6 · 3H2O, and 5mM calcium. Postfixed cells were dehy-
drated in acetone and embedded in Epon. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined under a
JEOL JEM 12000 EII transmission electron microscope at the Uni-
dad de Imagenología at the Instituto de Fisiología Celular (IFC)
from UNAM, Mexico City, Mexico.

Microfluorometric Ca2+ measurements in K562 cells

K562 cells were plated at a density of 2 × 104 cells/cm2 in round,
12mm diameter coverslips and cultured for 24 h with supple-
mented DMEM. Cells were loaded with 2.5Μm Fura 2-AM in low
Ca2+ (0.1mM) at room temperature and then treated according to
[42]. Cells were stimulated with MABB (43.5 µM) for 3min to de-
termine the calcium response from 1min to 1 h. Differences in the
[Ca2+] response were evaluated through paired Studentʼs t-test.
Results presented as the mean ± SEM.

Lysosome membrane integrity assay

AO staining was performed as reported by [44]. Confocal images
were taken with a Leica TCS SP5 using 63X water immersion ob-
jectives Arg 458/650 nm (red; acidic vacuoles) and Arg 488/
525 nm (green; nuclei). Additionally, we used CP 20 µM for 18 h
as a positive control for acidic vesicle formation since it is a well-
known autophagy inductor, and CQ 20 µM for 12 h to disrupt the
21



Original Papers

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
id

ad
 d

e 
B

ar
ce

lo
na

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
function of lysosomes and inhibit autophagy at the late stage due
to its alkaline properties [45].

Western Blot

After cells were treated with MABB (43.5 µM for 18 h), we per-
formed Western blot according to [42] with a few modifications
as follows: Proteins were separated in 10% (p62) or 18% (LC3 and
actin) SDS-PAGE and subsequently transferred to PVDF mem-
branes. Membranes were incubated with anti-LC3 (1 :1000; MBL
international) and SQSTM1/p62 (1 :1500; Cell Signaling Technol-
ogy) overnight at 4 °C. The signal was detected by chemilumines-
cence using Immobilon Western Chemiluminescent HRP sub-
strate (Millipore) with a blot scanner (LI‑COR). We used Image
Studio 3.1 to perform densitometry analysis. LC3-II and p62 con-
tents were normalized against actin (1 :7000; Millipore).

mTOR docking

Docking studies were performed using the Internal Coordinate
System, ICM molecular modeling software (Molsoft). The crystal
structures of the mTOR complex with an ATP-competitive inhib-
itor (PDB 4JSX) and an allosteric inhibitor (PDB 3FAP) were both
retrieved from the PDB. We performed a validation protocol for
the docking studies with the co-crystallized ligands in the original
protein [9-(6-aminopyridine-3-yl)-1-[3-(trifluoromethyl)phenyl]
benzo[h][1,6]naphthyridin-2(1H)-one, 17 G and C15-(R)-methyl-
thienyl rapamycin for PDB 4JSX and 3FAP, respectively] structures
removed, placed randomly outside the protein, and re-docked.
The best poses were selected, according to the docking score,
and the structural conformation was compared to that of the orig-
inal pose in the crystal structure through their RMSD. Next, to de-
termine the probable binding pocket of MABB coumarins, a 3D
alignment of the protein structures was performed using the su-
perimpose tool implemented in the ICM software, based on the
KD‑N lobe of the mTOR-mLST8 complex (Fig. 3S, Supporting In-
formation). The receptor maps were calculated according to the
pocket defined by the co-crystallized ligands (17 G and ARD).
The grid box was built to cover both ATP and allosteric binding
pockets entirely. The ICM software generates an internal docking
score based on several energetic parameters, which include
weighted van der Waals interactions, internal force field energy
of the ligand, free energy of the conformational energy loss, sol-
vation electrostatic energy upon ligand binding, hydrogen bond-
ing, hydrogen donor, acceptor desolvation energy, hydrophobic
free energy gain, and correction on the number of ligands. We
built structures of MABB with Spartan v.10 software (Wavefunc-
tion) and the Monte Carlo protocol for energy minimization
(MMFF98 force field) and conformer distribution. The structures
of minimum energy were then geometrically optimized using
density functional theory at the B3LYP/DGDZVP level of theory
using Gaussian 09 software (Gaussian). The docking poses were
analyzed and visualized in the ICM Molsoft software.

Statistical analysis

GraphPad Prism Software version 5.0 was used to process all sta-
tistic data. The Studentʼs t-test analysis was used to examine the
statistical difference between experimental data between groups.
Significance was defined as p < 0.05.
22
Supporting information

A detailed scheme of NPr methodology (Fig. 1S), complete image
for the Western blot of LC3 and P62 proteins (Fig. 2S), a complete
list of the potential targets of MABB obtained by the NPr analysis
(Table 1S), and the results for the validation of the docking proto-
col, which include resulting conformations of the validation proto-
col images (Fig. 3S A, B) and docking scores for MABB and ligands
of co-crystallization for each mTOR studied (Table 2S), are avail-
able as Supporting Information.
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A B S T R A C T

Parkin (PRKN) is a ubiquitin E3 ligase that catalyzes the ubiquitination of several proteins. Mutations in the
human Parkin gene, PRKN, leads to degeneration of dopaminergic (DA) neurons, resulting in autosomal re-
cessive early-onset parkinsonism and the loss of PRKN function is linked to sporadic Parkinson’s disease (PD).
Additionally, several in vitro studies have shown that overexpression of exogenous PRKN protects against the
neurotoxic effects induced by a wide range of cellular stressors, emphasizing the need to study the mechanism(s)
governing PRKN expression and induction. Here, Prkn was identified as a novel target gene of the aryl hydro-
carbon receptor (AhR), a ligand-activated transcription factor and member of the bHLH/PAS (basic helix-loop-
helix/Per-Arnt-Sim) superfamily. AhR binds and transactivates the Prkn gene promoter. We also demonstrated
that AhR is expressed in DA neurons and that its activation upregulates Prkn mRNA and protein levels in the
mouse ventral midbrain. Additionally, the AhR-dependent increase in PRKN levels is associated with a decrease
in the protein levels of its target substrate, α-synuclein, in an AhR-dependent manner, because this effect is not
observed in Ahr-null mice. These results suggest that treatments designed to induce PRKN expression through the
use of nontoxic AhR agonist ligands may be novel strategies to prevent and delay PD.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegen-
erative disease and is clinically characterized by bradykinesia, resting
tremor, and postural imbalance induced by the progressive loss of do-
paminergic neurons in the substantia nigra pars compacta (SNc).
Histopathologically, it is characterized by the presence of in-
tracytoplasmic inclusions of α-synuclein called Lewy bodies [1].

Several reports support the role of Parkin (PRKN) in the develop-
ment of PD. Parkin is ubiquitously expressed but predominantly in the
brain and is an E3 ligase that catalyzes the ubiquitination of several
proteins, including Pael-R, α-synuclein, synphilin-1, and Cdc-Rel.
Parkin confers protection against several insults to neurons, and im-
pairments in ubiquitination of some of its targets have been linked to
the degeneration of dopamine (DA) neurons [2,3]. The neuroprotective

effect of Parkin is also mediated by promoting the removal of damaged
mitochondria via mitophagy [4] and by regulating the function and
stability of excitatory glutamatergic synapses [5].

Mutations in the PRKN in humans are the most common cause of
autosomal-recessive early-onset parkinsonism, and reduced Parkin ex-
pression has been linked to late-onset PD [6]. Moreover, PRKN hap-
loinsufficiency is associated with an increased risk of developing the
sporadic form of PD [7]. In addition to genetic factors, other conditions
may alter Parkin function. Several cell stressors, such as hydrogen
peroxide, S-nitrosylation, 1-methyl-4-phenylpyridine (MPP+), 6-hy-
droxydopamine (6-OHDA), paraquat, and rotenone, induce Parkin ag-
gregation [8], while the native structure of PRKN in the brain is mod-
ified with age [9]. Therefore, any condition leading to reduced Parkin
levels or function compromises neuronal survival.

In agreement with these findings, the overexpression of exogenous

https://doi.org/10.1016/j.bcp.2019.08.002
Received 12 June 2019; Accepted 7 August 2019

⁎ Corresponding author at: P.O. Box 14-740, Ciudad de México 07000, Mexico.
E-mail address: gazuela@cinvestav.mx (G. Elizondo).

Biochemical Pharmacology 168 (2019) 429–437

Available online 09 August 2019
0006-2952/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2019.08.002
https://doi.org/10.1016/j.bcp.2019.08.002
mailto:gazuela@cinvestav.mx
https://doi.org/10.1016/j.bcp.2019.08.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2019.08.002&domain=pdf


Parkin confers protection against the neurotoxic effects induced by a
wide range of cellular stressors [10–13], emphasizing the need to study
the mechanism(s) governing PRKN gene expression and regulation.
However, there is a lack of information regarding the transcription
factors involved in Prkn gene regulation.

The aryl hydrocarbon receptor (AhR) mediates the expression of
several genes encoding ubiquitin proteasome system proteins [14–16],
in particular Ubch7 (also known as UBE2l3 in humans and UbcM4 in
mice), an E2 ubiquitin enzyme partner of PRKN. AhR is a ligand-acti-
vated transcription factor that mediates the toxicity of environmental
pollutants, and its highest-affinity ligand is 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD). Upon binding TCDD, AhR translocates to the nucleus,
binds to xenobiotic-responsive elements (XREs), and upregulates the
expression of a battery of genes that encode xenobiotic-metabolizing
enzymes, including its canonical gene target, Cyp1a1 [17].

On the other hand, it was reported that the promoter of the D.
melanogaster homolog of human PRKN has a binding site for AhR [18],
suggesting that AhR may be involved in the regulation of Prkn ex-
pression. Therefore, we initiated a study to determine whether AhR
regulates Prkn expression in the mouse ventral midbrain and its effects
on the protein levels of Parkin substrates, in particular α-synuclein
(SNCA).

Our data showed that AhR is expressed in mouse DA neurons, and
its activation by oral treatment with TCDD induces Parkin expression in
the ventral midbrain and decreases the PRKN substrate α-synuclein.

2. Materials and methods

2.1. Materials

SH-SY5Y cells were obtained from the American Type Culture
Collection (Manassas, VA, USA). 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) was purchased from AccuStandard (New Haven, CT, USA).
Phenylmethanesulfonyl fluoride (PMSF) and dimethyl sulfoxide
(DMSO) were acquired from Sigma (St. Louis, MO, USA).

2.2. Animals and treatments

The development of Ahr-null mice was described previously [19].
Wild-type (WT) littermates on a C57BL/6J background were used as
controls. The animals were housed in a pathogen-free facility and fed
with autoclaved Purina rodent chow (St. Louis, MO, USA) with water
available ad libitum. All animal procedures were performed according to
the Guide for the Care and Use of Laboratory Animals, as adopted and
enforced by the U.S. National Institutes of Health and the Mexican
Regulation of Animal Care and Maintenance (NOM-062-ZOO-1999,
2001). The mice were distributed randomly into TCDD and vehicle
treatment groups (N=3, for each of the assay performed), and the
treatments were carried out as described previously [20]. TCDD was
dissolved in corn oil, and a single dose of TCDD (250 µg/kg) or corn oil
alone (vehicle) was administered by gavage to 8- to 9-week-old male
C57BL/6J wild-type (WT) and Ahr-null mice. Seven days later, the mice
were anesthetized with pentobarbital and euthanized by decapitation.
The brains were rapidly removed, and the ventral midbrain was dis-
sected out as follow: the brain was removed, and the dorsal side was
placed up. Using a thin blade, a coronal rostral cut was made at the
level of the pineal recess, the junction between the caudal part of the
interhemispheric scissure and the medial occipital lobe border. Next, a
caudal coronal cut in the intercollicular sulcus was made. The midbrain
was dissected, and the ventral midbrain section obtained.

Liver sections were also extracted. Brain and liver samples were
snap frozen and stored at −70 °C.

2.3. Real-time quantitative polymerase chain reaction (qPCR)

Total RNA was prepared from mouse liver and ventral midbrain

using TRIzol reagent according to the manufacturer’s instructions
(Invitrogen, Camarillo, CA, USA). RNA was quantified spectro-
photometrically at an optical density of 260 nm. RNA integrity was
evaluated by electrophoresis on 1% agarose gels. cDNA was prepared
for quantitative PCR from 2 μg of total RNA using the SuperScript First-
Strand Synthesis kit (Invitrogen, Camarillo, CA, USA) and oligo dTs.
PCR was performed on a StepOne Real-Time PCR System (Applied
Biosystems, Branchburg, NJ, USA), and the results were analyzed using
the comparative threshold cycle (CT) method. mRNAs encoding Ahr,
Cyp1a1 Prkn, and 18S ribosomal RNA (rRNA, endogenous), were am-
plified in a single PCR to allow for the normalization of the mRNA data.
The PCR mixture contained 2 μl of cDNA, 1x TaqMan Universal PCR
Master Mix (Applied Biosystems, Branchburg, NJ, USA) and 0.9 and
0.25 μM primers and probes, respectively. The primer and probe se-
quences used for Prkn were 5′-CAAACAAGCAACCCTCACCTT-3′ (for-
ward), 5′-ATCCGGTTTGGAATTAAGACATCGT-3′ (reverse), and CCCA
GGGCCCATCTT (probe, FAM). The probes used for Ahr, Cyp1a1 and
18S rRNA were obtained from Applied Biosystems (Branchburg, NJ,
USA) with identification numbers Mm01291777_m1,
Mm00487218_m1, and Mm00507222_s1, respectively.

2.4. Immunofluorescence

The localization of the AhR protein in the SNc of adult mouse brains
was determined by immunofluorescence, and tyrosine hydroxylase
(TH) was used to identify DA neurons. Mice were injected with an
overdose of pentobarbital (80mg/kg) and perfused intracardially with
saline. Subsequently, the brains were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS), postfixed in the same solution for
48 h and then incubated in 20% sucrose in PBS. Coronal sections (30-
μm-thick) were cut with a cryostat and used for immunohistochemical
assays. Briefly, free-floating sections were incubated at room tempera-
ture for 1 h in 0.25% Triton X-100/PBS buffer and subsequently in 5%
BSA and 0.25% Triton X-100/PBS buffer for 3 h. Then, the sections
were incubated in 3% BSA and 0.25% Triton X-100/PBS solution con-
taining AhR (1:500) and TH (1:1000) antibodies (Abcam, Cat. ab2770,
CA, USA and Cell Signaling Technologies, Cat. 2792, MA, USA, re-
spectively). After 48 h of incubation, the sections were incubated with
secondary antibodies (1:400) (Alexa 594 anti-mouse IgG, Cat. A-21203
and Alexa 488 anti-rabbit, Cat. A-11008; Thermo Fisher Scientific, MA,
USA) diluted in PBS with 0.25% Triton X-100. The sections were
counterstained with DAPI to reveal the nuclei and observed by confocal
microscopy. Triple-labeled images were obtained using a confocal laser-
scanning microscope (Leica TCS-SPE, Wetzlar, Germany) in the XYZ (Z-
stacks) mode using a 40x objective. The Z-stacks (3–4 optical slices)
were then converted into three-dimensional projection images using the
Leica LAS AF lite software.

2.5. Western blotting

Ventral midbrain sections were homogenized in buffer containing
20mM HEPES, 350mM NaCl, 1 mM MgCl2, 0.5mM EDTA, 0.1 mM
EGTA, 1% Nonidet P40, 0.5mM DTT, 0.1% PMSF and Mini cOmplete
protease inhibitor cocktail (1 tablet/10mL, Roche, Mannheim,
Germany). The protein suspension was homogenized completely by
sonication for 30 s. Protein concentrations were determined using the
Bradford assay (Bio-Rad, Hercules, CA, USA). Aliquots (40 μg) were
solubilized in sample buffer (60mM Tris–HCl, pH 6.8, 2% sodium do-
decyl sulfate (SDS), 20% glycerol, 2% mercaptoethanol, and 0.001%
bromophenol blue) and subjected to 12% SDS polyacrylamide gel
electrophoresis. The protein extracts were transferred to a ni-
trocellulose membrane using a mini trans-blot system (Bio-Rad,
Hercules, CA, USA). The transfer was performed at a constant voltage of
80 V for 2 h in transfer buffer (48mM Tris–HCl, 39mM glycine, pH 8.3,
and 20% methanol). Following the transfer, the membranes were
blocked overnight at 4 °C in the presence of 2% nonfat dry milk and
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0.5% bovine serum albumin (BSA) in blocking buffer (25mM Tris–HCl,
pH 7.5, and 150mM NaCl) and subsequently incubated at 4 °C for 3 h
with mouse monoclonal anti-Parkin (1:500; Thermo Fisher, Cat. 39-
0900, Meridian Rock, IL, USA), rabbit polyclonal anti-Cyp1a1 (1:100,
Santa Cruz Biotechnology, Cat. sc-20772, Visalia, CA, USA), and goat
anti-β-actin (1:1000; Santa Cruz, Biotechnology, Cat. sc-1616, Visalia,
CA, USA), and for 16 h at 4 °C for mouse monoclonal anti-α-synuclein
(1:4000; Santa Cruz Biotechnology, Cat. Sc-12767, Visalia, CA, USA).
The antibodies were diluted in buffer (25mM Tris–HCl, pH 7.5,
150mM NaCl, 0.1% Tween 20, 0.05% nonfat dry milk, and 0.05%
BSA). After washing, the membranes were incubated with the relevant
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Thermo
Fisher, Cat. 62-6520, Meridian Rock, IL, USA), horse anti-mouse IgG
(Vector laboratories, Cat. PI-2000, Burlingame, CA, USA), goat anti-
rabbit IgG (Cell Signaling, Cat. 7074, Danvers, USA), and rabbit anti-
goat IgG (Thermo Fisher, Cat. 31402, Meridian Rock, IL, USA) sec-
ondary antibodies for 2 h at 4 °C. The membranes were washed, and the
immunoreactive proteins were detected using an ECL western blotting
detection kit (Amersham, Arlington Heights, IL, USA). The integrated
optical density of the bands was quantified using scanning densitometry
(GS-800 Calibrated Densitometer, Bio-Rad, Hercules, CA, USA).

2.6. In silico analysis

The mouse Prkn promoter was analyzed using the web-based
bioinformatics tool EPD (https://epd.epfl.ch//index.php). P < 0.01
was considered significant.

2.7. Chromatin immunoprecipitation (ChIP)

ChIP assays were performed according to the kit protocol (Santa
Cruz Biotechnology, Visalia, CA, USA) with an anti-AhR antibody
(Thermo Fisher Scientific, Cat. MA1-514, Rockland, IL, USA). The PCR
product corresponding to the Prkn proximal gene promoter was gen-
erated from an aliquot of immunoprecipitated material. Brain homo-
genates from WT mice treated with a single oral dose of TCDD or ve-
hicle (corn oil) were washed with PBS buffer and crosslinked with 1%
formaldehyde. After chromatin isolation, the DNA was fragmented, and
immunoprecipitation was performed. The crosslinking was reversed,
the DNA was purified, and PCR amplification was performed as follows:
initial denaturation at 94 °C for 3min and 28 cycles of denaturation at
94 °C for 30 s, annealing at 65 °C for 30 s, and extension at 72 °C for
30 s. A final extension cycle at 72 °C for 10min was added to the end of
the program. The oligonucleotides used for PCR amplification were
5′-AGAAGTGAGCAGGGGGTCGGG-3′ (forward) and 5′-AAGGACCTAC
GCGGGCACTG-3′ (reverse).

2.8. Plasmid

The reporter plasmid pGL4/-419-mPrkn, which includes the mouse
Prkn gene promoter, was constructed as described. A −419/+1 frag-
ment was generated by PCR amplification using mouse genomic DNA
and oligonucleotides (forward: 5′-AGAAGTGAGCAGGGGGTCGGG-3′,
reverse: 5′-AAGGACCTACGCGGGCACTG-3′). The fragment was then
cloned into the pCR 2.1-TOPO transition vector (Invitrogen, Camarillo,
CA, USA). To verify the amplicon orientation as well as its correct se-
quence, single and double restriction enzyme digestions and sequencing
were performed. Then, the fragment was cloned into the KpnI/Xhol site
of the pGL4.10 [luc2] reporter vector (Promega, Madison, WI, USA)
containing the firefly luciferase gene. This plasmid was designated
pGL4/-419_mPrkn.

2.9. Cell culture and transfections

SH-SY5Y cells were obtained from American Type Culture
Collection (CRL-2266, Manassas, VA, USA). The cells were grown in

100-mm dishes with high-glucose DMEM (Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Gibco, Logan, UT, USA)
and 1% antibiotic/antimycotic (Invitrogen, Carlsbad, CA, USA) at 37 °C
in a humidified incubator with a 5% CO2 atmosphere. Transfections
were performed using Escort IV (Sigma, Saint Louis, MO, USA). Each
culture (1× 106 cells/mL) was transfected with 1, 2.5, 5 or 10 μg of
pGL4/-419-mPrkn and 1 μg of pRL-CMV as an internal control. The
media was replaced with fresh media containing 10 nM TCDD for 48 h
posttransfection. After 48 h, the cells were homogenized by incubation
with Passive Lysis Buffer (Promega, Madison, WI, USA) for 15min at
room temperature. A luciferase activity assay was performed using the
Dual-Glo Luciferase Reporter Assay System (Promega, Madison, WI,
USA) according to the manufacturer's instructions with a Modulus lu-
minometer (Turner Biosystems, Sunnyvale, CA, USA). Blanks were ob-
tained by performing the luciferase activity assay on mock-transfected
cells. Firefly luciferase activity levels were normalized by comparison to
the activity levels of Renilla luciferase.

2.10. Electrophoretic mobility shift assay (EMSA)

Liver and brain tissues from C57BL/6J mouse strain were used to
prepare nuclear extracts. Tissues and cells were homogenized in ice-
cold buffer (10mM HEPES, pH 7.9, 10mM KCl, 0.1mM EDTA, 0.1 mM
EGTA, 1.0mM DTT, and 0.5mM PMSF) and incubated for 15min on
ice. Finally, the buffer was complemented with 0.5% IGEPAL CA-630
(Sigma-Aldrich), and the mixes were passed through a 22-gauge needle
and centrifuged at 2000× g for 5min at 4 °C. The supernatant was
removed, and the nuclear pellet was homogenized in 20mM HEPES, pH
7.9, 0.4 M NaCl, 1 mM EDTA, 1mM EGTA, 1mM DTT, and 1.0 mM
PMSF. Nuclear samples were mixed vigorously for 30min at 4 °C. The
nuclear homogenates were centrifuged at 3000× g for 5min at 4 °C,
and the supernatant was recovered for protein quantification by bi-
cinchoninic acid assay (Sigma-Aldrich).

EMSAs were carried out using a 3′ end-labeled biotin duplex and
unlabeled probes. The biotin-labeled reactions were performed ac-
cording to the manufacturer’s instructions (LightShift
Chemiluminescent EMSA kit, Thermo Scientific). The EMSA binding
reactions contained 10mM Tris, pH 8.0, 1 mM MgCl2, 5 mM NaCl,
2.5 mM EDTA, 2.5mM DTT, 4% glycerol, 1.5 μg nuclear protein extract,
10mM salmon sperm DNA and 16 fmol of each labeled duplex probe.
For competition assays, a 500-fold molar excess of the unlabeled duplex
probe was added to the mixture. The samples were separated on pre-run
native 5% polyacrylamide gels and transferred to nylon membranes
(Amersham Hybond-N+, GE Healthcare). DNA crosslinking to the
membranes was achieved by membrane exposure to a UV transillumi-
nator (312 nM bulbs) for 15min. Finally, the complexes were detected
by chemiluminescence according to the manufacturer's instructions
(LightShift Chemiluminescent EMSA kit, Thermo Scientific). The se-
quences of the primers used for duplex probes were as follows:

XRE1-forward: 5′-TGCGCCCGCCTGGCTCGC-3′, XRE1-reverse:
5′-GCGAGCCAGGCGGGCGCA-3′; XRE consensus-forward: 5′-CTCGAA
CTCACGCAACTCCGT-3′, XRE consensus-reverse: 5′-CGGAGTTGCGTG
AGTTCGAGC-3′; XRE consensus mut-forward: 5′-CTCGAACTCACTCA
ACTCCGT-3′, and XRE consensus mut-reverse: 5′-CGGAGTTGAAGTGA
GTTCGAGC-3′.

2.11. Statistical analysis

The results are presented as the mean values ± standard deviation
(S.D.). The statistical significance of the data was evaluated using
Student’s t-test. In all cases, the differences between the groups were
considered to be statistically significant when the p value was less than
0.05.
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Fig. 1. AhR is expressed in the mouse ventral midbrain and DA neurons. A) Total RNA was extracted from the ventral midbrain region and liver of sacrificed mice.
AhR mRNA levels were determined by qPCR and normalized to 18S ribosomal RNA. The results are expressed as the mean ± S.D. of samples from three different
mice. B) Representative confocal microscopy images of AhR expression in the ventral midbrain region. AhR, TH and DAPI were visualized as red, green, and blue,
respectively. Scale bar: 25 μM.

Fig. 2. AhR-dependent induction of Cyp1a1 and Prkn mRNA in the ventral mouse liver and ventral midbrain. Wild-type (WT) and Ahr-null mice were treated with a
single oral dose of TCDD or corn oil as vehicle. Total RNA was extracted from the liver and ventral midbrain region, and Prkn (A and B) and Cyp1a1 (C and D) mRNA
levels were determined by qPCR and normalized to 18S ribosomal RNA. The results are expressed as the mean ± S.D. of samples from three different mice.
*p < 0.05, treatment vs. control.
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3. Results

Initially, AhR expression in the mouse ventral midbrain and DA
neurons was evaluated. AhR mRNA was detected in the mouse ventral
midbrain region at one-third of the level in the liver (Fig. 1A). Since the
AhR expression is highest in the liver, the observed levels in the ventral
midbrain are substantial. We then determined whether AhR protein is
expressed in DA neurons. AhR protein was detected by immuno-
fluorescence in the SNc of the adult mouse brain and the signal colo-
calized with that of tyrosine hydroxylase, a marker of dopaminergic
neurons (Fig. 1B).

Compared to vehicle treatment, TCDD, an AhR agonist, induced 32-

and 3.7-fold increases in the expression of Prkn mRNAs in the mouse
liver and ventral midbrain, respectively (Fig. 2A and B). This induction
was AhR-dependent, since no induction of Prkn mRNA was observed in
TCDD-treated Ahr-null mouse liver and ventral midbrain. As expected,
AhR activation induced expression of its canonical target gene, Cyp1a1,
in both the liver and ventral midbrain region and the induction was also
AhR-dependent (Fig. 2C and D).

Then, the Prkn and Cyp1a1 protein levels in the mouse ventral
midbrain region were evaluated. Compared to vehicle treatment, TCDD
treatment increased Prkn protein levels by approximately 3-fold
(Fig. 3A and C). Similarly, a 3-fold increase in Cyp1a1 protein was
observed (Fig. 3A and B).

The above studies confirm that AhR is expressed in the mouse
ventral midbrain, particularly in DA neurons, and indicate that AhR
activation upregulates Prkn mRNA and Prkn protein. These results
prompted us to investigate and characterize the molecular mechanisms
of AhR-dependent Parkin induction. In silico analysis of the mouse Prkn
gene promoter was carried out (Fig. 4). Several response elements were
identified. Of particular interest for the present study are the three
putative concensus AhR binding sites, known as xenobiotic response
elements (XREs), located −37, −54 and −349 bp from the Prkn
transcription start site. ChIP revealed that AhR indeed binds to the Prkn
gene promoter after TCDD treatment (Fig. 5A, lane 4). Moreover, a
basal interaction between AhR and the Prkn gene promoter was also
observed (Fig. 5A, lane 3), suggesting that this AhR may also be in-
volved in the control of basal Prkn expression possibly through its ac-
tivation by endogenous ligands.

To determine whether AhR binding to the Prkn promoter results in
its transactivation, a luciferase reporter plasmid (pGL4/-419-mPrkn),
driven by the mouse Prkn promoter, was constructed and transfected
into SH-SY5Y human neuroblastoma cells. A dose response of increased
luciferase expression from 1.0 to 10 μg of transfected plasmid was found
after 10 nM TCDD treatment, up to a 3-fold increase with 10 μg of the
reporter construct, relative to vehicle-treated cells (Fig. 5B).

According to the in silico study, among the three XREs identified,
XRE1 exhibited the highest score. Therefore, the interaction between
AhR and XRE1 was investigated by EMSAs. The addition of nuclear
extracts from mouse livers and ventral midbrains treated with TCDD to
the XRE1 motif resulted in the formation of a DNA-protein complex as
represented by the shifted band (Fig. 6A-B, lane 2). This binding was
specific since an excess of unlabeled XRE1 or consensus XRE probes
blocked formation of this complex (Fig. 6A-B lanes 3 and 4), whereas an
unlabeled mutated consensus XRE probe did not compete with the la-
beled XRE1 probe (Fig. 6A-B lane 5). Together, these results indicate
that treatment with TCDD promotes AhR binding to XRE1, transacti-
vates the Prkn gene promoter and induces Prkn mRNA and Prkn protein
expression.

Next, we sought to determine whether the AhR-dependent increase
in Parkin levels is associated with a decrease in the protein levels of
their target substrates. For this purpose, WT and Ahr-null mice were
treated with TCDD, and Snca protein levels in the ventral midbrain
region were determined by western blot. After TCDD treatment, WT
mice exhibited an approximately 10-fold decrease in α-synuclein pro-
tein levels compared to vehicle treatment (Fig. 7), and this change was
significant. In contrast, this effect was not observed in Ahr-null samples.

4. Discussion

A deficit in Parkin levels and/or function have been associated with
the etiology of several neurodegenerative disorders, including PD.
Mutations in the human PRKN gene result in autosomal-recessive early-
onset parkinsonism, and reduced Parkin expression has been linked to
late-onset PD. Conversely, the overexpression of Parkin in vitro and in
vivo protects DA neurons from a variety of cellular stressors that pro-
duce oxidative stress, excitotoxicity, mitochondrial dysfunction, en-
doplasmic reticular stress, apoptosis, and proteotoxicity [21,22]. Thus,

Fig. 3. TCDD treatment induced Cyp1a1 and Prkn protein levels in the mouse
ventral midbrain. Wild-type mice were treated with a single oral dose of TCDD
(T) or corn oil as vehicle (V), and Cyp1a1 and Parkin protein levels were de-
termined by western blotting. Beta actin was used as a loading control (A).
Relative Cyp1a1 (B) and Prkn (C) protein levels. The results are expressed as the
mean ± S.D. of samples from three different mice (M1, M2, M3). *p < 0.05,
treatment vs. control.
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gaining insight into the molecular mechanism that direct Parkin ex-
pression is crucial for the design of novel treatments based on the in-
duction of Parkin levels.

Here, we show that Parkin is transcriptionally upregulated by TCDD
via AhR activation. First, we demonstrated that this transcription factor
is expressed in the mouse ventral midbrain, particularly in DA neurons.
Considering that the liver is among the organs and tissues with the
highest levels of AhR, the levels of its transcript in the mouse ventral
midbrain were substantial; the levels in the ventral midbrain were one
third of those observed in liver, suggesting that AhR has important
functions in this brain region.

The induction of Cyp1a1 mRNA in the ventral midbrain after TCDD
treatment indicates that TCDD crosses the blood-brain barrier and
reaches brain tissues to activate AhR. Similar to Cyp1a1 but to a lesser
extent, TCDD promotes the overexpression of Parkin. In both cases, the
effect is AhR-dependent since no induction is observed in Ahr-null mice.
At the protein level, compared to vehicle treatment, TCDD treatment
results in a 3-fold induction in Prkn expression. These results clearly
demonstrate that the activation of AhR upregulates Prkn gene expres-
sion.

The in silico analysis of the Prkn gene promoter identified 3 putative
AhR binding sites, namely, XRE1, XRE2, and XRE3, which are located
−37, −54 and −349 bp, respectively, from the transcription start site.
The Prkn gene promoter in Drosophila melanogaster contains a binding

site for AhR [18] and the human PRKN promoter contains 3 AhR
binding sites, suggesting that the gene encoding Parkin may be under
the control of AhR in several diverse species and thus this Ahr-driven
signaling pathway must be of developmental and/or physiological
consequence.

ChIP, EMSA, and transactivation studies confirmed that TCDD
promotes AhR recruitment to the Prkn gene promoter, inducing Parkin
expression. ChIP also showed an interaction between AhR and the
promoter under control conditions, that is, without TCDD treatment.
The above results suggest the possible presence of an endogenous li-
gand and that AhR may also control basal Parkin expression.

Prkn is transcriptionally regulated by the restriction of trophic fac-
tors and nutrients [23], p53 [24], activating transcription factor 4
(ATF4) [25], and N-myc (Mycn) [26]. Consistent with this, the in silico
study identified the presence of ATF4 and Mycn binding sites. No p53
responsive elements were recognized because they are located in intron
1 and –3332 bp from the ATG site. Of particular interest is that Mycn
and AhR share similar responsive elements within the Prkn promoter
gene. In contrast to AhR, Mycn, a critical transcription factor involved
in neural development [27], downregulates Parkin expression. The
latter occurs in the context of differentiation when Parkin expression is
observed in the latest stages of embryonic development and when Mycn
expression is the lowest [26]. These data suggest that Mycn may ne-
gatively control Parkin expression by blocking AhR binding to Mycn/

Fig. 4. Analysis of the 5′ region of the mouse Prkn gene. The 5′ region of the mouse Prkn gene was analyzed in silico to identify binding sites for known transcription
factors (underlined). XRE: xenobiotic response element, Mycn: Mycn proto-oncogene neuroblastoma-derived response element, ATF4: activating transcription factor
4 response element, STAT1: signal transducer and activator of transcription 1 response element, SRY: sex-determining region Y factor response element, E2F: E2F
transcription factor response element, GC box, and ZFX: zinc finger protein X-linked response element. The transcription start site is indicated by the arrow and the
translation start site codon is indicated by shading.
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AhR responsive elements.
Additionally, a sex-determining region Y factor (SRY) response

element located −98 bp from the transcription start site was identified.
Immunohistochemical studies showed that SRY is expressed in DA
neurons and that 6-OHDA induces its expression, while its knockdown
exacerbates cell death produced by ROS [28]. It would not be un-
expected for the reported SRY protective response to be mediated, at
least in part, by the induction of Parkin expression. Similarly, the in-
duction of ATF4 plays an important neuroprotection role against rote-
none-induced DA neuronal death, presumably through the induction of
Parkin levels [29].

TCDD treatment results in a significant decrease in the protein levels
of α-synuclein (Snca) in the mouse ventral midbrain in an AhR-de-
pendent manner. Snca function is not well understood, but it may play a
role in synaptic functioning and neuroplasticity by regulating neuro-
transmitter release. It is present in several brain regions, including the
SNc [30], and its progressive accumulation in cells leads to the de-
generation of nigrostriatal circuits, resulting in several neurodegen-
erative diseases, such as PD. Cell stress, mutations, and posttransla-
tional modifications disrupt the native Snca conformation exposing the
central hydrophobic motif leading to its misfolding and aggregation.
Particularly, phosphorylation at serine 129 (S129) has been associated
with Snca fibrillation and the formation of cytoplasmic inclusions [31].

Snca clearance is carried out by the ubiquitin-proteosome system

(UPS). However, there is no evidence indicating that S129-Snca is a
parkin substrate. In contrast, in association with UbcH7, parkin ubi-
quitinate and promotes the proteasome degradation of O-linked gly-
cosylated Snca [32]. Therefore, the decrease in Snca protein levels
observed in the present study may be, in part, the result of the de-
gradation of the O-linked glycosylated forms.

We previously reported that activation of AhR also results in UbcH7
induction together with a decrease in synphilin-1 (Sncaip) protein le-
vels in the mouse ventral midbrain [16]. These data, together with
those reported here, suggest that AhR-mediated increased Parkin and
UbcH7 levels may be responsible for the decreased of both the O-linked
glycosylated Snca and Sncaip protein levels. Snca degradation is also
carried on by the autophagy-lysosomal pathway. We have reported
recently that TCDD treatment, in an AhR-dependent way, induce the
lysosome degradation of NFκB [33]. Thus, it is possible that the ob-
served decrease in Snca is also due to lysosomal degradation.

The above may explain the parkinsonian effects derived from diel-
drin exposure [34], a pesticide that has AhR antagonist properties [35].
On the other hand, AhR agonists such as beta-naphthoflavone and
chemical mixtures containing AhR agonists such as cigarette smoke
protect against MPP+-induced dopamine depletion [36]. In fact, several
epidemiological studies have reported a negative association between
PD and cigarette smoking [37,38].

In addition to TCDD and beta-naphthoflavone, a highly toxic

Fig. 5. AhR binds and transactivates the Prkn promoter gene. A) ChIP analysis
of AhR binding to the mouse Prkn gene promoter region. Material for im-
munoprecipitation was obtained from the brain tissues of mice treated with
corn oil as vehicle (V, lane 3) or a single oral dose of TCDD (T, lane 4). PCR
products corresponding to the −407/+74 bp region of the Prkn gene promoter
were generated. Genomic DNA was used as the positive control (C, lane 5) and
IgG antibody was used as the negative control (IgG, lane 2). MW (lane 1) re-
presents molecular weight markers. A representative gel of two independent
experiments is shown. B) The luciferase activity of SH-SY5Y cells (1×106)
transfected with 1, 2.5, 5 or 10 µg of the pGL4/-419_mPrkn vector containing
the firefly luciferase open reading frame under the control of the mouse Prkn
gene promoter and treated with 10 nM of TCDD or DMSO (vehicle) for 48 h was
determined. The luciferase activity was normalized to Renilla luciferase activity
and is expressed as the mean ± S.D. of three independent experiments. *
p < 0.05, control vs. treatment.

Fig. 6. EMSA analysis of protein binding to the putative XRE1 identified in the
Prkn gene promoter. Nuclear extracts from the livers (A) or ventral midbrains
(B) of mice treated with corn oil (lane 1) or 250 µg/kg TCDD (lanes 2–5) were
incubated with a labeled putative XRE1 probe only (lane 2), with a labeled
putative XRE1 probe plus a 500-fold molar excess of an unlabeled putative
XRE1 probe (lane 3), with the putative XRE1 labeled probe plus an unlabeled
consensus XRE probe characterized from the mouse Cyp1a1 gene (lane 4), or
with a labeled putative XRE1 probe plus an unlabeled mutated consensus XRE
probe characterized from the mouse Cyp1a1 gene (lane 5). The arrow indicates
the shifted bands. The image is representative of 2 independent experiments.
The nuclear extract was obtained from the ventral midbrain from 3 mice.
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compounds, several endogenous or natural products such as kynur-
enine, FICZ (6-formylindolo (3,2b) carbazole), ITE (2-(1′H-indole-3′-
carbonyl)-thiazole-4-carboxylic acid methyl ester) and I3C (indole-3-
carbinol) act as AhR agonists. In particular, tangeritin, a citrus flavo-
noid with AhR agonistic activity [39], protects against parkinsonian
effects induced by 6-OHDA in a rat model [40]. Similarly, carnosic acid,
a diterpene with AhR agonist activity that is found in rosemary extract
[41], protects SH-SY5Y cells from 6-OHDA-induced apoptosis [42].

Several investigations have shown that Parkin, in addition to
playing a role in neuronal function, may act as a tumor suppressor gene.
Mutations in the PRKN gene have been reported in colorectal and
gastric cancer, lung carcinoma and breast cancer [43,44], while its
overexpression inhibits the growth of colon [45], hepatocarcinoma
[46], breast [47] and glioblastoma cancer cells [48]. Therefore, the
induction of Parkin levels may have an effect on the development of
carcinogenic processes.

Taken together, our findings provide in vivo and in vitro evidence
suggesting that Parkin is transcriptionally upregulated by AhR, which is
associated with reduced protein levels of Snca in the mouse ventral
midbrain. The already established protective role of Parkin in DA
neuron survival together with the present data strongly suggest that
treatments designed to induce Parkin expression through the use of
nontoxic AhR agonist ligands may prevent and delay the onset and
progression of neurodegenerative disorders such as PD.
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Background and Aims. Atherosclerosis as an inflammatory disease involved in the etiology
of cardiovascular disease worldwide, in our days demands an array of different therapeutic
approaches in order to soon be able to visualize an effective prevention. Based on an immu-
notherapeutic approach, we designed a non-invasive vaccine (HB-ATV-8), contained in a
micellar nanoparticle composed of lipids and a peptide segment derived from the C-termi-
nus of the cholesterol-ester transfer protein (CETP). Nowwe extend our successful proof of
concept from the rabbit to a porcine model and investigated its effect in an attempt to un-
doubtedly establish the efficacy of vaccination in a model closer to the human.

Methods. A preclinical trial was designed to study the efficacy of vaccine HB-ATV-8 in
pigs (Large White � Landrace). Male experimental animals were fed with standard diet
(control), high fat diet (HFD) or the same HFD but treated with HB-ATV-8 (HFD þ Vac-
cine) applied nasally for up to 7 months. All biochemical and enzymatic analyses were
performed in peripheral venous blood and thoracic aorta and liver samples examined us-
ing conventional, two-photon excitation and second harmonic generation microscopy to
identify atherosclerotic and hepatic lesions. mRNA concentrations for KLF2, ACTA2,
SOD1, COL1A1 genes and protein levels for PPARa and ABCA1 were quantified in aorta
and liver respectively using qPCR and Western blot analysis.

Results. The administration of vaccine HB-ATV-8 induced anti-CETP IgG antibodies
and reduced atherosclerotic and hepatic lesions promoted by the high fat diet. In addition,
plasma triglyceride levels of vaccine treated pigs fed the HFD were similar to those of
control group, in contrast to high concentrations reached with animals exclusively fed
with HFD. Moreover, HFD promotes a tendency to decrease hepatic PPARa levels and
increase in aorta gene expression of KLF2, ACTA2, SOD1 and COL1A1, while vaccine
application promotes recovery close to control values.

Conclusions. Vaccine HB-ATV-8 administration constitutes a promissory preventive
approach useful in the control of atherogenesis and fatty liver disease. The positive results
obtained, the non-invasive characteristics of the vaccine, the simple design employed in
its conception and its low production cost, support the novelty of this therapeutic strategy
designed to prevent the process of atherogenesis and control the development of fatty
liver disease.
� 2019 IMSS. Published by Elsevier Inc. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Key Words: Atherogenesis, NAFLD, CETP, Nasal therapeutic vaccine, Porcine model.
quests to: Jaime Mas-Oliva, Departamento de Bio-

tructural, Instituto de Fisiolog�ıa Celular, Universidad
e M�exico, Apartado Postal 70-243, 04510 Ciudad de

M�exico, M�exico; Phone: (þ52) (55) 5622-5584; FAX: (þ52) (55) 5622-
5611; E-mail: jmas@ifc.unam.mx

� 2019 IMSS. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
).
016/j.arcmed.2019.01.007

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jmas@ifc.unam.mx
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arcmed.2019.01.007&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.arcmed.2019.01.007
https://doi.org/10.1016/j.arcmed.2019.01.007


457Vaccine HB-ATV-8 Prevents Atherogenesis and Fatty Liver Disease
Introduction

Atherosclerosis is considered an inflammatory disease of
the arterial wall that leads to cardiovascular disease
(CVD), a common cause of death in the world according
to WHO (1). Epidemiological studies have indicated that
among the main risk factors associated with atherosclerosis
there is an increased plasma level of low density lipopro-
teins cholesterol (LDL-C) associated to a decreased plasma
concentration of high density lipoprotein cholesterol (HDL-
C) (2e4). Nevertheless, the relationship between the con-
centration of the different plasma lipoproteins and its prob-
ability to develop atherosclerosis, is still unclear (5,6).
Considering that a reduction of CVD nowadays should be
directed towards prevention rather than treatment, there
has been an important effort to reinforce measures mainly
directed to a change in lifestyle and eating habits in order
to impede the onset of atherosclerosis (7,8). Although this
approach should be considered central in all prevention ef-
forts, it has contributed little to the prevention of CVD in
most countries of the western world (9,10).

From the pharmacologic point of view, although statins
for years have offered a way to decrease the plasma concen-
tration of LDL-C by acting upon the biosynthesis pathway
of cholesterol, this approach has not been successful
enough based on the fact that the number of deaths related
to CVD associated with atherosclerosis continues to in-
crease (11,12). Therefore, treatment of atherosclerosis
exclusively based on a cholesterol lowering therapy still
has to prove a significant efficacy in reducing CVD.

In consequence, considering this process is characterized
by the accumulation of fat in the intima of arteries where
innate and adaptive immunity play an important role in
the process of atherogenesis (13,14), modulation of the im-
mune response has attracted attention as a strategy for its
prevention and treatment helping to restore the homeostasis
of lipid metabolism and counteract an inflammatory state
(15,16). In this sense, the study of several possibilities that
contemplate potential proteins have been identified for their
ability to decrease morbidity and mortality associated with
the progression of atherosclerosis (17,18). Among the
diverse strategies employed, the cholesteryl-ester transfer
protein (CETP) has been studied as a potential therapeutic
target (19e21). CETP promotes the mobilization of
cholesteryl-esters, triglycerides and phospholipids between
HDL and lipoproteins containing apolipoprotein B (ApoB)
(LDL and VLDL) (22). Corresponds to a 66e74 kDa
plasma glycoprotein that is mainly expressed in the liver
and secreted into the bloodstream where it becomes associ-
ated to lipoproteins (23). Population studies have shown
that a decreased concentration and/or reduced CETP activ-
ity are associated with increased HDL-C levels (23e25),
and although several studies present a less clear correlation
(26,27), most of them show that subjects presenting a low
plasma CETP concentration show a lower probability to
develop a cardiovascular event. In support of these findings,
there are several reports indicating that a group of Japanese
subjects while lacking CETP, present high HDL-C levels,
low LDL-C levels and a low incidence of CVD (21,28).

The nasal administration of vaccine HB-ATV-8
composed of a micellar nanoparticle preparation has been
designed as an immunotherapy to decrease CETP activity
in vivo. Vaccine nanoparticles incorporate a 12 amino acid
synthetic peptide corresponding to the C-terminal domain
of CETP added of an N-terminal cysteine and a key mixture
of lipids including caldarchaeol (29,30). As previously re-
ported by us, the use of lysophosphatidylcholine allows
the peptide to be kept in a key a-helical conformation
(31,32), achieving at the same time structural stability
and immunogenicity (33,34). Therefore, here we present
an easy, cheap and efficient way to produce immunoge-
nicity by applying a nanoparticulate preparation on the sur-
face of the nasal mucosa.

Previous work from our group employing cholesterol-
fed rabbits demonstrated that the nasal administration of
vaccine HB-ATV-8 significantly reduces atherosclerotic le-
sions in the aorta, decreasing in parallel the presence of
non-alcoholic fatty liver disease (NAFLD) in association
with liver fibrotic lesions (16). This data might be consid-
ered important taking into account that CVD has been
shown to be the leading cause of death in patients with
NAFLD (35,36).

Now, before initiating the clinical phases for vaccine
HB-ATV-8 to define safety and efficacy, we have extended
our proof of concept to an animal model closer to human
and studied the effect of therapeutic vaccine HB-ATV-8
in the pig as the experimental animal. Since the pig closely
resembles the human in many traits including its anatomy,
physiology, biochemistry and ultimately lifestyle (37e39),
it has been considered for years an excellent non-primate
model to study atherosclerosis. Therefore, the present study
has been conducted for seven months employing pigs in an
attempt to closely resemble conditions for the development
of atherogenesis and fatty liver in the human.
Materials and Methods

Vaccine HB-ATV-8

Vaccine HB-ATV-8 (Patents US9539312, MX347400 B)
contains as immunogen a synthetic peptide that corresponds
to the carboxy-end amino acids H486eS496 of CETP
(29,30). This peptide conjugated into a micellar nanopar-
ticle system includes three of the four key residues that sup-
port lipid binding and transfer capacity (40). Micelles are
composed of lipids derived from the cell membrane of
Thermus aquaticus, mainly caldarchaeol. L-a-Phosphatidyl-
choline (PC) and 1-lauroyl-2-hydroxy-sn-glycero-3-
phosphocholine (lyso-C12PC) (31,32). These components
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have been shown function as humoral adjuvants promoting
a strong cytotoxic T-cell immune response characterized by
a long-term memory (41e43).

Experimental Animal Procedures

The present study includes fifteen castrated male pigs
(Large White x Landrace) housed at the Specific Pig facil-
ity (Barcelona, Spain). All animal procedures and experi-
ments were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH) and
approved by the Deparment d’Agricultura, Ramaderia, Pes-
ca, Alimentaci�o i Medi Natural, de la Generalitat de Cala-
lunya, and the Specific Pig Ethics Committee. The qualified
staff of Specific Pig fed the animals, nasally administered
the vaccine, collected blood samples, monitored their well-
being, sacrificed the animals and collected tissues at the end
of the experiment.

Pigs were housed at 10e24�C on a 12:12 h light/dark cy-
cle in 3.32 m2 pens (3e4 animals/pen) with a dry, non-
toxic, absorbent and pathogen-free bed. The animals had
free access to water and fed once daily. At the beginning
of the protocol the average weight of animals corresponded
to 40 kg. The study was based on three experimental
groups: Control group (CT, n 5 3) corresponds to pigs
fed a standard diet (Porcs creixement 1, Pinallet) composed
of 15.8% calories from protein, 3.5% from carbohydrates,
and 3.7% from fat were kept for 4 (n 5 1) and 7 months
(n 5 2). High-Fat Diet group (HFD, n 5 6) corresponds
to pigs fed a high-fat atherogenic diet (HFD) (SDS,
824100 Porcine Western, Dietex, France) for 4 (n 5 4)
and 7 months (n 5 2). The diet contained 44% calories
from fat (15% lard and 2% cholesterol), 16% calories from
protein, and 40% calories from carbohydrates. High-Fat
Diet þ Vaccine HB-ATV-8 group (HFD þ Vaccine,
n 5 6) corresponds to pigs fed the high-fat atherogenic diet
that received vaccine HB-ATV-8 (300 mg) nasally adminis-
tered twice a week for 4 (n 5 4) and 7 months (n 5 2).
Blood samples from each experimental animal were taken
Figure 1. Experimental design. Control group (CT, n 5 3); one animal from this g

group (HFD, n 5 6); four animals from this group sacrificed at month 4 and the r

Vaccine, n 5 6); four animals from this group sacrificed at month 4 and th

HFD þ vaccine group were administered with vaccine HB-ATV-8 twice a week
every four weeks, and the experiment followed in two
stages (4 and 7 months) as mentioned above where a certain
number of animals at these specific times were anesthetized
by intramuscular administration of ketamine (10e33 mg/
kg) and midazolam (0.3e0.5 mg/kg), and euthanized with
a sodium pentobarbital overdose (50e80 mg/kg, IV).
Figure 1 summarizes the experimental protocol followed.
Plasma Lipid Profile and Enzyme Activity Measurements

Fifteen milliliters of peripheral venous blood were
collected from the cranial vena cava at the beginning of
the study and in a monthly basis till the end of the experi-
ment. Serum and plasma-EDTA samples were used for
biochemical and enzyme activity measurements, and the re-
maining biological material stored at ‒80�C until analysis.
Zoologic Veterinaris laboratory (Barcelona, Spain) per-
formed all lipid and enzymatic measurements. The lipid
profile was measured by enzymatic methods following the
manufacturers’ instructions (Gernon platform, Ral, Spain).
Plasma enzyme activity for aspartate aminotransferase,
alanine aminotransferase, alkaline phosphatase and total
protein concentration were measured by standardized and
commercially available colorimetric assays (Gernon
platform).
Histological Examination

At the time of euthanasia, the thoracic aorta and liver sam-
ples from the right lobule were collected and a portion of
these samples fixed in 10% formaldehyde. Samples were
embedded in paraffin and stained with hematoxylin-eosin
(H&E) and Masson’s trichrome stain. The remaining tissue
was frozen in liquid nitrogen and stored at e80�C until
further analysis. Histological results were obtained by re-
viewing five different optical fields of view where percent-
ages represent the frequency of the characteristics observed
within each group.
roup sacrificed at month 4 and the remaining two at month 7. High-fat diet

emaining two at month 7. High fat diet þ vaccine treatment group (HFD þ
e remaining two at month 7. Blood samples were taken every month.

.
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Classification of atherosclerotic lesions was performed
according to the guidelines of the American Heart Associ-
ation (AHA) (44). The six aortic lesion types defined by the
AHA are: (type I) isolated macrophage foam cells; (type II)
intracellular lipid accumulation; (type III) type II changes
and small extracellular lipid pools; (type IV) type III
changes and presence of an extracellular lipid core; (type
V) presence of a lipid core and a fibrotic layer or multiple
lipid cores and fibrotic layers, areas of calcification; (type
VI) all previous findings plus the presence of areas of he-
matoma/hemorrhage and thrombus.

Liver sections were evaluated considering histopatholog-
ical characteristics for NAFLD: steatosis, inflammation,
ballooning, and fibrosis (45,46) and data reported as pres-
ence or absence of these characteristics.

Two-photon Excitation Microscopy and Second-harmonic
Generation Microscopy

Two-photon imaging was performed using a galvanometer-
based scanning system LSM 710-Zeiss and a Ti: sapphire
laser (Coherent) employing a wavelength of 850 nm
(2.5% of laser power) for H&E stained aorta and liver
slides. Second-harmonic generation imaging was per-
formed using a wavelength of 900 nm (12% of laser power)
and a BP 420e480 nm filter (Zeiss). Images were acquired
using water immersion objectives; C-Apochromat 10x and
W Plan-Apochromat 20x, with a 40x optical zoom for liver
slices.

Anti-CETP Titer Determination

IgG antibody titer for CETP was measured by ELISA.
Briefly, plates were coated with CETP synthetic peptide
H486-S496, blocked and incubated with pig serum
(1:100), a goat horseradish peroxidase-conjugate anti-pig
IgG, and tetramethylbenzidine. OD was measured at
450 nm.

Protein Expression Analysis

Liver samples were homogenized in cold RIPA buffer
(Thermo Fisher Scientific, MA, USA) supplemented with
protease inhibitors (Roche, Rotkreuz, Switzerland). Total
protein concentration (serum and liver extracts) was
measured using the DC Protein Assay (Bio-Rad, CA,
USA). Serum proteins were separated by SDS-PAGE using
8% gels and transferred to PVDF membranes (Immobilon-
P, Millipore, MA, USA) to be analyzed by Western blot.
Blots were incubated overnight with rabbit anti-CETP
(Thermo Fisher Scientific, MA, USA) or mouse anti-
ACTB antibodies (Santa Cruz Biotechnology, CA, USA).
Also, membranes for liver extracts were incubated with
mouse anti-PPARa, anti-ABCA1 and anti-GAPDH anti-
bodies (Santa Cruz Biotechnology, CA, USA). Immuno-
reactive proteins were visualized with the Immobilon
Western Chemiluminiscent HRP reagent (Millipore, MA,
USA). Blots were quantified using the Image J software
(http://rsb.info.nih.gov/ij/) and results presented as the
CETP/ACTB (b-actin) ratio for serum protein and PPARa
or ABCA1/GAPDH ratio for liver extracts.

Quantitative PCR Measurements

Total RNAwas extracted from the thoracic aortas with Tri-
zol reagent (Thermo Fisher Scientific, MA, USA). 1 mg of
total RNA was used to synthesize cDNA using the iScript
cDNA synthesis kit (Bio-Rad, CA, USA) and cDNA diluted
to perform qPCR experiments. Expression of Kr€uppel-like
factor-2 (KLF2), smooth muscle alpha (a)-2 actin (ACTA2),
superoxide dismutase 1 (SOD1), collagen type I alpha 1
(COL1A1) and the housekeeping gene ACTB was deter-
mined by qPCR using the PowerUp Sybr Green Master
Mix 2X (Applied Biosystems, CA, USA) on an ABI
PRISM 7000 Sequence Detection cycler. Primer sequences
are reported as supplementary material as well as relative
levels of mRNA calculated as 2‒DDCt (Supplementary
Table 1).

Statistical Analysis

Data are expressed as mean�S.E.M. Statistical differences
among study groups were calculated using ANOVA or
Kruskal-Wallis tests, depending on the distribution of vari-
ables. p values #0.05 were considered significant. Analysis
of data was performed with the SPSS v20 program (SPSS,
Chicago, USA).
Results

The nasal administration of vaccine HB-ATV-8 induced the
formation of anti-CETP IgG antibodies in the group of pigs
fed a HFD where the rise in antibody titer became evident
after the fourth month of treatment and remained at a high
level until the end of the study (Figure 2A). Although the
CETP serum concentration was kept at the same level
throughout the study in the three groups of experimental an-
imals (Figure 2B), the body weight of pigs fed a HFD was
higher compared to those fed a standard diet regardless of
whether they received the treatment or not (Figure 2C).

Since it is known that CETP is able to modify the serum
level of the different types of lipoproteins by mobilizing
cholesteryl-esters and triglycerides, we evaluated if the
administration of vaccine HB-ATV-8 altered the serum
level for these lipids. As expected, it was found that HFD
fed pigs showed a steady increase of total cholesterol,
LDL, HDL cholesterol and triglycerides (Figure 3). Inter-
estingly, the only parameter that was significantly modified
by the administration of vaccine HB-ATV-8 corresponds to
triglycerides that remained at levels similar to the control
group (Figure 3D). The serum level for total proteins and

http://rsb.info.nih.gov/ij/


Figure 2. Effect of vaccine HB-ATV-8 administration on IgG anti-CETP antibody production and CETP plasma concentration. (A) Plasma IgG anti-CETP

level of pigs from the three experimental groups. (B) Serum CETP concentration from the three experimental groups using Western blot analysis (data ex-

pressed as CETP/ACTB ratio). (A) and (B) Data represented as mean � S.D. (C) Body weight. Control group (CT, n 5 3); high-fat diet group (HFD, n 5 6);

and high-fat diet group þ vaccine (HFD þ Vaccine, n 5 6). Data represented as mean � S.E.

Figure 3. Effect of vaccine HB-ATV-8 administration on serum lipid profiles during the 7 months of treatment. (A) Total cholesterol; (B) HDL-C; (C) LDL-

C, and (D) Triglycerides. Control group (CT, n 5 3); one animal from this group sacrificed at month 4 and the remaining two at month 7. High fat diet group

(HFD, n 5 6); four animals from this group sacrificed at month 4 and the remaining two at month 7. High fat diet þ vaccine treatment group (HFD þ Vac-

cine, n 5 6); four animals from this group sacrificed at month 4 and the remaining two at month 7. Data represented as mean � S.E.
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the activity for liver function enzymes such as transami-
nases and alkaline phosphatase remained stable without
statistically significant differences among groups
(Supplementary Table 2).

At the end of the experiment, thoracic aorta and liver
samples were prepared and examined by conventional light
microscopy together with two-photon excitation and second
harmonic generation microscopy. Figure 4 shows
Figure 4. Vaccine HB-ATV-8 prevents the formation of atherosclerotic lesions in

aorta of a representative pig from each experimental group. Control group (CT),

cine). (A) Hematoxylin-eosin stain. (B) Masson’s trichrome stain. (C) Two-phot

scopy images.
representative images for samples of the thoracic aorta of
pigs belonging to each one of the three experimental groups
studied. As expected, aortas from pigs fed the standard diet
showed a normal vessel structure. In contrast, pigs fed a
HFD show lipid droplets and foam cells in the media and
the intima layers of the aorta and an increase of vascular
smooth muscle cells (VSMC) in the intima layer
(Figure 4A and B) and present type II and III atherogenic
duced by a HFD. Microscopic analysis of tissue sections from the thoracic

high fat diet group (HFD), and high fat diet þ vaccine group (HFD þ Vac-

on excitation microscopy images. (D) Second-harmonic generation micro-
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lesions (Table 1). Moreover, collagen sheets observed in a
widely distributed and spaced fashion, when studied with
Masson’s trichrome stain show a disordered and unevenly
spaced arrangement. This can be clearly observed when
the same samples are analyzed by two-photon excitation
and second harmonic generation microscopy (Figure 4C
and D). Using these imaging techniques, the connective fi-
ber disorder found in aortas of pigs fed a HFD becomes
evident denoting an important disarray among the different
cell types that compose the vessel wall (Figure 4C and D).
In contrast, the group of pigs that received the same HFD
but was treated with vaccine HB-ATV-8 exhibit a decreased
presence of lipid droplets and foam cells in the intima and
media layers, and a smaller number of VSMC in the intima
layer, similar to that shown in animals from the control
group. More importantly, by two-photon excitation and sec-
ond harmonic generation microscopy, a better ordered and a
less spaced collagen fiber array together with a close to
normal cellular architecture is observed (Figure 4C and
D). Moreover, 50% of HB-ATV-8 treated pigs do not show
any atherosclerotic lesions in their aortas and the remaining
50% only presented type I atherosclerotic lesions, in
contrast to animals from the HFD group that showed type
II or type III lesions (Table 1).

In order to obtain a better understanding at the molecular
level of the histology changes observed with treatment, we
analyzed the aortic expression of several genes known to be
involved in vascular function such as the Kr€uppel-like
factor-2 (KLF2), smooth muscle alpha-actin-2 (ACTA2), su-
peroxide dismutase 1 (SOD1) and collagen type I alpha 1
(COL1A1) (Figure 5). KLF2 corresponds to an atheropro-
tective transcription factor that regulates expression of
several vasoactive endothelial genes involved in the regula-
tion of normal constriction/dilation of VSMCs (47),
whereas SOD1 protects cells against cytotoxicity by scav-
enging superoxide radicals while being also involved in
endothelial function by protecting nitric oxide release
(48). COL1A1 has been studied on the fact that corresponds
to the most abundant protein associated to collagen fibrils
(49). Furthermore, ACTA2 has been employed as a cell
marker for smooth muscle and associated to several
Table 1. Effectiveness of vaccine HB-ATV-8 in decreasing aortic atherosclerotic

treatment

Lesion type

CT

4 months

(n [ 1)

7 months

(n [ 2)

Total

(n [ 3)

4 months

(n [ 4)

TI 0 0 0 0

TII 0 0 0 3 (75)

TIII 0 0 0 1 (25)

CT, control group fed a standard diet; HFD, group fed a high fat diet; HFD þ V

The histological classification of atherosclerotic lesions was carried out accordin

Data in parenthesis represent percentage frequency within the specific number o
occlussive diseases (50,51). So, consistent with tissue dam-
age observed in our histology analysis associated to the
HFD, there is a tendency for mRNA levels of these four
genes to be upregulated in the aorta when compared to tis-
sue from the control group (Figure 5). Interestingly, in all
cases when gene expression is studied in the HFD group
that received vaccine HB-ATV-8, the tendency is to go back
to levels found associated to aortas from the control group
(Figure 5).

We next assessed whether pigs fed a HFD present the
typical hepatic alterations observed in NAFLD. Figure 6
shows sections of liver tissue from experimental animals
of each group, displaying areas of hepatocytes around the
central lobular vein. Hepatic tissue from control pigs pre-
sents the normal lobular histological characteristics. In
contrast, hepatocytes from livers coming from pigs fed a
HFD show microvesicular fat accumulation and signs of
ballooning and inflammation. Interestingly, when the
HFD þ Vaccine group was examined, the frequency of
these pathological features was considerably reduced
(Table 2). It is important to mention that when compared
to our previous findings employing a rabbit model (16),
the current results show a less dramatic effect that might
be related to the fact that the porcine model is considered
refractory to develop not only fatty liver disease but also
atherosclerosis in the same way as humans do (52). Never-
theless, when liver slides are studied by two-photon excita-
tion and second harmonic generation microscopy,
experimental animals from the HFD þ Vaccine group, in
comparison to the group that did not receive the vaccine,
showed a decreased collagen deposition around the perisi-
nusoidal and periportal areas and in general less fibrosis
showing images close to the ones found in control tissue
(Figure 6C and D).

Again, in order to initiate the exploration at the molecu-
lar of events that might be taking place with the administra-
tion of vaccine HB-ATV-8, we measured in liver tissue
protein expression for the ATP-binding cassette transporter
(ABCA1) defined as a cholesterol transporter that plays an
important role in the homeostasis of cholesterol in the liver
(53), and PPARa, reported to mediate fatty acid metabolism
lesions induced by a high fat diet measured at 4 and 7 months of

HF HF DVACCINE

7 months

(n [ 2)

Total

(n [ 6)

4 months

(n [ 4)

7 months

(n [ 2)

Total

(n [ 6)

0 0 3 (75) 0 3 (50)

1 (50) 4 (66.6) 0 0 0

0 1 (16.7) 0 0 0

accine, group fed a high fat diet þ nasal administration of vaccine.

g to the American Heart Association guidelines (44).

f experimental animals studied in each group.



Figure 5. Vaccine HB-ATV-8 global effect on gene expression of KLF2, ACTA2, COL1A1 and SOD1 measured by qPCR in thoracic aorta samples. Control

group (CT, n5 3), high fat diet group (HFD, n5 6), and high fat diet þ vaccine treatment group (HFD þVaccine, n5 6). Data presented as fold change with

respect to actin expression. Data represented as mean � S.E. *p !0.05.
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in the hepatocyte (54). Our analysis shows that although
ABCA1 apparently is not significantly modified neither
on animals fed with a HFD nor animals fed the HFD plus
vaccine administration, there is a tendency for PPARa to in-
crease in pigs fed a HFD that received the vaccine when
compared to the HFD and control groups (Figure 7). These
findings might support the possibility that a molecular
compensatory effect at the cellular level might not only
be carried out by the anti-CETP antibody but also by the
peptide itself or one of the lipid components of vaccine
HB-ATV-8.
Discussion

Since immunomodulation of key proteins that control the
metabolism of cholesterol has been proposed as a prophy-
lactic tool to treat atherosclerosis, vaccine HB-ATV-8 has
been designed as a therapeutic strategy to reduce the devel-
opment of atherosclerosis by generating autoantibodies
against CETP. With support on our successful proof of
concept carried out in the rabbit, vaccine HB-ATV-8 now
has been tested in a porcine model. The pig as an experi-
mental animal has gained interest in recent years since it
has been shown that the evolutionary distance among many
animal models used today, especially between rodents and
humans, is a distant one (37). Preclinical studies performed
in murine models can be useful in identifying new
biochemical mechanisms or molecules and provide a
platform for pharmacological development; nevertheless,
as shown in the literature in many cases translation to a
clinical setting has proven to be a difficult one. In contrast,
the pig and the human share many characteristics, such as a
similar anatomy and cardiovascular physiology, a situation
that explains why cardiac output, mean arterial pressure and
stroke volume are almost equivalent (55). Although the pro-
cess of atherogenesis in pigs is difficult to develop given
that many strains of farm pigs along time have been nor-
mally selected for an increase in protein deposition rather
than fat accumulation (56), a HFD supplemented with
cholesterol eventually promotes the development of artery
lesions similar to those observed in the atherosclerotic dis-
ease in the human (5,57,58). Therefore, taking into account
these considerations, the pig model can be considered an
optimal model for the study of atherosclerosis and associ-
ated diseases such as NAFLD (59). Employing this experi-
mental model and the use of a novel nanoparticle
composition that serves as an immunogen when placed in
the nasal mucosa, our study shows that modulation of the
immune response continues to be a promising approach
in the prevention of atherogenesis.

The present study shows that intranasal administration of
vaccine HB-ATV-8 induces anti-CETP IgG antibodies, in
turn reducing in parallel the presence of atherosclerotic le-
sions and hepatic damage in pigs fed a HFD. These results
are also related to the fact that serum triglycerides remain at
control values, in contrast to the not treated animal group
fed a HFD. Even though triglycerides are not considered



Figure 6. Vaccine HB-ATV-8 reduces hepatic inflammation and fibrosis induced by a HFD. Images show the central lobular vein from a liver sample of a

representative pig from each experimental group. Control group (CT), high fat diet group (HFD), and high-fat diet þ vaccine group (HFD þ Vaccine). (A)

Hematoxylin-eosin stain. (B) Masson’s trichrome stain. (C) Two-photon excitation microscopy images. (D) Second-harmonic generation microscopy images.

Arrow shows the presence of fibrosis.
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atherogenic, it is well known that serum levels for this fam-
ily of lipids are considered as a biomarker for CVD risk.
This can be partially explained by their direct association
with remnant lipoproteins and ApoCIII, a proinflammatory
and proatherogenic apolipoprotein that inhibits the binding
of ApoE and ApoB to proteoglycans and hepatic receptors,
preventing clearance of these type of lipoproteins and there-
fore favoring their accumulation in the endothelium
(60e63).
During an early stage of atherogenesis, cholesterol and
other lipids penetrate the intima of arteries where their
accumulation induce an inflammatory state and the activa-
tion of the immune system. As a consequence, macro-
phages infiltrate the tissue, start internalizing cholesterol
and originate the formation of foam cells (44). Subse-
quently, foam cells are lysed, releasing lipids that further
accumulate in the extracellular matrix. To decrease toxicity
due to the extracellular deposition of lipids (64,65), VSMCs



Table 2. Vaccine HB-ATV-8 reduced hepatic inflammation and fibrosis induced by a high fat diet measured at 4 and 7 months of treatment

Histologic lesion

CT HF HF D vaccine

4 months

(n [ 1)

7 months

(n [ 2)

Total

(n [ 3)

4 months

(n [ 4)

7 months

(n [ 2)

Total

(n [ 6)

4 months

(n [ 4)

7 months

(n [ 2)

Total

(n [ 6)

Steatosisa 0 0 0 1 (25) 1 (50) 2 (33.3) 1 (25) 1 (50) 2 (33.3)

Ballooning 0 1 1 (33.3) 3 (75) 1 (50) 4 (66.7) 1 (25) 2 (50) 3 (50)

Inflammation 0 0 0 4 (100) 2 (100) 6 (100) 1 (25) 2 (100) 3 (50)

Fibrosis 0 0 0 4 (100) 2 (100) 6 (100) 2 (50) 1 (50) 3 (50)

CT, Control group fed a standard diet; HF, group fed a high-fat diet; HFD þ Vaccine, group fed a high fat diet þ nasal administration of vaccine.

Data represent number of cases by each category and data in parenthesis percentage frequencies.

Fibrosis reported in these samples was mainly portal or perisinusoidal and portal/periportal fibrosis.
aMicrovesicular steatosis.
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migrate and begin internalizing excess lipid in support of
macrophage function. Although VSMCs are responsible
for remodeling the arterial wall, a prolonged state of oxida-
tive stress causes their trans-differentiation to macrophage-
type cells (66). These cells are able to phagocytize and pre-
sent antigens, favoring the inflammatory state (67,68).
Moreover, the structure of the arterial wall specifically de-
pends on a delicate equilibrium between the synthesis and
degradation of extracellular matrix proteins such as
collagen and elastin, where an acute change in this equilib-
rium might play an important role during the process of
atherogenesis. In this sense, an uncontrolled degradation
of proteins of the extracellular matrix carried out by prote-
ases such as metalloproteinase-1 and -9, might induce
further vascular damage. This in turn promotes atherogen-
esis through the trans-endothelial migration of leukocytes,
migration and proliferation of VSMCs, neovascularization,
vascular cell apoptosis, and finally the formation of a neo-
intima that might progress until the rupture of the aortic
Figure 7. Vaccine HB-ATV-8 effect on hepatic PPARa and ABCA1 concentrati

control animal and two representative samples from the HFD and HFD þ vacci

ABCA1 and PPARa with GAPDH. Control group (CT, n 5 3), high fat diet gr

Vaccine, n 5 6). Data represented as mean � S.E.
wall takes place (69). Together with cells of the immune
system involved in atherosclerosis such as monocytes con-
verted into macrophages, new studies have pointed to mast
cells and stellar cells as critical cell types important in
collagen degradation and smooth muscle survival (70).
Mast cells produce and release matrix metalloproteases
together with proinflammatory molecules such as interferon
and interleukin-6 inhibiting the proliferation of smooth
muscle cells and also promoting the process of apoptosis
(70e73).

Since the use of two-photon excitation and second har-
monic generation microscopy has been extremely useful
to study the extracellular matrix and to visualize collagen
fibers in association to a classical light microscopy, the
study of viable arteries ex vivo gives us a better understand-
ing of the functionality and dynamic behavior of the artery
wall (74,75). During the course of our study, we observed
that vaccinated animals fed a HFD did not show the clear
disarray of extracellular matrix observed in the aortas of
on. (A) Western blot analysis of samples obtained from one representative

ne groups. (B) Semicuantitative protein correlation between expression of

oup (HFD, n 5 6), and high fat diet þ vaccine treatment group (HFD þ
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animals that were only fed a HFD without vaccination. This
phenomenon is shown to be accompanied by an increased
expression of KLF2, ACTA2, COL1A1 and SOD1 mRNA’s
in the aortas of animals fed exclusively the HFD. Interest-
ingly, this increase in mRNA levels is reversed close to con-
trol values in animals fed a normal diet when the HFD plus
vaccination group is studied, suggesting that vaccine HV-
ATV-8 might be also considered as a modulator of anti-
atherosclerotic signals. It is well known that a HFD induces
vascular dysfunction upregulating pathways associated to
the production of reactive oxygen species (ROS), oxidative
stress, and release of proinflammatory adipokynes/cyto-
kynes (76e78). KLF2 inhibits both the expression of in-
flammatory cytokynes and the production of adhesion
molecules such as VCAM-1 and E-selectin, known to be
critical for leukocytes recruitment and extravasation
(79,80). In addition, aortas from pigs fed a HFD show a
disordered pattern of collagen fibrils, that to a certain
extent, is less apparent in aortas isolated from animals fed
the HFD plus vaccination, also in agreement with results
showing a tendency to present a lower mRNA concentra-
tion and synthesis of type I collagen. Interestingly, during
the development of an atherosclerotic plaque, the extracel-
lular matrix composition of a vessel undergoes pronounced
changes, where VSMCs initially showing a contractile
phenotype are transformed to present a synthetic phenotype
with the consequent increase in the deposit of types I and
III collagen, elastin and fibronectin (49).

On the other hand, steatohepatitis and atherosclerosis
share several characteristics such as lipid accumulation
and the development of an inflammatory state (45,81). Dur-
ing the present study, pigs fed a HFD in addition to the
presence of atherosclerotic changes, also developed hepatic
disease characterized by microvesicular steatosis,
ballooning, cellular inflammation, and fibrosis. Two-
photon and second harmonic generation imaging clearly
show the enormous difference in collagen deposition
observed in liver tissue obtained from the group of animals
exclusively fed the HFD and those treated simultaneously
with vaccine HB-ATV-8. In general, experimental animals
fed the HFD independently if they received or not the vac-
cine, do not show macrovesicular steatosis. This phenome-
non is most probably due to the relatively short period of
time used to carry out the study before animal sacrifice
(56). Nevertheless, the presence of inflammation and
fibrosis was less evident in the HFD þ Vaccine group in
comparison to HFD fed pigs.

The tendency for PPARa to increase in liver cells of an-
imals fed a HFD that received the vaccine supports an
explanation for the reduced level of plasma triglycerides
found in this group of animals. PPARa considered a tran-
scription factor that regulates the expression of genes
involved in VLDL production, lipid trafficking and
triglyceride-rich lipoprotein clearance, apparently helps
suppress the acute-phase response and inflammation in
the liver (82e84) and in conjunction with PPARb/d, shown
to improve steatosis, inflammation and fibrosis in pre-
clinical models of NAFLD (83,85).

Since our findings show that vaccine HB-ATV-8 de-
creases fat accumulation and most probably an inflamma-
tory state in the artery wall and liver, it is important to
point out that even though an auto-anti-CETP antibody titer
was clearly detected around 4 months of treatment, at this
time the effect was already observed. We also hypothesize
that in addition to the regulation of lipid transport carried
out by CETP due to the effect of the auto-anti-CETP anti-
body, there might be additional protective mechanisms that
could be also related to a direct effect given by one of the
components of the vaccine preparation, such as the peptide
itself. This possibility is supported by studies of a series of
peptides that promote the efflux of cholesterol from cells
(86). Our group has also shown using cultured macro-
phages, a decrease in foam cell formation and down-
regulation of CD36 and ACAT-1 when the peptide itself
is tested (87,88). Evidence also shows that several other
peptides interacting with endothelial cells, VSMCs, mono-
cytes and/or macrophages, might be used for therapeutic
purposes in the control of atherosclerosis (89e91). Since
the HFD group independently if vaccinated or not maintain
the same gain in body weight along the study, we speculate
that vaccine HB-ATV-8 might also promote the accumula-
tion of lipids in other tissues such as the adipose tissue.
Current experiments are being carried out to establish this
possibility.

Among the series of drugs offering to decrease the risk
of cardiovascular disease by increasing the serum concen-
tration of HDL-C, several CETP inhibitors obtained by
chemical synthesis have been studied (92). Several other
strategies include the use of fibrates (93) and antioxidants
(94), but at the end also apparently ineffective to decrease
the risk of CVD. Considering CETP as a plasma protein
that transfers cholesteryl-esters among lipoproteins, specif-
ically HDL to VLDL and LDL, it has been described as a
molecule that promotes atherogenesis; therefore, the poten-
tial inhibition of its activity by new molecules has attracted
attention in an effort to increase HDL-C and decrease cor-
onary artery disease (95). Nevertheless, the use of these
chemically synthesized compounds in the strategy to inhibit
CETP has shown to be troublesome (92,95,96). Torcetrapib
was the first CETP inhibitor to be tested in Phase 3 clinical
trials, but had to be prematurely terminated due to a series
of cardiovascular problems and mortality associated with
non-cardiovascular events (97e100) such as infection and
off-target aldosteronism as presented in the ILLUMINATE,
RADIANCE and ILUSTRATE trials (97,100,101). These
studies showed an increase in HDL-C and a decrease in
LDL-C but no impact in the presence of atheroma lesions
(100,102).

During the Phase 2 clinical trial of CETP inhibitor dal-
cetrapib, the study had to be stopped due to off-target side
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effects and ineffectiveness shown by a non-significant ef-
fect on plasma LDL-C levels despite a moderate increase
in HDL-C (103). Also, the OUTCOMES phase 3 trial had
to be halted due to a lack of clinically meaningful efficacy
(104). Although evacetrapib also improved lipoprotein
biomarker distribution, treatment did not result in a lower
rate of cardiovascular events among patients with high-
risk vascular disease (105). So far, anacetrapib seems to
show a better effect on various coronary events studying pa-
tients presenting atherosclerotic vascular disease but only
under intensive statin therapy (106). Taken these data
together, due to the presence of side effects and off-target
activity, there seems that chemically synthesized CETP in-
hibitors need more time to be completely understood.

The example of torcetrapib could be considered a proto-
typical one since we now know that CETP binding sites for
this molecule are shared with proteins of the Plunc family
including an isoform of CETP named by our group as CET-
PI and identified as a lipopolysaccharide binding protein
(107). According to our results, an non-specific binding
phenomenon might have been directly related to sepsis
and the mortality rate shown in the ILLUMINATE trial
(108e110) since torcetrapib might have had an unknown
secondary effect disabling the main function of CETPI
directly related with the inactivation of LPS in plasma.

In contrast to the several strategies discussed in this
study used to inhibit the function of CETP, the induction
of an immune response by self-generating anti-CETP anti-
bodies shows many advantages above other approaches to
treat the process of atherogenesis (20,111e113). The pre-
sent investigation studying a porcine model corroborates
our previous reports showing that intranasal therapeutic
vaccine HB-ATV-8 is effective in the control of the process
of atherogenesis and the development of fatty liver disease,
associated to important advantages such as simplicity of
design and application combined to a low production cost.
Conclusion

Considering that for many years no new synthesis of lipid
metabolism modulator molecules have been successfully
introduced into clinical practice, the immunological
approach using the generation of autoantibodies against
key proteins involved in the physiopathology of atheroscle-
rosis have come into play. Among the several immunolog-
ical approaches used to inhibit CETP function, vaccine HB-
ATV-8 seems to be the only one that offers non-invasive
intranasal vaccination employing a micellar nanoparticle
preparation composed of a mixture of common lipids and
a peptide together with the use a simple delivery device.
Since vaccination ameliorates atherosclerotic and hepatic
lesions caused by a HFD improving triglyceride meta-
bolism and promoting atheroprotective and anti-
inflamatory signals, vaccine HB-ATV-8 offers a brand
new approach to prevent the process of atherogenesis and
associated NAFLD in the human.
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1 Departamento de Genética Molecular, Instituto de Fisiologı́a Celular, Universidad Nacional Autónoma de
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Abstract

Membrane microdomains or lipid rafts compartmentalize cellular processes by laterally

organizing membrane components. Such sub-membrane structures were mainly described

in eukaryotic cells, but, recently, also in bacteria. Here, the protein content of lipid rafts in

Escherichia coli was explored by mass spectrometry analyses of Detergent Resistant Mem-

branes (DRM). We report that at least three of the four E. coli flotillin homologous proteins

were found to reside in DRM, along with 77 more proteins. Moreover, the proteomic data

were validated by subcellular localization, using immunoblot assays and fluorescence

microscopy of selected proteins. Our results confirm the existence of lipid raft-like microdo-

mains in the inner membrane of E. coli and represent the first comprehensive profiling of

proteins in these bacterial membrane platforms.

Introduction

Cell membranes not only confine the boundaries of cells, but also provide highly specialized

lipid platforms involved in many cellular processes [1]. For instance, the most studied lipid

assemblies of eukaryotic membranes are the lipid rafts, which are liquid-ordered (gel-like)

lipid clusters enriched in sphingolipids and cholesterol. Lipid rafts are able to float and diffuse

in the lateral plane of the cell membrane and fuse together forming larger aggregates [2]. They

provide platforms for the assembly and proper functioning of many protein complexes, which

are mainly involved in signal transduction, vesicle trafficking, cytoskeleton rearrangement,

and ion channel regulation [3–6]. Cholesterol is known to increase the thickness and to regu-

late the fluidity of lipid bilayers, and it is considered as an essential lipid component of lipid

rafts. Other common constituents of lipid rafts are the flotillins, which belong to a family of

proteins that contain the Stomatin/Prohibitin/Flotillin/HflK/C (SPFH) domain. These pro-

teins appear to be essential for the orchestration of processes related to lipid raft formation,

and are used as lipid raft markers [4,5,7]. SPFH-domain containing proteins are widely distrib-

uted in most bacterial genera. In Bacillus subtilis they were found to act as the scaffold for
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proteins that reside in raft-like membrane microdomains [8]. Moreover, the formation of such

membrane microdomains in B. subtillis was found to be functionally associated with a signal-

ing pathway involved in regulation of biofilm formation and with the Sec protein translocation

apparatus [8–11]. However, the membrane of B. subtillis, like those of most bacteria, does not

contain cholesterol, and it has been suggested that other lipids, such as farnesol or farnesol-

derived polyisoprenoids, might promote an increased rigidity in the microdomains [12].

Lipid raft-like domains have been also identified in other bacteria, such as Staphylococcus
aureus, Borrelia burgdorferi, Bacillus anthracis, Helicobacter pylori and Escherichia coli [9,13–

17]. B. burgdorferi and H. pylori possess cholesterol as a membrane component, even though

they do not carry out de novo sterol biosynthesis. Instead, both bacteria obtain cholesterol

from the host epithelial cells to generate glyco-cholesterol derivatives, which are incorporated

into the bacterial membranes. Interestingly, both bacterial species appear to form cholesterol-

containing membrane microdomains that are assembled into the outer membrane [15,16].

The close packing of lipids in the liquid-ordered phases, typically found in lipid rafts, pre-

vents its solubilization by cold non-ionic detergents. Therefore, the study of lipid rafts, in a

variety of eukaryotic and prokaryotic organisms, has been based on the extraction of detergent

resistant membranes (DRM). Although detergent resistance in itself does not necessarily

reflect preexisting raft domains, results obtained from DRM analysis have often been consis-

tent with those obtained by other approaches, such as direct imaging or functional analysis

[18,19]. Thus, DRM isolation provides a useful tool for the study of potential protein-lipid raft

associations.

In recent studies, proteomic analyses of DRMs have been carried out in B. subtilis, S. aureus,
B. burgdorferi and H. pylori, and the results suggest that bacterial membrane microdomains,

like eukaryotic lipid rafts, play important roles in various cellular processes, such as membrane

transport, secretion and virulence [9,16,20–23]. Nevertheless, even though several proteomic

analyses of E. coli membranes have been carried out [24–28], there are no data regarding the

composition or protein content of raft-like microdomains from this model bacterium. Here,

we report that some 80 proteins, involved in transport, protein secretion, energy metabolism,

cell maintenance and signaling, were found to be enriched in DRM. Among these proteins

were HflC, HflK, and YbbK (QmcA), three of the four SPFH-containing proteins encoded by

the E. coli genome, that are generally used as lipid raft markers. Thus, the first comprehensive

proteomic profile of DRMs from E. coli is reported, providing information about the cellular

processes that may be associated with lipid rafts in this organism.

Materials and methods

Bacterial strains, plasmids, and growth conditions

E. coli strain MG1655 was chosen as the genetic background of all created strains because it is

a reference E. coli strain, and because we recently reported a DRM isolation protocol using this

strain [17]. Chromosomal tagging of hflC, hflK, qmcA, yqiK and yidC genes was achieved by

PCR and homologous recombination of the amplification products using the lambda red

recombinase system [29,30], resulting in strains IFC5019 (hflC::ha-Cmr) [17], IFC5021

(hflK::ha-Cmr), IFC5022 (qmcA::3xFLAG-Knr), IFC5023 (yqiK::3xFLAG-Knr) and IFC5024

(yidC::3xFLAG-Knr). All oligonucleotides used in PCR amplification reactions are shown in

S1 Table. Strain IFC5025 (hflC::ha qmcA::3xFLAG yqiK::3xFLAG-Knr) was constructed by

two successive transfer steps of the qmcA::3xFLAG-Kanr and yqiK::3xFLAG-Kanr alleles from

strains IFC5022 and IFC5023 into strain IFC5019 by P1vir transduction. In some cases, antibi-

otic resistance marker was eliminated by expressing the FLP recombinase from plasmid

pCP20 [29]. Similarly, strains IFC5026 (qmcA::mCherry-Knr) and IFC5027 (yidC::mCherry-
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Cmr) were generated by lambda red recombinase-facilitated homologous recombination of

PCR amplified products using primers pair pFluor-ybbK-Fw / pKD-ybbK-Rv and plasmid

pMXFL1 [17] as template or yidC-Fluor-Fw / pKD-yidC-Rv and pMXFL2 [17] as template,

respectively.

To construct plasmid pMX549, expressing a glnP-mCherry fusion under the control of the

L-arabinose-inducible promoter ara, the glnP and mCherry, coding sequences were PCR ampli-

fied using the primer pair Glnp-EcoRI-Fw / Glnp-SacI-Rv and chromosomal DNA from

MG1655 as the template, and the primer pair YfpcfSacI / YfPcr1HindIII and plasmid pCHYC-

4 [31] as the template, respectively. The two amplified DNA fragments were SacI digested and

ligated together, and the product was used as template in a PCR reaction with primers Glnp-

EcoRI-Fw and YfPcr1HindIII. Then, purified PCR product was digested with EcoRI and Hin-

dIII and cloned into the same restriction sites of pMX020 [32], resulting in plasmid pMX549.

To construct plasmid pMX550 (glnP-mCherry), a 2.7 Kb DNA fragment containing the ara
promoter and the glnP-mCherry fusion, obtained from plasmid pMX549 by ClaI and HindIII

digestion, was cloned into NruI and HindIII restriction sites of plasmid pACT3 [33]. To

construct plasmids pMX551 (acrA-mCherry), pMX552 (aas-mCherry) and pMX553 (rbbA-

mCherry), the acrA, aas and rbbA coding DNA sequences were PCR amplified, using the

primer pairs Acra-NdeI-Fw / Acra-SacI-Rv, Aas-NdeI-Fw / Aas-SacI-Rv, and Rbba-NdeI-Fw /

Rbba-SacI-Rv, respectively, and chromosomal DNA from MG1655 as template, and cloned

into NdeI and SacI sites of plasmid pMX550. To construct plasmids pMX554 (acrA-3xFLAG),

pMX555 (aas-3xFLAG) and pMX556 (rbbA-3xFLAG), a DNA fragment carrying the 3xFLAG

coding sequence upstream the kanamycin resistance cassette was amplified by PCR using prim-

ers 3xFLAG-SacI-Fw and 3xFLAG-HindIII-Rv, and plasmid pSUB11 [30] as template. Then,

purified PCR product was digested with SacI and HindIII and cloned into the same restriction

sites of plasmids pMX551, pMX552 or pMX553, respectively. A schematic work-flow of the

above constructed plasmids is presented in S1 Fig. All DNA fragments cloned from PCR-ampli-

fied material were sequenced to check that no undesired base changes had been introduced.

DNA sequence analysis was performed by the “Unidad de Biologia Molecular” at IFC, UNAM.

E. coli strains were routinely grown in LB medium at 37˚C. When necessary, ampicillin,

kanamycin, or chloramphenicol was used at a final concentration of 100, 50 or 25 μg/ml,

respectively.

DRM isolation

DRM fractions were obtained as described previously [17]. Briefly, exponential phase growing

E. coli cells were treated with 10 μg/ml ampicillin to generate filamented cells that were har-

vested, resuspended in buffer A (1 M sucrose, 0.2 M Tris-HCl [pH 8.0]), and treated with 2

mM EDTA and 12.5 μg/ml lysozyme for 10 min. Next, spheroplasts were obtained by adding

sterile water to reach a sucrose concentration of 0.1 M. Spheroplasts, whose formation was

confirmed by phase-contrast microscopy, were harvested, resuspended in ice-cold buffer B (20

mM Tris-HCl [pH 7.2], 50 mM NaCl, 5 mM EDTA) containing 20% w/w sucrose, and passed

through a French pressure cell. Inner membrane (IM) vesicles were isolated from the sphero-

plast lysate by ultracentrifugation (~113,000xg) in a discontinuous sucrose gradient (20–50%

w/w). IM-containing fractions were pooled and recovered by ultracentrifugation, and 500 μg

of protein was mixed with ice-cold Triton X-100 (Pierce, Rockford, IL, USA), resulting in a

final detergent concentration of 1% w/v and in a detergent:protein ratio of 8:1, and incubated

for 30 min on ice. The DRM fraction were obtained by flotation in a continuous OptiPrep

(Axis-Shield, Oslo, Norway) gradient after ultracentrifugation (~173,000xg), concentrated by

ultracentrifugation (~106,000xg), and stored at -80˚C.
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Protein digestion with trypsin

Proteins in IM or DRM samples were precipitated with trichloroacetic acid (TCA) by adding

100 μl of 10X TE buffer (100 mM Tris-HCl, 10 mM disodium EDTA, pH 8.0) and 100 μl of

72% TCA to samples with 20 μg of total protein. After 2 h of incubation on ice, proteins were

pelleted by centrifugation at 14,000 rpm at 4 ˚C for 10 min, washed with 1 ml of cold acetone

and dried at room temperature for 20 min. Precipitated proteins were solubilized in 10 μL of 6

M urea, reduced by with 2.5 μL of reduction buffer (45 mM DTT, 100 mM ammonium bicar-

bonate) for 30 min at 37 ˚C, and alkylated by adding 2.5 μL of alkylation buffer (100 mM

iodoacetamide, 100 mM ammonium bicarbonate) for 20 min at 24 ˚C in the dark. Before tryp-

sin digestion, 20 μL of water was added to reduce the urea concentration to 2 M. Protein diges-

tion was performed by adding 10 μL of trypsin solution (5 ng/μL of trypsin sequencing grade

from Promega, 50 mM ammonium bicarbonate), samples were incubated at 37 ˚C for 18 h,

and the reaction was stopped by adding 5 μL of 5% formic acid. Protein digests were dried

down by vacuum centrifugation and stored at -20 ˚C.

LC-MS/MS analysis

Prior to LC-MS/MS analysis, protein digests were resolubilized under agitation in 10 μL of

0.2% formic acid for 15 min. Desalting and cleanup of the samples was done by using C18 Zip-

Tip pipette tips (Millipore, Billerica, MA). Eluates were dried down in a vacuum centrifuge

and then resolubilized under agitation in 10 μL of 2% ACN and 1% formic acid for 15 min.

The peptide mixture was separated by LC using C18 reversed phase column with a high-pres-

sure packing. A 75 μm i.d. Self-Pack PicoFrit fused silica capillary column (New Objective,

Woburn, MA) was packed with the C18 Jupiter 5 μm 300 Å reverse-phase material (Phenom-

enex, Torrance, CA), and this column was installed on the Easy-nLC II system (Proxeon

Biosystems, Odense, Denmark). The separated peptides were directly electrosprayed into a

Linear Trap Quadropole (LTQ) Orbitrap Velos (ThermoFisher Scientific, Bremen, Germany)

equipped with a Proxeon nanoelectrospray ion source. The solutions used for chromatography

were 0.2% formic acid (Solvent A) and 100% ACN/0.2% formic acid (Solvent B). Samples were

loaded on-column at a flowrate of 600 nL/min and eluted with a 2-slope gradient at a flowrate

of 250 nL/min. Solvent B first increased from 2 to 40% in 100 min and then from 40 to 80% B

in 20 min.

LC-MS/MS data acquisition was accomplished using a seventeen-scan event cycle com-

prised of a full scan MS for scan event 1 acquired in the Orbitrap. The mass resolution for

MS was set to 60,000 (at m/z 400) and used to trigger the sixteen additional MS/MS events

acquired in parallel in the linear ion trap for the top sixteen most intense ions. Mass over

charge ratio range was from 360 to 1700 for MS scanning with a target value of 1,000,000

charges and from ~1/3 of parent m/z ratio to 2000 for MS/MS scanning with a target value of

10,000 charges. The data dependent scan events used a maximum ion fill time of 100 ms and 1

microscan. Target ions already selected for MS/MS were dynamically excluded for 31 s after 2

counts. Nanospray and S-lens voltages were set to 1.3–1.8 kV and 50 V, respectively. Capillary

temperature was set to 250 ˚C. MS/MS conditions were: normalized collision energy, 35 V;

activation q, 0.25; activation time, 10 ms.

Database search

Raw data files of fragmentation spectra were converted to mzXML files by RawConverter soft-

ware tool [34] and compared against the MG1655 E. coli strain sequence (4,306 entries) of the

UniProt database (downloaded on August 18, 2017; Proteome ID: UP000000625), using the

Comet search engine in the Trans Proteome Pipeline (TPP) suite [35] with the following

Protein cargo of Escherichia coli DRM

PLOS ONE | https://doi.org/10.1371/journal.pone.0223794 October 11, 2019 4 / 18

https://doi.org/10.1371/journal.pone.0223794


parameters: The ion-mass tolerances of monoisotopic peptide precursor and fragmentation

products were 3 Da and 1 Da respectively, without correcting for isotope errors. Oxidation of

methionines (+16) was considered as the only variable modification, and two missed cleavages

were allowed. Peptide assignations were validated with PeptideProphet, filtering out peptides

with a probability under 0.7. A protein was considered to be positively identified when Pro-

teinProphet probability was>0.99, and at least three unique peptides were assigned (S2

Table). The spectra count for each inner membrane protein from an IM sample and the aver-

age value from two biological replica of DRM fraction were analyzed and used to determine

which proteins were enriched in lipid rafts (S3 Table).

In silico analyses

Prediction of number of the transmembrane (TM) domains and signal peptides was carried

out using the TOPCONS server (http://topcons.cbr.su.se/) [36]. Lipoprotein signal sequences

and lipoprotein inner or outer membrane association were predicted using the LipoP 1.0

Server (http://www.cbs.dtu.dk/services/LipoP/) [37]. Amphipathic in-plane membrane anchor

was predicted using Amphipaseek tool of NPS@ server [38].

Immunoblotting

Equal volumes (10 μl) of representative fractions from OptiPrep gradients were separated

by SDS-PAGE (10% polyacrylamide gel), and the proteins were transferred to a Hybond-

ECL filter (Amersham Bio-sciences). The filter was equilibrated in TTBS buffer (25 mM

Tris, 150 mM NaCl, and 0.1% Tween-20) for 10 min and incubated in blocking buffer (5%

w/v milk in TTBS) for 1 h at room temperature. Monoclonal antibodies against HA or

3XFLAG epitope were added at a dilution of 1:10,000 and incubated for 1 h at room

temperature. The bound antibody was detected by using anti-mouse IgG antibody conju-

gated to horseradish peroxidase (Sigma Aldrich) and the Immobilon Western detection sys-

tem (Millipore). It has to be mentioned that immunodetection of HflC-HA and YbbK-3Flag

was carried out on all independently generated membrane fractions, including the ones

used for proteomics. Immunodetection of all other protein markers was carried out on at

least three independently generated membrane fractions, but not the ones used for proteo-

mic analysis.

Fluorescence microscopy

E. coli cells carrying either AcrA-mCherry, YidC-mCherry, HflC-mCherry, QmcA-mCherry,

Aas-mCherry or RbbA-mCherry fusion, were grown in LB medium at 37 ˚C to an optical

density at 600 nm (OD600) of 1.5, and aliquots of the cell cultures (2 μl) were immobilized on

glass slides previously covered with freshly made M9 medium 1% agarose pads [39]. Cells

were observed under an upright microscope (Eclipse E600, Nikon) equipped with an oil-

immersion objective lens microscope (100x, NA 1.47). mCherry fluorescence was exited

with an X-Cite 120 light source system, using a Chroma filter 39010, and images were

acquired with a Hamamatsu ORCA-ER cooled-CCD camera controlled with QCapture Pro

(version 6.0) software (QImages). Phase contrast and mCherry fluorescence images were

taken at 40 ms and 500 ms exposure, respectively, and processed with ImageJ software [40].

Fluorescence images were subjected to background subtraction using a rolling ball radius of

20 pixels, and fluorescence signals were colored in red, before copying the relevant selections

to an image editor software.
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Results

Preparation of DRM fractions from E. coli membranes

In a recent study, we reported the existence of lipid raft-like microdomains within the plasma

membrane of the Gram-negative bacteria E. coli [17]. The composition and protein cargo of

these lipid platforms, however, remain elusive. In order to explore the proteome of these mem-

brane microdomains, we isolated detergent-resistant membranes (DRM), which is the proce-

dure that is typically used for the analysis of lipid rafts of both eukaryotic and prokaryotic cells

[19,41]. Because Gram-negative bacteria, such as E. coli, in addition to the cytoplasmic or

inner membrane (IM) are surrounded by an outer membrane (OM), which is naturally resis-

tant to solubilization by detergents [42,43], the use of OM-free IM as the starting material is

required if pure DRM are to be obtained [17]. A schematic illustration for DRM isolation is

presented in Fig 1A. Briefly, giant spheroplasts of strains IFC5025 and IFC5021, harboring

chromosomal HA- or FLAG-tagged hybrids of the four known SPFH-domain proteins of E.

coli, namely HflC, HflK, YqiK and QmcA (YbbK), were generated and lysed by passing them

through a French Press. IMs were isolated by ultracentrifugation in discontinuous sucrose gra-

dients, and treated with cold Triton X-100 at a detergent:protein ratio of 8:1. Finally, detergent

treated IMs were separated by ultracentrifugation in OptiPrep gradients. DRMs, because of

their low density, are able to float on density gradients [44], and, therefore, the visible opaque

band settled in the upper part of the gradient (Fig 1A), containing the DRM fraction, was

recovered and stored for further analysis. It is worth mentioning that the DRM protein content

represented approximately 10% of the initial protein in IM. Proteins in detergent-sensitive

membranes (DSM), present in the lower fractions of the gradient were also recovered for

immunoblotting assays.

Subsequently, the above collected fractions were probed for their content of the SPFH-

domain proteins, namely HflK, HflC, QmcA and YqiK. This was performed because proteins

containing the SPFH-domain have been shown to be associated with DRMs in both eukaryotic

and bacterial membranes, and are therefore used as lipid raft markers [3,9]. Immunoblot anal-

ysis revealed that HflC, HflK and QmcA were partitioned principally into the DRM fraction

(Fig 1B), whereas YqiK, which was marginally detected in IM, was not detected along the Opti-

Prep gradient (not shown). It is likely that the low yqiK expression results in not-detectable

amounts of YqiK protein in DRM fractions. Interestingly, QmcA, and at a lesser extent HflK,

were also detected in DSM fractions, suggesting that the conditions used to obtain DRMs were

stringent enough to avoid false positives. Alternatively, populations of membrane rafts with

different rigidity may exist, such that these proteins partition into both raft and non-raft mem-

brane regions, depending on the cell physiology, as previously reported [45]. Nevertheless, the

presence of the three membrane raft-marker proteins in the DRM fraction corroborates the

suitability of our procedures for DRM isolation.

Proteomic analysis of DRM fraction from E. coli
To identify proteins residing in DRM fractions, LC-MS/MS analyses of the obtained IMs and

DRMs were conducted. The obtained results were filtered by excluding proteins represented

by less than three unique peptides, resulting in the identification of 785 proteins. These pro-

teins were grouped depending on their subcellular localization according to the Uniprot data-

base (S2 Table). Even though the IMs were separated from the OMs and cytosolic proteins, the

portion of proteins annotated as IM residents was only 52.23% (420 proteins) of the identified

proteins (Fig 2A). On the other hand, 5.73% (45 proteins) corresponded to OM proteins,

whereas 12.72% (100 proteins) and 4.45% (35 proteins) represented cytosolic and periplasmic

Protein cargo of Escherichia coli DRM

PLOS ONE | https://doi.org/10.1371/journal.pone.0223794 October 11, 2019 6 / 18

https://doi.org/10.1371/journal.pone.0223794


proteins, respectively. The remaining 23.54% (185 proteins) represented proteins with

unknown localization (Fig 2A). Inspection of the relative abundance of spectra indicated that

the number of peptides corresponding to IM proteins in DRM were slightly higher than in the

IM sample (66.76% and 62.36%, respectively), whereas peptides corresponding to OM proteins

were greatly enriched (~ 5 times) in DRM in comparison to the IM (24.46% and 5.40%, respec-

tively) (Fig 2B and 2C). This is expected because of the intrinsic detergent-resistance of OMs.

In contrast, the amount of peptides corresponding to proteins with cytosolic or periplasmic

localization diminished significantly in DRM as compared to the IM (1.22% and 9.14%,

respectively for the cytosolic proteins and 1.22 and 3.89%, respectively for the periplasmic pro-

teins) (Fig 2B and 2C). It is probable that some cytosolic or periplasmic proteins could weakly

associate with the IM, and were released after detergent treatment. It has to be mentioned that

approximately 19% and 5% of the identified peptides in IM and DRM, respectively, corre-

sponded to proteins with unknown localization, and therefore the above mentioned relative

abundance of proteins may vary.

Fig 1. DRM preparation. (A) Schematic illustration of inner-membrane separation by density gradient ultracentrifugation. A

spheroplast lysate was loaded on a discontinuous sucrose gradient (20–50% w/w) (cartoon on the left and photography of

gradient on the right). The fraction matching to approximately 45% w/w sucrose, corresponding to IM, was separated and

treated with ice-cold Triton X-100. The mixture was then loaded on an OptiPrep gradient and ultracentrifuged (cartoon on

the left and photography of OptiPrep gradient on the right). Ten 1ml fractions were collected from the top to the bottom of

the tube (F1 to F10). DRMs were recovered from F2 whereas DSMs were recovered from lower fractions. (B) IM sample and

OptiPrep gradient collected fractions were analyzed by Western blot using specific antibodies against HflC-HA, HflK-HA or

QcmA-3xFLAG as described in Materials and Methods section. A representative immunoblot from at least three entirely

independent experiments is shown for each protein.

https://doi.org/10.1371/journal.pone.0223794.g001
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Next, we examined which of the identified proteins were enriched in DRM, suggesting

that they may be components of lipid raft-like membrane microdomains. To this end, the

spectral counts obtained from the IM sample were subtracted from the ones obtained from

the DRM sample, for each of the 420 IM identified proteins. We argued that if, for a given

protein, the difference is positive, this protein may reside in a membrane with higher resis-

tance to the detergent treatment, and, therefore, could be considered as a possible resident of

membrane microdomains. On the other hand, if the difference is negative, it would suggest

that the protein is located in a membrane sensitive to detergent treatment and, therefore,

would not be considered as DRM resident. The distribution of the spectra differences for the

420 IM-proteins is shown in Fig 3 and the values in S3 Table. Subsequently, proteins with a

difference of less than 10 were excluded and only proteins with a difference of 10 or higher

were considered as putative lipid raft components, permitting us to identify 80 proteins

(Tables 1–7). As expected, among these proteins were found the SPFH-containing proteins

HflK, HflC and QmcA. A functional classification of the identified proteins shows that the E.

Fig 2. Distribution of identified proteins according to subcellular location. (A) Total proteins identified in inner membrane and DRM samples. (B)

Relative abundance of peptides in IM sample. (C) Relative abundance of peptides in DRM samples. IM: Inner membrane proteins, OM: outer

membrane proteins, Cyt: cytosolic proteins, Per: periplasmic proteins, n/d: proteins without localization data.

https://doi.org/10.1371/journal.pone.0223794.g002
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coli membrane rafts were mainly enriched in proteins involved in membrane transport,

energy metabolism, cell wall metabolism, secretion, and, to a lesser extent, in signaling and

scaffolding, reminiscent to those observed for other bacterial membrane microdomains

[9,16,20–23]. Noteworthy, among the 80 DRM-enriched proteins, 17 lacked an apparent

transmembrane segment. This could be due to their association with membrane-anchored

proteins, as is the case for AcrA, which interacts with AcrB on its periplasmic face, forming a

multidrug efflux pump complex. Alternatively, periplasmic proteins carrying a lipoprotein

signal peptide (SPII) can be covalent linked to membrane lipids by their N-terminal. Our

prediction indicates that 8 of the 17 soluble proteins harbor this lipoprotein signal peptide.

Finally, proteins could be attached to the membrane by amphipathic helices (in-plane mem-

brane helices, or IPM), which appear to be present in almost half of the total DRM-enriched

proteins (Tables 1–7).

DRM-enriched proteins localize in membrane foci in E. coli cells

To investigate whether the DRM-enriched proteins displayed expected localization patterns

within membrane foci, C-terminal mCherry fusions of 6 proteins, 4 of which exhibited a high

detergent resistant profile (AcrA, YidC, QmcA and HflC) and 2 not identified in DRM frac-

tions (Aas and RbbA), were generated, and their localization in live cells were detected by epi-

fluorescence microscopy. HflC was used as a control because it contains the SPFH-domain

(lipid raft-marker) and its polar localization was previously determined [17]. It was observed

that AcrA-mCherry and YidC-mCherry accumulated on the poles of cells, similarly to HflC-

Fig 3. Distribution of identified IM associated proteins according to their detergent solubilization resistance

profile. The resistance profile of each protein was determined by calculating the difference between spectra counts

obtained from DRM and IM samples. A cut-off of at least 10 positive difference spectra (+10) was used to identify a

potential lipid raft associated protein, resulting in 80 selected proteins.

https://doi.org/10.1371/journal.pone.0223794.g003
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mCherry (Fig 4), indicating that these proteins are lipid raft residents. Also, the mCherry

fusion of QmcA, another lipid raft-marker protein that was enriched in DRM fractions,

appeared as discrete foci with both polar and lateral localization. In contrast, both Aas-

mCherry and RbbA-mCherry, which were not identified in DRM fractions, were distributed

throughout the membrane, reinforcing the suggestion that these proteins were not associated

with lipid raft microdomains. Then, we examined the detergent resistance profile of the mem-

branes in which the above selected proteins are located. To this end, cells carrying 3xFLAG-

fusions were obtained and used for IM isolation and Triton X-100 treatment. After separation

in OptiPrep gradients, fractions were analyzed by Western blot analysis using anti-Flag anti-

bodies. As expected, AcrA-3xFLAG, YidC-3xFLAG, QmcA-3xFLAG and HflC-3xFLAG were

mainly found in the floating DRM fractions, whereas Aas-3xFLAG and RbbA-3xFLAG were

present in the soluble fractions at the bottom of gradients. Thus, these results indicate that pro-

teins with higher differences in the number of spectra counts between DRM and IM could be

associated to lipid raft-like membrane microdomains in E. coli, validating our proteomic anal-

ysis and their identification as membrane microdomain-residents.

Table 1. Transporter proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Multidrug efflux pump subunit AcrB ACRB 48.30% 68 191 123 2.81 12 No Yes

Multidrug efflux pump subunit AcrA ACRA 81.40% 132 220 88 1.66 0 SPII (IM) No

PTS system mannitol-specific EIICBA component PTM3C 67.20% 70 161 91 2.30 7 No Yes

Multidrug resistance protein MdtF MDTF 38.10% 25 83 58 3.32 12 No No

Alpha-ketoglutarate permease KGTP 30.80% 9 40 31 4.44 12 No Yes

Paraquat-inducible protein B PQIB 62.80% 21 52 31 2.45 1 No Yes

Lipid A export ATP-binding/permease protein MsbA MSBA 45.00% 38 67 29 1.76 6 No No

L-cystine transport system ATP-binding protein YecC YECC 60.40% 4 33 29 8.13 0 No No

PTS system glucose-specific EIICB component PTGCB 54.70% 46 75 29 1.62 10 No Yes

Magnesium transport protein CorA CORA 74.70% 37 61 24 1.65 2 No Yes

Nitrate/nitrite transporter NarK NARK 33.00% 11 35 24 3.14 12 No No

Multidrug resistance protein MdtE MDTE 76.40% 41 64 23 1.56 0 SPII (IM) No

PTS system glucitol/sorbitol-specific EIIB component PTHB 42.30% 4 23 19 5.63 5 No Yes

PTS system N-acetylglucosamine-specific EIICBA component PTW3C 50.20% 58 76 18 1.31 12 No Yes

Probable glutamate/gamma-aminobutyrate antiporter GADC 18.20% 11 27 16 2.41 12 No Yes

D-methionine-binding lipoprotein MetQ METQ 84.10% 125 140 15 1.12 0 SPII (OM) No

Glycerol-3-phosphate transporter GLPT 29.20% 35 49 14 1.39 12 No No

Lipoprotein 28 NLPA 56.20% 12 25 13 2.08 0 SPII (IM) No

Probable aminoglycoside efflux pump ACRD 12.30% 4 16 12 4.00 12 No No

Macrolide export protein MacA MACA 41.50% 10 22 12 2.15 1 No Yes

Putative cation/proton antiporter YbaL YBAL 24.70% 7 19 12 2.64 13 No Yes

Serine transporter SDAC 32.90% 14 25 11 1.79 11 No No

Proline/betaine transporter (Proline porter II) (PPII) PROP 17.80% 24 35 11 1.46 12 No Yes

Carbon starvation protein A CSTA 15.70% 3 14 11 4.67 16 No No

Low-affinity inorganic phosphate transporter 1 PITA 27.70% 13 24 11 1.81 10 No Yes

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t001
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Table 2. Energy biosynthesis related proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Cytochrome bo(3) ubiquinol oxidase subunit 2 CYOA 67.60% 36 148 112 4.11 2 No No

NAD(P) transhydrogenase subunit beta PNTB 40.00% 25 102 77 4.06 9 No Yes

NAD(P) transhydrogenase subunit alpha PNTA 70.00% 145 208 63 1.43 5 No No

Respiratory nitrate reductase 1 beta chain NARH 83.60% 120 178 58 1.48 0 No Yes

Respiratory nitrate reductase 1 alpha chain NARG 70.70% 313 365 52 1.17 0 No Yes

Cytochrome bd-I ubiquinol oxidase subunit 1 CYDA 45.00% 108 143 35 1.32 9 No Yes

Hydrogenase-2 large chain (HYD2) MBHM 80.60% 107 141 34 1.31 0 No Yes

Cytochrome bo(3) ubiquinol oxidase subunit 1 CYOB 15.50% 23 45 22 1.93 15 No Yes

Hydrogenase-2 small chain (HYD2) MBHT 76.30% 44 65 21 1.48 1 SPI No

Respiratory nitrate reductase 2 beta chain NARY 23.00% 6 24 18 4.00 0 No No

Thiol:disulfide interchange protein DsbD DSBD 32.00% 8 25 17 3.06 8 SPI Yes

Electron transport complex subunit RsxG RSXG 52.40% 4 17 13 4.13 0 SPI No

Cytochrome c biogenesis ATP-binding export protein CcmA CCMA 66.70% 3 15 12 4.83 0 No No

Cytochrome bd-I ubiquinol oxidase subunit 2 CYDB 27.40% 9 21 12 2.28 9 No Yes

Cytochrome bo(3) ubiquinol oxidase subunit 3 CYOC 20.60% 2 13 11 6.25 5 No Yes

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t002

Table 3. Lipid modification and metabolism proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Probable phospholipid ABC transporter-binding protein MlaD MLAD 95.10% 70 119 49 1.69 1 No No

Phosphoethanolamine transferase EptC EPTC 45.80% 25 58 33 2.32 5 No Yes

Uncharacterized lipoprotein YfhM YFHM 41.70% 35 68 33 1.93 0 SPII (IM) No

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t003

Table 4. Response to stimulus proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Modulator of FtsH protease HflK HFLK 75.20% 40 96 56 2.39 1 No Yes

Modulator of FtsH protease HflC HFLC 62.90% 80 122 42 1.53 1 No Yes

Prophage lipoprotein Bor homolog BORD 58.80% 4 32 28 8.00 0 SPII (OM) No

Transcriptional activator CadC CADC 49.60% 2 18 16 9.00 1 No Yes

Protein QmcA QMCA 49.50% 8 22 14 2.75 1 No Yes

Sensor kinase CusS CUSS 25.20% 5 15 10 2.90 2 No Yes

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t004
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Discussion

During the past 10 years increasing attention has been drawn to the study of lipid raft-like

structures in bacterial membranes. Such membrane microdomains have been identified in B.

subtilis, S. aureus, B. burgdorferi, H. pylori and E. coli [9,13,15–17]. The herein presented

results provide the first comprehensive profile of the lipid raft proteome of E. coli, providing

information on membrane protein organization in this important model bacterium. An

important step in our approach was the isolation of E. coli inner membranes prior to detergent

treatment, in order to minimize the contamination of outer membrane proteins. This is

because OMs resist detergent treatment and coincide at the same floatation density in Opti-

Prep gradients. In fact, a ~ 5% of OM-protein contaminants in the isolated IMs were still

found in our proteomic analysis, similarly to that reported in previous studies [24,25,28]. As

Table 5. Cell maintaining proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Cell division protein DamX DAMX 81.10% 65 138 73 2.12 1 No No

Mechanosensitive channel MscK MSCK 42.60% 50 108 58 2.15 11 SPI Yes

Peptidoglycan D,D-transpeptidase FtsI FTSI 59.50% 33 75 42 2.27 1 No No

Penicillin-binding protein 1B PBPB 45.10% 32 68 36 2.11 1 No Yes

Peptidoglycan D,D-transpeptidase MrdA MRDA 42.80% 17 43 26 2.53 1 No No

Serine endoprotease DegS DEGS 62.80% 23 46 23 1.98 0 SPI No

Cell division protein FtsN FTSN 73.40% 29 50 21 1.71 1 No Yes

ECA polysaccharide chain length modulation protein WZZE 65.80% 17 38 21 2.21 2 No Yes

3-deoxy-D-manno-octulosonic acid transferase KDTA 54.80% 17 33 16 1.91 3 No Yes

Lipopolysaccharide export system permease protein LptG LPTG 48.10% 5 21 16 4.10 6 No Yes

Cell division protein FtsQ FTSQ 61.60% 17 32 15 1.85 1 No No

Lipopolysaccharide export system protein LptC LPTC 54.50% 10 23 13 2.30 0 SPI No

Co-chaperone protein DjlA (DnaJ-like protein DjlA) DJLA 47.20% 12 23 11 1.92 2 No Yes

Protein TolQ TOLQ 44.30% 29 40 11 1.38 3 No Yes

Protein TolR TOLR 31.70% 8 19 11 2.31 1 No No

Cytoskeleton protein RodZ RODZ 39.20% 22 32 10 1.43 1 No Yes

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t005

Table 6. Secretion system proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Sec translocon accessory complex subunit YajC YAJC 87.30% 207 286 79 1.38 1 No No

Membrane protein insertase YidC YIDC 58.40% 56 115 59 2.04 5 SPI Yes

Apolipoprotein N-acyltransferase LNT 46.70% 9 41 32 4.56 8 No Yes

Protein-export membrane protein SecG SECG 55.50% 17 31 14 1.82 2 No No

Protein translocase subunit SecY SECY 45.80% 19 31 12 1.61 10 No No

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t006
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Table 7. Unknown function proteins.

Protein name Uniprot entry name Max coverage IM DRM Diff. Ratio TM SP IPM

Uncharacterized protein YebT YEBT 69.90% 20 101 81 5.03 1 No No

Inner membrane protein YejM YEJM 49.30% 24 58 34 2.40 5 No Yes

Putative membrane protein IgaA IGAA 33.80% 9 42 33 4.67 5 No No

Inner membrane protein YhcB YHCB 68.90% 35 58 23 1.66 1 No No

Uncharacterized lipoprotein YbjP YBJP 65.50% 4 20 16 4.88 0 SPII (OM) No

Uncharacterized lipoprotein YajG YAJG 51.00% 4 19 15 4.63 0 SPII (OM) Yes

Chain length determinant protein WZZB 77.00% 55 66 11 1.19 2 No No

Probable inner membrane protein Smp SMP 46.30% 6 16 10 2.67 1 SPI No

Low conductance mechanosensitive channel YnaI YNAI 40.20% 11 21 10 1.91 5 No Yes

Putative transport protein YbjL YBJL 29.60% 4 14 10 3.50 11 No Yes

Max coverage, maximum percentage of coverage of identified protein; IM, spectra from inner membrane sample; DRM, average spectra obtained from DRM samples;

Diff, average difference between spectra counts in DRM and in IM samples; Ratio, average ratio between spectra counts in DRM and in IM samples; TM, Predicted

transmembrane domains; SP, predicted signal peptide [SPI, signal peptide; SPII (IM), lipoprotein signal peptide (predicted inner membrane–specific lipoprotein); SPII

(OM), lipoprotein signal peptide (predicted outer membrane–specific lipoprotein); IPM, predicted amphipathic in-plane membrane helices.

https://doi.org/10.1371/journal.pone.0223794.t007

Fig 4. Distribution in OptiPrep gradients and in vivo localization of selected lipid raft associated proteins. Top panels: Western blot analysis of DRM (F2)

and DSM fractions (F3 to F10), obtained from strains carrying either the AcrA-3xFLAG, YidC-3xFLAG, HflC-HA, QcmA-3xFLAG, Aas-3xFLAG or RbbA-

3xFLAG coding sequence allele. A representative immunoblot from at least three entirely independent experiments is shown for each protein. Bottom panels:

phase contrast microscopy (top), fluorescence microscopy (middle) and merge (bottom) of living E. coli cells carrying either AcrA-mCherry, YidC-mCherry,

HflC-mCherry, QmcA-mCherry, Aas-mCherry or RbbA-mCherry are shown. Values in parentheses are differences in spectra counts between DRM and IM

samples.

https://doi.org/10.1371/journal.pone.0223794.g004
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expected, these contaminants were notably enriched in the DRM fractions. For interpreting

our mass-spectrometry data, a difference of 10 or higher between spectra obtained from DRM

and IM samples (spectraDRM—spectraIM� 10) was used to assign lipid raft residency to each

protein. In total, 80 proteins were identified as DRM components, and among them were

found three of the four E. coli SPFH-containing proteins that are typically used as lipid raft

markers. Using the above criterion, the location in DRM of proteins producing many spectra

(i.e. most abundant proteins) is emphasized, whereas proteins poorly represented in the prote-

omic analysis, although important, may be neglected. An alternative approach could be the use

of the ratio between peptide counts in DRM and IM samples. For instance, a ratio of 1.5 or

higher (spectraDRM / spectraIM�1.5) could be used as a criterion to determine enrichment of

a protein in DRM. In this case, several proteins (>75) that were discarded in the above analysis

could qualify as possible microdomain components, while only 14 of the previously deemed

DRM-located proteins failed to meet this criterion. However, proteins with few peptides

identified in IM could mislead the interpretation of the proteomic analysis. Taking this into

account, 17 additional proteins could be designated as putative lipid raft components if values

of spectraDRM / spectraIM�1.5 and spectraDRM—spectraIM >5 were considered (S4 Table).

Interestingly, YqiK, the only SPFH-containing protein that was not identified by our proteo-

mic analysis, belongs to a group of membrane proteins that has been shown to be particularly

elusive to identification by mass spectrometry [25].

In addition to the SPFH-domain containing proteins (lipid raft markers), proteins commit-

ted to protein secretion and membrane insertion (e.g. SecY, SecG, YajC, YidC) were identified

as putative raft constituents, comparable to those reported for B. subtilis, B. burgdorferi, S.

aureus [20–22]. Likewise, proteins with transport functions were well represented in DRM

fractions. These include members of the superfamily of ATP-binding cassette (ABC) trans-

porters, multidrug efflux complexes, and members of the family of phosphoenolpyruvate-

dependent sugar phosphotransferase systems (sugar-PTS). This is consistent with previous

studies that have identified transporters as common components of lipid microdomains in B.

subtilis, B. burgdorferi [20,21]. Moreover, the location and function of several eukaryotic ABC

transporters, involved in multidrug resistance, have been found to be controlled by their pres-

ence in lipid rafts from tumor cells [46]. Interestingly, the ABC transporter MsbA, an essential

protein involved in the translocation of lipid A-core from the inner leaflet to the outer leaflet

of the IM [47], exhibits a high similarity to mammalian multidrug resistance proteins (MDR)

[48]. MDR-1, a member from the latter, which shares a 30% amino acid sequence identity and

46% similarity to MsbA, was also found to be structurally and functionally associated with

lipid rafts [49]. Thus, the association of MsbA and other ABC transporters with raft-like

microdomains in E. coli could highlight the co-evolution of transporter complexes and lipid

rafts, establishing a suitable microenvironment for proper transport functions.

On the other hand, E. coli complexes involved in energy metabolism exhibited differential

resistance detergent profiles. For instance, all identified components of cytochrome bo3 and

cytochrome bd terminal oxidases were enriched in DRM, indicating that these complexes are

lipid raft residents. In contrast, NADH-quinone oxidoreductase I components (NuoJ, NuoA,

NuoM, NuoH, NuoN, NuoL, NuoB and NuoI), the NADH-quinone oxidoreductase II (Ndh),

and components of the ATP-synthase complex, which are functionally associated with termi-

nal oxidases in the electron transport chain, were not enriched in DRM fractions, suggesting

that components of a given metabolic pathway could be differentially partitioned into lipid

rafts in a point of time.

In spite of the widely established idea that the lipid rafts are implicated in the orchestration

of processes related to signal transduction in both eukaryotes and prokaryotes [9,19,50], the

only two bacterial histidine kinases associated with lipid rafts, so far, are KinC and WalK from
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B. subtilis and S. aureus, respectively [9]. Here, we identified the sensor kinase of the CusSR

two-component system, which regulates the expression of genes involved in copper uptake,

as a lipid raft resident. Also, the histidine kinase DcuS, which participates in the control of

expression of genes involved in the C4 dicarboxylates catabolism, was found to be enriched

7.5-fold in DRM in comparison with IM. However, this protein was not selected as a raft resi-

dent due to its low spectra representation, which was only 1 and 7.5 peptides from IM and

DRM, respectively. The absence of bacterial sensor kinases in proteomic analyses of lipid rafts

may be due to their very low expression, hampering their identification in membrane samples

[25]. Thus, the organization of signaling pathways involving sensor kinases into membrane

microdomains remains to be determined.

Although the proteomic analysis of DRMs may provide important data regarding the

characteristics of lipid rafts, it is important to emphasize that proteins whose localization

in DRM fractions was not validated by experimental approaches must be interpreted

with caution. For instance, to support the results of our proteomic analysis, we probed the

distribution of selected proteins in live cells, by fluorescence microscopy. As expected, pro-

teins that were enriched in DRM were observed as discrete foci, principally in cell poles,

whereas proteins not identified in DRM were widely distributed in the cell membrane.

Moreover, the results of immunodetection assays of the selected proteins were in agreement

with the proteomic and microscopy analyses. While localization of proteins within foci

does not necessarily involve active recruitment to lipid rafts and could implicate other ele-

ments such as the bacterial cytoskeleton, the combination of the identification of a given

protein, by proteomic analysis, immunodetection, and fluorescence microscopy localiza-

tion, strongly suggests that such protein could be a bona fide lipid raft resident. Neverthe-

less, the mechanism by which proteins are partitioned into membrane microdomains, as

well as the functional consequences of this recruitment remains unclear and in need of fur-

ther investigation.

Finally, an attracting issue in the study of bacterial lipid rafts is their lipid composition. In

eukaryotic membranes, cholesterol increases membrane thickness and reduces its fluidity by

improving the close packing of the longer and saturated acyl chains of sphingolipids. This pro-

motes the segregation of sphingolipids from glycerophospholipids and leads to raft formation.

However, most bacteria lack sterols and sphingolipids, and other specialized lipid species, such

as farnesol [12], polyisoprenoid lipids (carotenoids) [9], or cyclic polyisoprenoid lipids (hopa-

noids) [51] have been proposed to functionally and structurally replace cholesterol in ordered

membrane microdomains. Nevertheless, neither of these lipid species has been found to be

present in E. coli membranes. Thus, a comparative lipidomic analysis between DRM and DSM

fractions obtained from E. coli inner membrane is of foremost interest.
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Abstract   Resumen 
   

Inhalants are one of the drugs of choice for young people 
in Mexico City. Its consumption usually begins in a critical 
period of brain development, associated with processes 
of myelination and synaptic refinement. There is 
insufficient information on the cognitive, behavioral and 
emotional characteristics of inhalants-consuming 
adolescents. The objective of this study was to determine 
the neuropsychological profile of the executive 
functioning of a group of adolescents having Inhalant Use 
Disorder and to explore the presence of concomitant 
mental health risk behaviors. Thirty-one adolescents with 
Inhalant Use Disorder were evaluated through a large test 
battery for the exploration of executive functioning and a 
scale on mental health risk behavior. The results show the 
coexistence of important cognitive and behavioral 
alterations that are of great relevance for therapeutic 
treatment of this disorder. 

 

Keywords: Inhalants, adolescence, executive cognitive 
functioning, mental health. 

 

 Los inhalables constituyen una de las drogas de 
preferencia de los jóvenes de la Ciudad de México. Su 
consumo inicia generalmente en un período crítico de 
desarrollo cerebral asociado a procesos de mielinización 
y refinamiento sináptico. Hay sin embargo, insuficiente 
información sobre las características cognitivas, 
conductuales y emocionales de los adolescentes que 
consumen esta droga. El objetivo de este estudio fue 
determinar el perfil neuropsicológico del funcionamiento 
ejecutivo de un grupo de adolescentes con trastorno por 
consumo de inhalables y explorar la presencia de 
conductas de riesgo para la salud mental. Treinta y un 
adolescentes con trastorno por consumo de inhalables 
se evaluaron mediante una amplia batería de pruebas 
para la exploración del funcionamiento ejecutivo y una 
escala sobre conductas de riesgo para la salud mental. 
Los resultados muestran la coexistencia de alteraciones 
cognitivas y conductuales de gran relevancia para el 
manejo terapéutico de este trastorno. 

 

Palabras clave: Inhalables, adolescencia, funciones 
ejecutivas, salud mental. 
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El consumo de inhalables se identificó en la década 
de 1960 como un problema de salud en la población 
marginada o en situación de calle en México. Con los años 
ha ocurrido una propagación importante en el país de su 
uso intencional para conseguir efectos psicoactivos y en 
la actualidad se observa entre personas de todos los 
estratos socioeconómicos (Medina-Mora et al., 2015). 

Estudios epidemiológicos recientes describen que el 
71% de los consumidores de inhalables iniciaron su 
consumo antes de los 17 años, es decir, durante la 
adolescencia (Villatoro-Velázquez et al., 2017), período 
crítico por las transformaciones importantes que 
acontecen en las estructuras cerebrales (Casey et al., 
2005). Los principales cambios en la arquitectura 
neuronal durante esta etapa de vida ocurren en áreas 
prefrontales y en la compleja conectividad de éstas con 
otras regiones cerebrales, asociadas a funciones de 
regulación y control conductual, cognitivo y emocional 
(Blakemore & Choudhury, 2006; Lozano & Ostrosky, 
2011). Se ha sugerido que el principal beneficio de estos 
procesos de maduración cerebral durante la 
adolescencia es brindar oportunidad para la 
conformación de conexiones sinápticas funcionales con 
base a las necesidades conductuales y ambientales del 
sujeto (Flores, 2012) y que esta remodelación cerebral si 
bien permite una mayor eficiencia de la actividad neural 
y funcionamiento cognitivo, es la que hace a los 
adolescentes más vulnerables a las adicciones y los 
desórdenes psiquiátricos (Crews & Boettinger, 2009; 
Hackman & Farah, 2008). 

Los inhalables contienen una gran variedad de 
sustancias químicas, entre sus compuestos orgánicos 
principales se encuentra el tolueno, compuesto 
altamente neurotóxico, con efectos sumamente 
negativos sobre la mielina y la transmisión sináptica. La 
mayoría de las investigaciones se han realizado en 
consumidores adultos crónicos y describen síndromes 
cerebrales difusos, desmielinización, y atrofia asociados a 
deterioro cognitivo (Rosenberg et al., 2002; Takagi et al., 
2008). Algunas investigaciones realizadas en población 
adolescente muestran que hay presencia de daños en la 
arquitectura cerebral desde edades tempranas, por 
ejemplo Aydin et al. (2009) reporta menor volumen en 
diversas regiones bilaterales de la corteza prefrontal en 
adolescentes expuestos a altas concentraciones de 
tolueno respecto a un grupo control y Yücel et al. (2010)  

describe  una menor anisotropía fraccional en las 
regiones del hipocampo y el esplenio del cuerpo calloso.  

El abordaje de la problemática del consumo de 
inhalables en la población adolescente desde una 
perspectiva neuropsicológica ha sido pobre a pesar de 
que algunas investigaciones han informado la presencia 
de deficiencias significativas en el funcionamiento 
cognitivo en estos usuarios con respecto a grupos 
controles y a usuarios de otras drogas (Scott & Scott, 
2013; Takagi et al., 2011). De acuerdo a los datos 
reportados por dichas investigaciones, los daños 
cognitivos se caracterizan principalmente por deterioro 
de la memoria, la atención y una disminución en la 
velocidad de procesamiento de información. Por otra 
parte, también son insuficientes los estudios que 
investigan la coexistencia de alteraciones mentales  en la 
drogodependencia a inhalables en individuos menores 
de edad, pese a que se ha señalado la existencia de una 
alta prevalencia de comorbilidad psiquiátrica en la 
población general de consumidores de esta sustancia 
(Perron & Howard, 2009; Wu & Howard, 2007). 

En la presente investigación se tiene como sujetos 
de estudio una muestra de adolescentes cuyo uso 
intencional y problemático de inhalables es considerado 
de acuerdo al Manual Diagnóstico y Estadístico de los 
Trastornos Mentales DSM-5 como un trastorno por 
consumo de inhalables. Este trastorno se caracteriza por 
un deterioro clínico significativo manifestado por un 
período no menor a doce meses, en el cual el consumo 
recurrente lleva al individuo a problemas sociales, a la 
reducción de sus actividades diarias e incluso al riesgo 
físico (APA, 2013). Las principales directrices que guían 
esta investigación son determinar el perfil 
neuropsicológico del funcionamiento ejecutivo de un 
grupo de adolescentes con trastorno por consumo de 
inhalables y explorar la presencia de conductas de riesgo 
para la salud mental concomitante.  En este estudio 
partimos del supuesto, de acuerdo a la literatura 
científica precedente, que los adolescentes 
consumidores de inhalables presentan alteraciones 
significativas en el funcionamiento ejecutivo y  una alta 
tasa de comorbilidad psiquiátrica. Ambos aspectos 
repercuten significativamente en el proceso de la 
drogodependencia y en la respuesta del individuo al 
tratamiento (Robles-Martínez et al., 2017), por lo que una 
caracterización detallada del estado cognitivo y 
conductual de esta población puede contribuir al 
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desarrollo de estrategias específicas de intervención que 
eleven la efectividad en los tratamientos. 

  

MÉTODO 

Participantes 

Los adolescentes fueron reclutados por 
conveniencia en seis Centros de Integración Juvenil (CIJ) 
para la atención de jóvenes consumidores de drogas 
distribuidos en la Ciudad de México. Se invitó a participar 
en el estudio a todos los adolescentes que acudieron a 
estos CIJ durante el período de mayo de 2016 a Diciembre 
de 2017 que cumplían con los siguientes criterios de 
inclusión: edad entre 10 y 17 años de edad, duración del 
consumo de inhalables igual o mayor a un año, frecuencia 
de consumo mínima de varias veces a la semana, 
escolaridad mayor a cuarto grado de primaria y vivir en 
un entorno familiar. Se excluyeron del estudio a los 
individuos con diagnóstico de trastorno psicótico actual, 
discapacidad intelectual, trastorno por consumo de otras 
sustancias adictivas y antecedentes patológicos 
prenatales y perinatales.  

Instrumentos 

Entrevista estructurada 

La entrevista fue elaborada en función de tres 
objetivos: a) obtener datos sociodemográficos de interés 
de los participantes, b) conocer la historia del consumo 
de drogas: edad de inicio, duración, frecuencia, drogas 
utilizadas y c) reunir información cualitativa sobre las 
motivaciones del consumo de los inhalables y percepción 
del impacto de éste en la salud mental. 

Evaluación de las funciones ejecutivas 

La evaluación de las funciones ejecutivas se realizó 
a través de la Batería de Funciones Ejecutivas y Lóbulos 
Frontales, BANFE-2 (Flores, Ostrosky-Solís & Lozano, 
2014). Está batería evalúa diversos procesos cognitivos y 
cuenta con datos normativos en población mexicana de 
acuerdo a la edad y la escolaridad. A continuación se 
enlistan las pruebas empleadas y las funciones 
principales que evalúan.  

- Laberintos: Planeación de la conducta viso-
espacial y respeto de reglas. 

- Señalamiento autodirigido: Memoria de trabajo 
viso-espacial en una tarea autodirigida. 

- Ordenamiento alfabético de palabras: Memoria 
de trabajo verbal. 

- Resta consecutiva: Capacidad para desarrollar 
operaciones mentales consecutivas e inversas. 

- Clasificación de cartas: Capacidad para generar 
una hipótesis de clasificación, cambiar de forma 
flexible el criterio de clasificación (flexibilidad 
mental) y mantener una conducta en relación a 
reforzamiento positivo. 

- Generación de clasificaciones semánticas: 
Capacidad de abstracción y nivel de 
productividad en relación al número de 
categorías producidas. 

- Efecto Stroop (dos modalidades o tareas): 
Inhibición de una respuesta automatizada. 

- Fluidez verbal: Capacidad de producir 
fluidamente verbos en un lapso corto de tiempo. 

- Juego de cartas: Toma de decisiones que 
implican evaluación de relaciones de riesgo – 
beneficio. 

- Selección de refranes: Abstracción del 
significado, comprensión del sentido figurado. 

- Torre de Hanoi: Planeación secuencial. Implica la 
realización de pasos intermedios para llegar a 
una meta. 

- Metamemoria: Capacidad para realizar juicios 
predictivos sobre la capacidad de memoria y 
ajustes del juicio de acuerdo al desempeño 
(monitoreo y control). 

- Memoria de trabajo viso-espacial: Capacidad de 
memoria de trabajo viso-espacial para seguir un 
orden específico. 

Evaluación conductual 

Para la descripción de las conductas de riesgo para 
la salud mental se empleó la traducción y adaptación 
mexicana (Albores-Gallo et al., 2007) de la versión más 
reciente del Cuestionario sobre la Conducta Infantil CBCL 
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elaborado por Achenbach & Rescorla (2007) la cual tiene 
una confiabilidad test-retest de .84 y confiabilidad interna 
para el total de problemas de .97. Este cuestionario para 
padres está constituido por 113 ítems que se clasifican en 
escalas comparables con los criterios diagnósticos del 
DSM-IV. El cuestionario abarca conductas infantiles 
asociadas a problemas de ansiedad, depresión, trastorno 
por déficit de atención e hiperactividad, quejas  
somáticas, conductas oposicionistas desafiantes y 
conductas agresivas y delictivas. Cada uno de estos ítems 
se encuentra configurado con tres opciones de 
respuesta: falso (0), algunas veces (1), y muy cierto (2).  

Procedimiento 

Los adolescentes fueron reclutados por 
trabajadores profesionales de los CIJ con experiencia en 
los trastornos de conductas adictivas tomando en cuenta 
los objetivos del estudio y los criterios de elegibilidad. 
Posteriormente, los sujetos interesados en compañía de 
algún familiar pasaron por un proceso de consentimiento 
donde el entrevistador proporcionaba información más 
detallada relativa a la confidencialidad del estudio, los 
riesgos y beneficios, las pruebas psicométricas, la 
duración del estudio, etc. y recababa información 
relevante por medio de una entrevista estructurada 
sobre la historia del consumo de sustancias adictivas. En 
ese encuentro se les aplicaba la Escala de Inteligencia 
para Niños, WISC-IV (Wechsler, 2007) o la Escala de 
Inteligencia para Adultos WAIS-IV (Wechsler, 2013), en 
dependencia de la edad del sujeto, para descartar la 
presencia de discapacidad intelectual, mientras que sus 
familiares respondían preguntas sobre el 
neurodesarrollo y la Escala sobre Conducta Infantil CBCL. 
A los voluntarios que cumplían con todos los criterios de 
investigación, se les administró en una segunda sesión la 
Batería de Funciones Ejecutivas y Lóbulos Frontales 
BANFE-2. Todos los procedimientos del estudio fueron 
llevados a cabo individualmente y se realizaron en un 
lugar privado y sin distractores proporcionados por las 
instituciones involucradas. La aplicación de las pruebas 
se realizó por profesionales de la psicología con 
experiencia en el uso de éstas. El tiempo promedio de 
contacto con los participantes fue de una hora y media 
por sesión. Todos los procedimientos del protocolo 
fueron aprobados por el Comité de Investigación 
Científica del Centro de Integración Juvenil. El 
procesamiento y tratamiento estadístico de los datos se 
realizó mediante el programa SPSS versión 21.0. 

 

RESULTADOS 

Análisis descriptivo de la muestra 

La muestra quedó constituida por 31 adolescentes 
con una edad media de 15 años, que incluía 25 hombres 
y 6 mujeres. Dos individuos fueron excluidos del estudio 
debido a puntuaciones del cociente intelectual inferiores 
a 70 que indicaba la presencia de discapacidad intelectual 
y uno por interrupción voluntaria de la evaluación. El 81% 
de los sujetos reportó inhalar más de tres veces a la 
semana productos rebajadores de pintura, acetona y 
gasolina y un 19% reportó hacer uso además de pinturas, 
desodorantes y pegamentos. La edad media del inicio del 
consumo fue de 13.02 (DT = 1.7). El tiempo de consumo 
promedio fue de 24 meses, el tiempo mínimo fue de 12 
meses y el máximo de 60 meses.  

El 61% de la muestra reportó consumo de otras 
drogas aunque en menor frecuencia que los inhalables. 
En la Tabla 1 se pueden observar las características del 
policonsumo. El 53.3% de la muestra reportó cese del 
consumo de drogas apenas unos días atrás y el 20% 
abandono de éstas desde hacía un mes. El 10% de la 
muestra reportó no consumir drogas desde hacía tres 
meses, mientras que el 16.6% de los participantes 
mencionó no haber logrado suspender su uso. El 66% de 
la muestra describió uno o dos intentos fallidos por 
abandonar la droga antes de solicitar ayuda profesional.  

Tabla 1. Reporte sobre el consumo de drogas 

 Número de 
sujetos 

Solo inhalables 12 

Inhalables y alcohol 5 

Inhalables y mariguana 6 

Inhalables, alcohol y mariguana 2 

Inhalables y cocaína 1 

Inhalables, mariguana y cocaína 2 

Inhalables,  alcohol, mariguana y cocaína 3 

Nota: Drogas usadas sistemáticamente (de varias veces por semana a casi 
diario). 
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El nivel educativo promedio de los participantes fue 
de 8.1 (DT = 1.1) años. Las principales motivaciones 
descritas que dieron al inicio del consumo de inhalables 
fueron mitigar malestares emocionales (63% de los 
entrevistados), la mayoría de los cuales se vinculaban con 
problemas familiares así como fines recreativos 
(curiosidad y diversión con amigos). A la pregunta ¿a qué 
problemas le ha llevado su consumo? la respuesta más 
frecuente fue: a conflictos en el ámbito familiar (63%) 
seguida de peleas en la escuela y en la calle (20%). Los 
problemas cognitivos autoreportados por los voluntarios 
fueron: fallos en la memoria en el 77% de ellos, 
problemas de atención en el 70%, pobre control de los 
impulsos en el 64%, alteraciones en el lenguaje expresivo 
en el 48%, dificultades en la toma de decisiones en el 48% 
y lentitud en el pensamiento también en el 48%. Respecto 
a su estado emocional el 70% de los participantes 
autoreportó sentir ansiedad y el 48% mencionó 
sentimientos de depresión. 

Análisis del funcionamiento ejecutivo 

La batería neuropsicológica de funciones ejecutivas 
y lóbulos frontales BANFE-2, permite obtener un perfil 
individual, que describe las habilidades e inhabilidades 
del evaluado. Las puntuaciones naturales de las pruebas 
se transforman en puntuaciones normalizadas con una 
media de 10 y una desviación estándar de 3. A partir de 
estos parámetros la prueba permite determinar si el 
individuo tiene un funcionamiento ejecutivo normal alto, 
normal, con alteraciones leves a moderadas  o con 
alteraciones severas para cada una de las subpruebas. En 
la Tabla 2 se muestra por cada subprueba el porcentaje 
de participantes que puntuó en los cuatro grados de 
clasificación del funcionamiento ejecutivo y la 
clasificación de acuerdo a las puntuaciones promedios de 
la muestra. 

De acuerdo a los resultados en la batería BANFE-2 
hubo una gran variabilidad en el funcionamiento 
ejecutivo de los participantes. Los resultados obtenidos 
mostraron la presencia de adolescentes con 
puntuaciones dentro del rango de alteraciones leves a 
moderadas así como dentro del rango de alteraciones 
severas en todas las pruebas, sin embargo, tomando en 
cuenta las puntuaciones medias del grupo, el perfil 
cognitivo tiende a la normalidad en la mayoría de éstas. 

Las puntuaciones medias evidencian por otra parte, 
algunos déficits importantes en el funcionamiento 

ejecutivo. El bajo rendimiento en la prueba de laberintos, 
específicamente las dificultades para acatar la regla de no 
atravesar o tocar las paredes al resolver el ejercicio, 
pudiera indicar un pobre control de los impulsos. En la 
tarea de ordenamiento alfabético en el nivel de mayor 
dificultad (nivel 3), la puntuación media de los 
participantes se situó dentro del perfil de alteraciones 
leves a moderadas. Esta tarea está dirigida a evaluar la 
capacidad de memoria de trabajo verbal y la puntuación 
media obtenida apunta hacia una pobre retención y 
dificultad para la manipulación mental de palabras en 
esta muestra de adolescentes. También se encontraron 
déficits en los participantes en la capacidad de inhibición 
de una respuesta automática, pues los puntajes medios 
en la cantidad de errores Stroop se situaron en el perfil 
de alteraciones leves a moderadas. Las funciones 
cognitivas menos afectadas de acuerdo al perfil general 
de funcionamiento ejecutivo de la muestra fueron la 
fluidez verbal y la memoria de trabajo visoespacial. 

Se realizó un análisis de correlación de Pearson para 
analizar si la edad de inicio del consumo, el tiempo y la 
frecuencia del mismo, se relacionan con el rendimiento 
de los participantes en las tres tareas en las cuales se 
observó un perfil de desempeño promedio de 
alteraciones leves a moderadas. Los valores de la p de 
Pearson se pueden observar en la Tabla 3.  No se halló 
correlación entre las variables del consumo y el número 
de errores cometidos por atravesar paredes en la prueba 
de laberintos. Tampoco se halló vínculo entre éstas y los 
errores de inhibición en la prueba Stroop, pero se 
observó asociación entre la edad de inicio del consumo 
de inhalables y la frecuencia del mismo con el 
desempeño en el nivel máximo de la prueba 
ordenamiento alfabético. Una menor edad de inicio del 
consumo y el uso más frecuente de esta droga, se asocia 
con un menor rendimiento en esta tarea. Estos 
resultados apuntan a que la frecuencia y la edad de inicio 
del consumo de inhalables influyen en el desarrollo de la 
memoria de trabajo verbal. 

Al correlacionar de manera cualitativa los datos 
arrojados por la BANFE-2 con el autoreporte de los 
participantes sobre los efectos percibidos del consumo 
de inhalables en el funcionamiento cognitivo, 
observamos congruencia entre ambos datos, pues como 
ya habíamos descrito, más del 50% de los participantes 
mencionó tener problemas en la memoria y pobre 
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control de impulsos lo cual fue confirmado a través de la 
evaluación neuropsicológica. 

 

Tabla 2. Perfil neuropsicológico de las funciones ejecutivas 

 

 

Clasificación del funcionamiento ejecutivo  

Clasificación del FE de acuerdo a 
la puntuación media de la 

muestra 

Normal alto 
% 

Normal % Alteración 

Leve-Moderada % 

Alteración severa % 

Laberintos 

Errores –planeación 

Atravesar bordes 

Tiempo de ejecución 

 

0 

0 

0 

 

77 

42 

81 

 

10 

6 

13 

 

13 

52 

6 

 

Normal 

Alteraciones leve- Moderadas 

Normal 

Señalamiento autodirigido 

 Aciertos 

Tiempo 

 

9 

0 

 

61 

71 

 

16 

9 

 

14 

20 

 

Normal 

Normal 

Ordenamiento alfabético  

Nivel 1 

Nivel 2 

Nivel 3 

 

0 

3 

0 

 

52 

64 

22 

 

22 

7 

61 

 

26 

26 

17 

 

Normal 

Normal 

Alteraciones leve- Moderadas 

Resta consecutiva 

Aciertos 

Tiempo de ejecución 

 

0 

0 

 

61 

71 

 

22 

9 

 

17 

20 

 

Normal 

Normal 

Clasificación de cartas 

Aciertos 

Errores de mantenimiento 

 

0 

0 

 

58 

64 

 

23 

16 

 

19 

20 

 

Normal 

Normal 

Clasificación semántica  

Total de categorías 

Categorías abstractas 

 

0 

0 

 

61 

61 

 

35 

20 

 

4 

19 

 

Normal 

Normal 

Stroop A 

Errores stroop 

Tiempo de ejecución  

Stroop B 

Errores stroop 

Tiempo de ejecución 

 

0 

7 

 

0 

4 

 

41 

64 

 

61 

61 

 

9 

7 

 

8 

19 

 

40 

22 

 

21 

16 

 

Alteraciones leve- Moderadas 

Normal 

 

Alteraciones leve- Moderadas 

Normal 

Fluidez verbal 

Total de palabras 

 

9 

 

66 

 

22 

 

3 

 

Normal 

Juego de cartas 

% de cartas de  riesgo 

Puntuación total 

 

16 

4 

 

58 

58 

 

22 

22 

 

4 

16 

 

Normal 

Normal 

Refranes 

Aciertos 

 

5 

 

87 

 

4 

 

4 

 

Normal 

Torre de Hanoi- 1 

Total de movimientos 

Tiempo de ejecución 

Torre de Hanoi 2 

Total de movimientos 

Tiempo de ejecución 

 

0 

0 

 

0 

0 

 

84 

74 

 

52 

52 

 

13 

9 

 

26 

26 

 

3 

17 

 

22 

22 

 

Normal 

Normal 

 

Normal 

normal 

Metamemoria  

Errores positivos 

Errores negativos 

 

0 

1 

 

77 

71 

 

9 

6 

 

14 

13 

 

Normal 

Normal 

Memoria de trabajo visoespacial 

Nivel máximo 

 

 

0 

 

 

64 

 

 

19 

 

 

1 

 

 

Normal 

Nota: FE = Funcionamiento ejecutivo
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Tabla 3. Correlación de Pearson entre variables sobre el consumo de 
inhalables y  variables neuropsicológicas 

 

 

 

Edad de inicio 
del consumo 

 

Tiempo de 
consumo 

 

Frecuencia 
de consumo 

Laberintos 

Atravesar bordes 

 

-.12 

 

-.11 

 

- .10 

Ordenamiento 
alfabético  

   

Nivel 3 .62** -.22 -.42* 

Stroop A 

Errores stroop 

 

.15 

 

-.02 

 

-.09 

Stroop B 

Errores stroop 

 

-.01 

 

-.04 

 

-.03 

Nota: * p < .05, ** p < .01 

Resultados de la evaluación conductual 

El Cuestionario sobre la Conducta Infantil CBCL 
(Achenbach, 2001) permite obtener valores numéricos 
para cada una de las siguientes escalas o subdominios: 
problemas afectivos, ansiedad, problemas somáticos, 
trastorno por déficit de atención e hiperactividad, 
conducta oposicionista desafiante y problemas de 
conducta. El puntaje obtenido para cada una de las 
escalas queda ubicado en uno de 3 rangos posibles: 
menor del percentil 93, entre el percentil 93 y el 97 y 
mayor al percentil 97. Los datos clínicamente 
significativos son los dos últimos, entre el percentil 93 y 
97, que se considera un rango límite en el cual los sujetos 
tienen un riesgo medio de presentar los problemas a los 
que hace referencia la escala en comparación con otros 
niños/as de su edad. Un percentil superior a 97 indica un 
riesgo alto de presentar el problema. En la figura 1 se 
muestra el porcentaje de sujetos en cada rango por cada 
una de las escalas. 

 

Figura 1. Porcentaje de sujetos en los rangos normal, límite y clínico en 
cada una de las escalas del CBCL 

Al analizar las escalas se observó que más del 50% de los 
evaluados presentaban conductas clínicas asociadas a 
problemas afectivos, ansiedad y problemas de conducta. 
La puntuación media del grupo en la escala de problemas 
afectivos fue superior al percentil 97 equivalente a un 
rango clínico que indica un alto riesgo de padecer tal 
psicopatología. En el resto de las escalas las puntuaciones 
se ubicaron entre los percentiles 93 y 97 correspondiente 
con un rango límite o un riesgo medio de  padecer los 
problemas de salud mental explorados. En ninguna de las 
escalas se obtuvo un percentil medio inferior a 93 
mostrando una gran prevalencia de alteraciones 
conductuales en la muestra evaluada de adolescentes 
consumidores de inhalables. Cualitativamente se puede 
distinguir que la alta prevalencia de problemas afectivos 
y ansiedad detectada a través de las subescalas 
correspondientes del cuestionario del CBCL, coincide con 
el autoreporte de los participantes en la entrevista 
estructurada quienes en su mayoría mencionaron 
presentar ansiedad y síntomas depresivos.  

Se analizó la relación entre las variables sobre el 
consumo de inhalables y las escalas del cuestionario 
CBCL. Se encontró poca relación entre dichas medidas 
(tabla 4). La edad de inicio, el tiempo y la frecuencia de 
consumo no mostraron asociación con los problemas 
afectivos, el Trastorno por déficit de atención e 
hiperactividad y las conductas oposicionistas desafiantes. 
Se halló una asociación significativa pero moderada entre 
la edad de inicio del consumo de inhalables y la ansiedad 
y el tiempo de consumo y la presencia de problemas 
somáticos y problemas de la conducta. A menor edad de 
inicio del consumo de inhalables mayor sintomatología 
ansiosa y a mayor tiempo de consumo mayor número de 
problemas somáticos y de conducta. 

Tabla 4. Correlación de Pearson entre variables sobre el consumo de 
inhalables y  las escalas del CBCL 

 Edad de inicio 
del consumo 

Tiempo de 
consumo 

Frecuencia 
de consumo 

Problemas 
afectivos 

-.11 .10 .04 

Ansiedad  -.40* .29 .27 

Problemas 
somáticos 

-.23 .42* .35 

Déficit de atención 
e hiperactividad 

-.01 .18 -.03 

Conducta 
oposicionista 
desafiante 

-.28 .30 .00 

Problemas de 
conducta 

-.29 .46* .10 

Nota: * p < .05 

32

35

40

47

36

24

11

23

30

15

7

11

57

42

30

38

57

65

Problemas de Conducta

Conducta oposicionista desafiante

Déficit de atención e…

Problemas somáticos

Ansiedad

Problemas afectivos

% Normal % Límite % Clínico
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DISCUSIÓN 

El presente estudio estuvo dirigido a la 
determinación del perfil neuropsicológico del 
funcionamiento ejecutivo de un grupo de adolescentes 
con trastorno por consumo de inhalables y la exploración 
de la presencia concomitante de conductas de riesgo 
para la salud mental. Nuestros resultados no muestran  
la presencia de un déficit generalizado en el 
funcionamiento ejecutivo en los adolescentes y apuntan 
más bien hacia alteraciones neuropsicológicas 
específicas. Concretamente se observaron alteraciones 
en los procesos de control de impulsos, en la capacidad 
para inhibir una respuesta cognitiva automática y en la 
memoria de trabajo verbal. Esta última afectada por la 
edad de inicio del consumo y la frecuencia de uso de la 
droga. La memoria de trabajo verbal y el control 
inhibitorio son funciones cognitivas importantes para la 
toma de decisiones en la vida cotidiana y para el 
procesamiento e interiorización de los contenidos 
terapéuticos (Khurana et al, 2017; Wanmaker Yucel et al., 
2008). Estos resultados ayudan a comprender los retos 
del tratamiento de la adicción a inhalables,  pues 
investigaciones con drogodependientes han señalado 
que dichos déficits en el funcionamiento ejecutivo se 
asocian con el abandono del proceso terapéutico y 
aumentan el riesgo a las recaídas (Lorea et al., 2010; 
Madoz & Ochoa, 2012).  

Pese a que a que el perfil promedio de la muestra 
apunta hacia déficits cognitivos concretos, hay que 
destacar que algunos participantes mostraron un perfil 
más generalizado de deterioro en el funcionamiento 
ejecutivo. Esta variabilidad en el desempeño 
neuropsicológico puede deberse a diversos factores 
como la variabilidad en la historia y patrón de consumo, 
el período de abstinencia, el consumo de otras drogas 
además de los inhalables, las diferencias en factores 
psicosociales como la calidad de la educación e 
instrucción recibida, etc. cuyo análisis estuvo limitado por 
el tamaño de la muestra. De manera general nuestros 
datos  señalan la necesidad de una evaluación 
neuropsicológica como parte del diagnóstico clínico en 
los adolescentes con trastorno por consumo de 
inhalables. 

El diseño transversal de nuestra investigación es una 
limitación para conocer si los déficits cognitivos 
detectados en nuestra muestra existían antes del inicio 

del consumo. Investigaciones longitudinales en 
adolescentes describen la presencia de una memoria de 
trabajo débil y un pobre control de impulsos asociados 
con el uso progresivo de alcohol y mariguana (Khurana et 
al., 2013; 2017). Las debilidades cognitivas predictoras del 
consumo progresivo de alcohol y mariguana reportadas 
por estas investigaciones coinciden con el deterioro 
ejecutivo encontrado en nuestra muestra de 
adolescentes consumidores de inhalables, por lo que es 
probable que los déficits cognitivos detectados en los 
participantes existieran antes del trastorno. Se necesitan 
estudios longitudinales que permitan entender si la 
presencia de déficits en el funcionamiento cognitivo 
influye en el desarrollo de la conducta adictiva de 
inhalables durante la adolescencia 

El segundo aspecto a destacar en nuestros 
resultados fue que encontramos una alta presencia de 
conductas que indican un alto riesgo a padecer 
trastornos mentales. Más del 50 % de la muestra 
presenta indicadores conductuales clínicos asociados a 
trastornos de la afectividad, ansiedad y problemas de 
conducta y un porcentaje no menos importante mostró 
indicadores clínicos de trastorno por déficit de atención y 
trastorno oposicionista desafiante. Si bien nuestro 
análisis se basa en medidas de tamizaje y no en un 
diagnóstico clínico psicopatológico, nuestros datos 
apuntan hacia una elevada frecuencia de alteraciones 
mentales en los adolescentes con trastorno por consumo 
de inhalables. Nuestros datos son coherentes con 
investigaciones previas que reportan  gran comorbilidad 
psiquiátrica en la población general de consumidores de 
estas sustancias (Martín-Navarrete et al., 2018; Perron & 
Howard, 2009; Wu & Howard, 2007) y llaman la atención 
hacia la gran presencia de ésta en los consumidores más 
jóvenes. 

Al igual que se discutió la posibilidad de que los 
déficits en el funcionamiento ejecutivo existiesen antes e 
influyeran en el desarrollo del trastorno por consumo de 
inhalables, también queda la duda sobre la contribución 
de las alteraciones detectadas en la salud mental de los 
participantes en el inicio y curso del trastorno. La mayoría 
de los participantes expresó que el inicio del consumo de 
inhalables estuvo motivado por la necesidad de mitigar 
malestares emocionales pero no se cuenta con 
información clínica sobre el estado previo de su salud 
mental para analizar la posible contribución de este 
factor. Esperamos que investigaciones futuras 
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longitudinales puedan dar respuesta a estos 
interrogantes. 

Conclusiones 

En los adolescentes con trastorno por consumo de 
inhalables coexisten alteraciones emocionales, 
conductuales y cognitivas, lo que da muestra de la 
complejidad de la drogodependencia. Las alteraciones en 
el funcionamiento ejecutivo y las conductas de riesgo 
para la salud mental detectadas tienen implicaciones 
importantes para la prevención, diagnóstico y 
tratamiento ya que pueden causar la progresión negativa 
del curso clínico, afectar el mantenimiento de la 
abstinencia o propiciar la reincidencia en el consumo. La 
detección y atención temprana de estos aspectos puede 
ayudar a reducir las implicaciones del consumo a largo 
plazo, pues la adolescencia brinda una ventana de 
oportunidad para la recuperación de las funciones dado 
la gran plasticidad cerebral que la caracteriza.  Los 
resultados obtenidos proporcionan evidencia clara de la 
necesidad de hacer un diagnóstico individualizado 
oportuno que incluya no solo factores relacionados con 
el abuso de la sustancia, sino también del estado 
cognitivo y la salud mental del adolescente.  
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Abstract: In the yeast Saccharomyces cerevisiae, components of the High Osmolarity Glycerol (HOG)
pathway are important for the response to diverse stresses including response to endoplasmic
reticulum stress (ER stress), which is produced by the accumulation of unfolded proteins in the
lumen of this organelle. Accumulation of unfolded proteins may be due to the inhibition of
protein N-glycosylation, which can be achieved by treatment with the antibiotic tunicamycin (Tn).
In this work we were interested in finding proteins involved in the ER stress response regulated
by Hog1, the mitogen activated protein kinase (MAPK) of the HOG pathway. A high gene dosage
suppression screening allowed us to identify genes that suppressed the sensitivity to Tn shown by
a hog1∆ mutant. The suppressors participate in a limited number of cellular processes, including
lipid/carbohydrate biosynthesis and protein glycosylation, vesicle-mediated transport and exocytosis,
cell wall organization and biogenesis, and cell detoxification processes. The finding of suppressors
Rer2 and Srt1, which participate in the dolichol biosynthesis pathway revealed that the hog1∆ strain
has a defective polyprenol metabolism. This work uncovers new genetic and functional interactors
of Hog1 and contributes to a better understanding of the participation of this MAPK in the ER
stress response.

Keywords: yeast; Hog1; MAP kinase; endoplasmic reticulum; stress; suppression; unfolded protein
response (UPR)

1. Introduction

The synthesis of transmembrane and secreted proteins occurs in ribosomes attached to the
endoplasmic reticulum (ER) membrane. In the ER lumen such proteins are subjected to different
modifications such as N-glycosylation, formation of disulphur bonds and protein folding. Properly
processed proteins continue through the secretion pathway in order to be transported to their final
location. All organisms are exposed to adverse conditions that decrease the capacity of the ER to
fulfill these processes, leading to the production and accumulation of misfolded proteins, inducing a
condition known as endoplasmic reticulum stress (ER stress). ER stress triggers a cellular response
that includes the unfolded protein response (UPR), which is a conserved signaling pathway present
in all eukaryotic cells, including yeast [1], Dictyostelium discoideum [2], plants [3], and mammals [4].
In the yeast Saccharomyces cerevisiae the UPR consists of an endoplasmic reticulum membrane sensor
named Ire1 [5], which in the presence of misfolded proteins oligomerises and autophosphorylates [6,7];
this in turn triggers its cytoplasmic endonuclease activity, which processes the HAC1 pre-mRNA [8].
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The spliced mRNA is efficiently translated to produce the transcription factor Hac1 [8,9], which
regulates transcription of several target genes, such as those encoding chaperones, glycosylation
enzymes and proteases among others [10] in order to alleviate the accumulation of unfolded proteins.

It has been proposed that the UPR is not the only cellular pathway needed to cope with the ER
stress [11]. Components of other pathways appear to be required to produce a full cellular response to
ER stress inducers; particularly, some components of the high osmolarity glycerol (HOG) pathway have
been implicated in the response to ER stress induced by the antibiotic tunicamycin (Tn). This antibiotic
is a nucleoside structurally similar to the UDP-N-acetylglucosamine and blocks the first step of the
N-glycosylation catalyzed by the Glucosamine-N-acetil phosphotransferase enzyme [12,13]. The HOG
pathway is a signaling system involved in survival under hyperosmotic conditions and it consists of
two mechanistically different branches connected to a MAPK module, the SLN1 branch and the SHO1
branch, which converge on the scaffold MAPKK Pbs2, which in turn activates the MAPK Hog1 [14–16].
Once activated, Hog1 is translocated into the nucleus [17,18] where it regulates expression of genes
whose products are involved in cell cycle arrest and adaptation to high osmolarity conditions.

In order to respond to ER stress induced by Tn, the cell requires the presence of both Pbs2 and
Hog1. Additionally, Ssk1, the phosphorelay response regulator of the SLN1 branch, appears to be
required for Tn response; however, components of the SHO1 branch seem to be dispensable [12,13].
As mentioned above, the presence of Hog1 is required for a proper response to Tn, but it appears
that it does not need to be phosphorylated in order to produce resistance to the ER stress inducer.
Indeed, a strain expressing an unphosphorylated form of Hog1 is able to grow in Tn, although not at
the wild type level, but clearly above the growth shown by the HOG1 null mutant [13]. Additionally,
treatment with high Tn concentrations for an extended period of time only produces a very weak level
of Hog1 phosphorylation that does not trigger its nuclear import [13]. Interestingly, a full cellular
response to Tn requires the kinase activity of Hog1, since a point mutation that eliminates its kinase
activity produces high sensitivity to Tn [13]. In addition to its participation in the ER stress response,
several reports suggest that Hog1 has cytoplasmic activities, for example in the general stress response
system [19,20] and in regulation of mitophagy [21,22].

With the aim of increasing knowledge regarding the participation of Hog1 in the ER stress
response, we searched for genes whose products can suppress the sensitivity to Tn displayed by a
Hog1-deficient strain but not its sensitivity to hyperosmotic stress. With this screening, we not only
detected genes that were able to specifically suppress the Tn sensitivity of the hog1∆ mutant, but we
also found genes that reverted the sensitivity shown by the hog1∆ mutant and by the hac1∆ mutant.

2. Materials and Methods

2.1. Yeast Strains, Gene Disruptions, and Culture Conditions

The S. cerevisiae strains used in this work are shown in Supplementary Table S1. All of them are
isogenic to BY4742 or BY4741. The wild type and the single null mutants were obtained from the
EUROSCARF collection. Double mutants were constructed by integration of the NATMX4 cassette
(which provides nourseothricin resistance) into the HOG1 locus of single mutants. The integrating
cassette was constructed by PCR using the oligonucleotides DHOG1F and DHOG1R (Supplementary
Table S2) and contained the NATMX4 gene flanked by HOG1 5′ and 3′ UTR fragments of 40 base pairs
respectively. Integrations of the cassette were performed by homologous recombination. All deletions
were confirmed by PCR.

Yeast cells were grown at 30 ◦C in YPD medium (1% yeast extract, 2% peptone, and 2% glucose)
or SD medium (0.67% yeast nitrogen base without amino acids and 2% glucose, supplemented with
the required amino acids for plasmid selection). Glucose was substituted by 2% raffinose (Sraf) or
2% galactose (Sgal) according to the requirements of the experiments. When needed, nourseothricin
(100 µg/mL) was added to the media. YPGAL was the same as YPD except for the substitution of
glucose by galactose.
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Escherichia coli DH5α strain was used to propagate plasmids. Bacteria were grown at 37 ◦C in
LB medium (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) containing 100 µg/mL ampicillin or
50 µg/mL kanamycin (for library-plasmid selection).

2.2. Stress Assays

Stress sensitivity assays were done by dropping aliquots of 10-fold serial dilutions of
early-logarithmic YPD-cell cultures (OD600 adjusted to 0.05) on Tn and KCl plates. Plates were
incubated at 30 ◦C for 72 h and scanned. For liquid cultures, cells with the same density were
inoculated in triplicate in Honeycomb 2 plates (100 wells). Density readings were recorded every hour
during 48 h of incubation at 30 ◦C in a BioScreen C microplate spectrophotometer (Oy Growth Curves
Ab Ltd, Helsinki, Finland). The relative growth rate is the slope value of the linear regression of three
independent liquid cultures.

2.3. High Dosage Suppression Screening

A diagram representing the suppression-screening assay is shown in Figure 1. The hog1∆ mutant
was transformed with a genomic library constructed to specifically perform overexpression screenings
in S. cerevisiae [23]. The library contains a collection of more than 1000 overlapping genome fragments
from the FY4 S. cerevisiae strain, cloned into the multicopy pGP564 plasmid. Transformants were
plated in selective medium containing 1 µg/mL Tn. Tn resistant clones were streaked on 1 M KCl and
those sensitive to high osmolarity were selected. Plasmids from Tn resistant/KCl sensitive cells were
extracted and propagated in E. coli. The selected plasmids were re-introduced into hog1∆ yeast cells for
a second round of selection. Ends of the yeast genome inserts were sequenced in order to map the Tn
suppressor genome fragments. Standard yeast genetics protocols were used [24].
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Figure 1. Dosage suppression screening protocol. The hog1∆ strain was transformed with a genomic
library constructed in a 2 µ plasmid. Yeast cells were plated on selective medium (SD + 25 µg/mL of
the required amino acids and nitrogen bases) containing 1 µg/mL Tn. Plates were incubated for 48 h at
30 ◦C. Colonies that appeared were grown to early-logarithmic phase in liquid selective medium and
adjusted to 0.5 OD600. An aliquot of each transformant was dropped onto selective medium containing
either 0.5 µg/mL Tn or 1M KCl. Plasmids were purified from the Tn-resistant and KCl-sensitive clones
and reintroduced into the hog1∆ strain for a second round of selection. Suppressor plasmids were
extracted, and the genomic inserts were sequenced.

2.4. Gene Expression

Each ORF contained in the suppression plasmids was cloned with its respective promoter in
order to be expressed in yeast cells. Subcloning was done by PCR using oligonucleotides shown in
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Supplementary Table S2 (only the oligonucleotides for suppressor genes are shown). The PCR products
were obtained using genomic DNA of the BY4742 wild type strain as template. The PCR products were
cloned into the pGEM-T-Easy vector and then subcloned into the yeast YEp352 vector [25]. The YEp352
clones were used for yeast transformation. All PCR products were sequenced in full.

2.5. Physical Interactions and Construction of the Interaction Network

Physical protein interactions between Hog1 and suppressor proteins were determined by the
Bimolecular Fluorescence Complementation (BiFC) assay [26]. Proteins fused to the amino-end (VN)
of the fluorescent protein Venus were obtained from the VN-fusion library (Bioneer, Daejeon, Republic
of Corea) that is constructed in the BY4741 (Mata) strain. Hog1-VC (carboxyl-end of the Venus
protein) was constructed by fusing the HOG1 ORF in frame with the gene encoding VC. The fused
gene was integrated into the HOG1 locus of the BY4742 (Matα) strain by homologous recombination.
Co-expression of VN and VC fusion constructs was achieved in diploid cells after mating BY4741
and BY4742 recombinant strains. Protein interactions were detected by flow cytometry using the
Attune Acoustic Focusing Cytometer. Fluorescence statistics were calculated with the Attune software
(version 2.1) and the statistical significance was determined with a Welch t-test.

Data of the known interactors for each suppressor gene and HOG1 were obtained from the
BioGRID database (https://thebiogrid.org/) (version 3.4.144), which is a repository of available physical
and genetic interactions determined by different low- and high-throughput experimental assays
and compiled through comprehensive curation [27]. The physical interaction data were extracted
and visualized with Cytoscape [28] according to the protocol previously described [29]. The output
interactors, i.e., the proteins that interact with only one node of the network, were eliminated in order
to select the proteins connected with at least two other interactors. The network obtained after this
reduction was clustered with the force directed layout with default parameters in Cytoscape and the
visualization (separation of the nodes) was improved manually. The edges were colored according to
the experimental assay that supports each interaction in the database.

2.6. Polyprenol Determination

Yeast cells were grown to mid-logarithmic phase in YPGAL (OD600 adjusted to 0.5) and incubated
during 2 h with either 1µg/mL Tn or DMSO (Tn dissolvent). Yeast cells were centrifuged and the
pellet was washed with water. Polyprenols extraction was performed as previously described [30]
with modifications. Yeast cells were resuspended in water and disrupted with glass beads. The lipids
were extracted by shaking during 2 h with chloroform/methanol (2:1 v/v) at RT. The organic phase
was collected washed three times with 1/5 volume of 10mM EDTA in 0.9% NaCl and evaporated to
dryness. Lipids were resuspended in methanol/water (10:1 v/v) containing 15% KOH and alkaline
hydrolysis was performed during 2 h at 95 ◦C. Lipophylic products were extracted twice with diethyl
ether and evaporated to dryness. The lipids obtained were dissolved in hexane and applied to a silica
column equilibrated with hexane. The column was washed with 3% diethyl ether in hexane and the
polyprenol fraction was eluted with 17% diethyl ether in hexane. The fraction was evaporated to
dryness, resuspended in hexane and subjected to HPLC analysis. Polyprenols detection was performed
with a reverse phase Symmetry C18 Waters column (3.5 µm, 4.6 × 75 mm) using a HPLC Waters
Alliance e2695/2489/2414 equipment (Milford, MA, USA). Samples were run at 25 ◦C at a flow rate of
1.2 mL/min in isocratic elution with 55% methanol, 23% isopropanol, and 22% hexane and detected
with UV light (210 nm). We used 1 µg/µL of C-90 Dolichol (Dolichol-18) from Larodan Research Grade
Lipids (Solna, Sweden) as a standard. Polyprenol concentration corresponded to the area under the
curve of each peak, referred to the area under the curve of the internal standard peak and expressed by
mg of protein. Mean values, standard deviation, and significance were graphed and analyzed from
three independent experiments. Statistical significance was tested with Student t test.

https://thebiogrid.org/
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3. Results

3.1. Isolation of High Dosage-Gene Suppressors of Hog1∆ Tunicamycin Sensitivity

In order to shed light onto the way in which Hog1 participates in the response to ER stress inducers,
we designed a dosage-suppression screening to identify genes required for the Hog1-Tn response.
For the screening the hog1∆ mutant was transformed with a genome library constructed in a high copy
plasmid [23] selecting clones resistant to Tn but sensitive to KCl. To this end, yeast transformants were
plated in medium containing Tn to isolate cells resistant to the antibiotic; then, the transformants were
dropped on plates containing KCl in order to identify the clones that were sensitive to hyperosmotic
stress (Figure 1). The suppressor plasmids were extracted from the selected transformants and were
reintroduced into the hog1∆ mutant to confirm Tn resistance and KCl sensitivity (Figure 1).

With this strategy, we isolated 40 plasmids that conferred resistance to Tn but not to hyperosmotic
stress. These plasmids were sequenced to determine the chromosomal region responsible for the
suppression. Among these 40 plasmids only 8 different regions were represented (Figure 2A).
The regions are distributed in 6 different chromosomes and their size range is from 9 Kb to 12 Kb.
Figure 2A summarizes the characteristics of the 40 suppressor plasmids; suppressor 8 was the most
represented (14 times), while suppressors 70, 86, and 87 were isolated only one time. The level of Tn
sensitivity suppression varied between strains. Sup 11 showed the weakest suppressor level while
suppressors 8, 39, and 70 showed the strongest (Figure 2A,B). In our assays we included as a control
the hac1∆ mutant, which lacks the basic leucine zipper (b-Zip) transcription factor, which regulates the
gene transcription in the UPR pathway. This mutant is highly sensitive to Tn (Figure 2B).

Since each chromosomal region contained several ORFs (Figure 2A), we subcloned each of
them independently in order to identify the ORF responsible for the suppression. From this assay
we identified 8 genes (colored in brown in Figure 2A) that conferred resistance to Tn but not to
hyperosmotic stress upon the hog1∆ mutant (Figure 2C). The level of suppression varied among the
genes. We found differences in sensitivity to Tn and therefore in the growth rate of the hog1∆ mutant
transformed with the different genes (Figure 2C). The highest growth rate of the hog1∆ mutant in
Tn was observed with ALG7, while the lowest was obtained with ECM13. Although KIN1 was not
found as a suppressor in this screening, it was included in this study since it has been reported to
be paralogous to KIN2 [31]. As can be observed, KIN1 and KIN2 had the same level of suppression
(Figure 2C).

Sup8 

Sup39 

Sup47 

Sup31 

Sup70 

Sup86 

Sup87 

Sup11 

YBR241C YBR242C ALG7 GPX2 ISW1 RRT2 

AAT1 SEG2 GFA1 APE1 

YKL102C 

HSL1 

PXR1 YOR1 BGL2 YGR283C ERV29 

NDI1 NGL3 YML119W 
YWL116W-A 

ATR1 

IOC2 KIN2 HRT3 CHA4 ICT1 MIM2 

NTH2 RER2 COQ1 GPI18 RCR1 UGA2 DSF2 

PSY4 COR1 ECM13 FUI1 PRE7 YBL004W 

RER1 YCL002C YCL001W-A 
YCL001W-B 

YCR001W CDC10 MRPL32 YCP4 CIT2 

Chromosome 
coordinates 

II 
702,406- 
712,203 

Name 

XI 
238,339- 
250,650 

VII 
1,050,372- 
1,061,331 

XIII 
28,455- 
38,857 

XII 
330,854- 
341,765 

II 
239,720- 
249,439 

II 
133,290- 
141,740 

III 
111,555- 
122,059 

9797 

12311 

10959 

10402 

10911 

9719 

8450 

10504 

No. of 
times 

isolated 
Size 
(bp) 

Relative  
suppression 

level* 

5 

2 

1 

1 

1 

14 

13 

3 

+++++ 

+++++ 

++++ 

++ 

++++ 

+++++ 

+++ 

++++ 

Chromosome 
region 

NAB6 

Figure 2. Cont.



Cells 2019, 8, 710 6 of 19
Cells 2018, 7, x FOR PEER REVIEW    6  of  19 

 

B 

 
C 

 

Figure 2. Suppression of the hog1∆ Tn sensitivity. (A) Schematic representation of the genomic region 

contained  in  each  suppressor plasmid. Chromosome number  and  insert  coordinates  and  size  are 

shown. Number of isolated times that each suppressor plasmid was isolated along with its relative 

suppression level (according to Figure 2B) are indicated. ORF orientation is depicted by the colored 

arrows. ORFs that show suppressor activity are marked in brown. (B) Serial dilution dropping assay 

of the hog1∆ strain transformed with suppressor plasmids. Yeast cells were grown in YPD to early‐

logarithmic phase and adjusted to 0.5 OD600  in fresh YPD. 10‐fold serial dilutions were spotted on 

selective medium  (see  legend of Figure 1) containing either 0.5 μg/mL Tn or 1 M KCl. The hac1∆ 

mutant was used as Tn sensitivity control. Plates were incubated at 30 °C for 72 h and scanned. (C) 

Genes  colored  in  brown  in  Figure  2A were  subcloned  into  the multicopy  plasmid  YEp352  and 

expressed in the hog1∆ strain under the control of their own promoter. A serial dilution assay was 

performed as described in Figure legend 2B. (*) The relative growth rate is the slope value of the linear 

regression of liquid cultures made in triplicate and grown in YPD containing 0.5 μg/mL Tn. Liquid 

cultures were performed in a microplate spectrophotometer at 30 °C with constant shaking. The OD600 

readings were determined at 1 h intervals during 48 h. KIN1, which was not detected in the screening 

was included in this assay since it is paralogous to KIN2 (see text). 

3.2. Genes Can Be Divided into General and HOG‐Specific Suppressors of Tn Sensitivity 

Tn 

Sup70  

Sup86  

Sup87 

WT 

hog1∆ + 

Sup8 

Sup39  

Sup11  

Sup47  

Sup31  

KCl 

hac1∆ 

relative 
growth 

 rate in Tn* 
(x10-1) 

1.48 

0.39 

1.29 

1.14 

0.45 

1.17 

1.19 

1.16 

0.53 

0.58 

0.00 

NAB6 

RER1 

RER2 

WT 

hog1∆ + 

ALG7 

GFA1 

YOR1  

KIN2  

KIN1  

KCl 

hac1∆ 

ECM13 

Tn 

1.46 

0.47 

2.42 

1.36 

0.98 

1.46 

1.41 

1.44 

0.91 

1.22 

0.67 

0.00 

relative 
growth 

 rate in Tn* 
(x10-1) 

Figure 2. Suppression of the hog1∆ Tn sensitivity. (A) Schematic representation of the genomic region
contained in each suppressor plasmid. Chromosome number and insert coordinates and size are shown.
Number of isolated times that each suppressor plasmid was isolated along with its relative suppression
level (according to Figure 2B) are indicated. ORF orientation is depicted by the colored arrows. ORFs
that show suppressor activity are marked in brown. (B) Serial dilution dropping assay of the hog1∆
strain transformed with suppressor plasmids. Yeast cells were grown in YPD to early-logarithmic
phase and adjusted to 0.5 OD600 in fresh YPD. 10-fold serial dilutions were spotted on selective medium
(see legend of Figure 1) containing either 0.5 µg/mL Tn or 1 M KCl. The hac1∆ mutant was used as Tn
sensitivity control. Plates were incubated at 30 ◦C for 72 h and scanned. (C) Genes colored in brown
in Figure 2A were subcloned into the multicopy plasmid YEp352 and expressed in the hog1∆ strain
under the control of their own promoter. A serial dilution assay was performed as described in Figure
legend 2B. (*) The relative growth rate is the slope value of the linear regression of liquid cultures
made in triplicate and grown in YPD containing 0.5 µg/mL Tn. Liquid cultures were performed in a
microplate spectrophotometer at 30 ◦C with constant shaking. The OD600 readings were determined at
1 h intervals during 48 h. KIN1, which was not detected in the screening was included in this assay
since it is paralogous to KIN2 (see text).
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3.2. Genes Can Be Divided into General and HOG-Specific Suppressors of Tn Sensitivity

In order to determine whether the isolated genes were specific suppressors of the Tn-sensitivity
observed in the hog1∆ mutant, we tested their suppressor activity in mutants of other components of
the HOG pathway that have been implicated in the response to ER stress induced by Tn, specifically
PBS2 and SSK1 [13]. We also introduced the suppressor genes in the hac1∆ in order to ascertain
whether suppression is or is not restricted to the components of the HOG pathway. We observed that
all suppressor genes did confer resistance, to different degrees, upon the pbs2∆ and ssk1∆ mutants.
Interestingly, three genes, ALG7, GFA1 and YOR1, also conferred resistance upon the hac1∆ mutant
(Figure 3). This indicates that ALG7, GFA1 and YOR1 are general suppressors of Tn sensitivity,
while NAB6, KIN1, KIN2, RER1, RER2 and ECM13 can be considered specific suppressors of the
deficiency shown by the mutants of the HOG pathway. The general suppressors were the most
represented in the isolated plasmids (30 of 40) (Figure 2B). In contrast, the specific suppressors were
represented in only 10 of 40 isolated plasmids (excluding KIN1), suggesting that these suppressors
can be found more rarely in this kind of screening. Table 1 summarizes the main characteristics of
the general and specific suppressors including the proved or putative cellular process where they can
be participating (Saccharomyces Genome Database (SGD): www.yeastgenome.org; Gene Ontology
(GO) database: www.geneontology.org). Regarding the general suppressors, ALG7 encodes the
UDP-N-acetyl-glucosamine-1-P-transferase which catalyzes the first step of N-glycosylation and is a
direct target of Tn [32,33]; GFA1 encodes the glutamine-fructose-6-phosphate amidotransferase which
participates in the synthesis of chitin, a constituent of the yeast cell wall, and in the synthesis of
N-acetylglucosamine [34,35]; and YOR1 codes for an ATP-binding cassette (ABC) transporter located in
the plasma membrane [36,37] which participates in cell detoxification processes. Regarding the specific
hog1∆ suppressors, these include genes that code for proteins with a variety of functions. NAB6 encodes
a protein that binds polyadenylated RNAs which mainly encode proteins destined to the cell wall [38];
KIN2 and its paralogous KIN1 encode serine/threonine protein kinases that have been implicated
in exocytosis and may also play a role in septin cytoskeleton and cell wall organization [39,40];
RER2 encodes the cis-prenyltransferase involved in the production of dolichol from the isoprenoid
lipid farnesyl diphosphate [41]. Dolichol is the acceptor and carrier of oligosaccharides that are
transferred to proteins during the folding process. RER1 encodes a protein known as Retention in the
Endoplasmic Reticulum which participates in protein retention in the ER lumen and in retrograde
vesicle-mediated transport from Golgi to ER [42,43]; and ECM13 encodes a protein of unknown
function that is upregulated by cell wall damage and appears to be involved in cell wall biosynthesis
and architecture [44,45].
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Figure 3. Effect of expression of suppressor genes in the Tn sensitivity of different strains. The suppressor
genes were overexpressed in the indicated strains as described in Figure legend 2C. A serial dilution assay
was performed as described (Figure legend 2B). Plates were incubated at 30 ◦C for 72 h and scanned.

www.yeastgenome.org
www.geneontology.org


Cells 2019, 8, 710 8 of 19

Table 1. General and specific suppressors and the cellular process where they participate.

Gene Protein Name Biological Process Cellular Component

ALG7 UDP-N-acetyl-glycosamine-1-
P-transferase Protein N-linked glycosylation Endoplasmic reticulum

GFA1 Glutamine-fructose-6-phosphate
amidotransferase Cell wall biosynthesis Unknown

YOR1 Plasma membrane ATP-binding
cassette (ABC) transporter Xenobiotic transport Plasma membrane

NAB6 Putative RNA binding protein Binds to poliA RNAs Cytoplasm

KIN2 Serine/threonine protein kinase Exocytosis Plasma membrane

KIN1 Serine/threonine protein kinase Exocytosis Plasma membrane

RER2 Cis-prenyltranferase ER to Golgi vesicle-mediated
transport. Protein glycosilation Endoplasmic reticulum

RER1 Retention in the
endoplasmic reticulum

ER to Golgi vesicle-mediated
transport. Protein retention in the ER
lumen. Retrograde vesiclemediated

transport, Golgi to ER

COPI-coated
vesicle vacuole

ECM13
Protein induced by traetment

with methoxypsoralen and
UVA irradation

Cell wall biosynthesis? Unknown

3.3. Inactivation of Some Suppressor Genes Confers Sensitivity to Tn

We next evaluated whether the inactivation of some of the suppressor genes affects cell growth in
Tn and KCl. In this assay we did not include ALG7, GFA1, and RER2 null mutants since ALG7 and
GFA1 are essential genes and the rer2∆ mutant has a severe growth impairment. It was evident that
disruption of YOR1, NAB6, and KIN2 induced sensitivity to Tn at the highest concentration tested
(1 µg/mL), while sensitivity was barely detected at lower concentrations (Figure 4). Disruption of RER1
also induced sensitivity to Tn but to a lesser extent compared to disruption of YOR1, NAB6, and KIN2,
while inactivation of the ECM13 gene did not affect growth in Tn. In contrast to the kin2∆ mutant,
the kin1∆ mutant showed very low sensitivity to Tn. As expected, none of the null mutants of the
suppressor genes showed growth defects when they were plated on 1M KCl (Figure 4). Additionally,
we detected that inactivation of YOR1, NAB6, KIN2, and KIN1 in a hog1∆ background increased the
sensitivity to Tn shown by the hog1∆ mutant (Figure 4), suggesting that they might participate in
Hog1 independent pathways during the Tn response. In contrast, inactivation of RER1 and ECM13
did not affect the Tn sensitivity of the hog1∆ mutant, suggesting that they may be components of the
same pathway.
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Figure 4. Effect of the inactivation of the suppressor genes on Tn sensitivity and their epistatic
interaction with HOG1. Single mutants of each suppressor ORF (obtained from the EUROSCARF
collection) and the double mutants (constructed as described in the methods section), were tested in
different concentrations of Tn or 1M KCl. Yeast cells were grown in YPD and plated as described in
Figure legend 2B. Plates were incubated at 30 ◦C for 72 h and scanned. (*) Relative growth rate was
determined from growth at 0.5 µg/mL Tn as described in Figure legend 2.

3.4. Suppressor Genes may Form an Interaction Network with HOG1

The genes that suppress the Tn sensitivity of the hog1∆ strain do not appear to encode canonical
interactors of Hog1. However, it could be that a putative interaction with one or more suppressor
proteins would occur in conditions that induce ER stress. Therefore, we looked for physical interactions
between Hog1 and the specific suppressor proteins in the presence of Tn. Using Hog1 as bait and
the specific suppressor proteins Nab6, Kin1, Kin2, Rer1, Rer2, and Ecm13 as prays we performed a
Bimolecular Fluorescence Complementation (BiFC) assay to detect physical interactions. As expected,
none of the suppressor proteins tested appeared to interact physically with Hog1 with and without
Tn exposure (Supplementary Table S3), although the fluorescence displayed by the Kin2-Hog1
and Rer2-Hog1 pairs under un-induced conditions was slightly higher than the negative control
(Supplementary Table S3). This observation suggests that the suppressors could require one or more
intermediates to associate physically with Hog1.

In order to determine whether or not the suppressor genes could participate in functional processes
required to cope with the ER stress induced by Tn, we constructed a physical interaction network based
on available data from the BioGRID database (Figure 5). This analysis showed that five suppressors,
namely Kin1, Kin2, Rer2, Gfa1, and Nab6 may indeed interact with Hog1 through one intermediate.
For Kin1, Rer2, and Gfa1, the intermediate protein is Ssb2, a cytoplasmic chaperon of the Hsp70
family that is involved in protein folding processes [46]. Interestingly, Rer2 may also have a physical
interaction with Hog1 through Gis2, a RNA binding protein present in processing bodies and stress
granules, which contain translationally repressed RNAs [47]. Although the suppression mechanism
cannot be deducted from the structure of the interaction network, it provides relevant information
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regarding proteins that belong to pathways linked with the ER stress response and not previously
associated with Hog1.
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Figure 5. Physical interaction network. Physical interactions of suppressor proteins and Hog1 as
deduced from the BioGRID database and visualised with Cytoscape. The network was constructed
according to the criteria described in the methods section. Hog1 and suppressor proteins are depicted
with dark grey circles. The connecting lines represent the physical interactions and are colored according
to the experimental assay that supports each interaction. Known interactors found in the database are
colored in light grey.

Since SSB2 encodes a chaperon of the Hsp70 family that participates in protein folding and
appears to be an important interaction node for Rer2 and Kin1 we evaluated its involvement in the
ER stress response. We observed that the mutant lacking Ssb2 showed resistance to Tn at the same
level as the wild type strain (Figure 6), however overexpression of RER2, KIN1, and its paralog KIN2
in the ssb2∆ mutant increased its resistance to Tn, while overexpression of RER1 and ECM13 did not
(Figure 6). This observation indicates that RER2, KIN1, and KIN2 interact genetically with SSB2, and
also validates the proposed physical interaction network.
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Figure 6. Effect of the inactivation of SSB2 and overexpression of suppressor genes on Tn sensitivity.
The single ssb2∆ mutant and transformants carrying the indicated genes were tested in 1.0 µg/mL of
Tn as indicated in figure legend 2B. Overexpression was achieved by cloning the indicated genes in
the multicopy plasmid YEp352 under the control of their own promoter. Serial dilution assay was
performed as indicated in figure legend 2B. Plates were incubated at 30 ◦C for 72 h and scanned.

3.5. The Cis-Prenyltransferase Srt1 also Suppresses the Tn Sensitivity of the Hog1∆ Mutant

Tn is a protein glycosylation inhibitor that blocks the activity of the UDP-N-acetylglucosamine
phosphate transferase (Alg7). This enzyme catalyzes the addition of N-acetylglucosamine to
dolichol-phosphate, located in the ER membrane. Production of dolichol from farnesyl diphosphate
is dependent on the activity of the cis-prenyltransferase Rer2 which synthesizes dolichols of 14–18
isoprene units. Yeast cells express a second cis-prenyltransferase known as Srt1 (Figure 7A), located
mainly in lipid droplets, which synthesizes dolichols of 18–23 isoprene units [41,48]. We tested whether
overexpression of SRT1 would suppress the Tn sensitivity displayed by the hog1∆ mutant. We found
that hog1∆ cells overexpressing SRT1 grow as well as those expressing RER2 in a medium containing
0.75 µg/mL Tn (Figure 7B). Accordingly, overexpression of SRT1 was able to revert the sensitivity of a
pbs2∆ mutant but not that of the hac1∆ mutant, indicating that the suppression process is specific to
the HOG1 pathway (not shown). These results suggest that an increase in the cellular concentration of
dolichol may revert the Tn sensitivity displayed by the hog1∆ mutant.
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Figure 7. Effects of overexpression of proteins involved in the dolichol and ergosterol synthesis
pathways on hog1∆ Tn sensitivity. (A) Schematic representation of the dolichol and ergosterol synthesis
pathways. Farnesyl diphosphate (FPP) is synthesized from 2-Acetyl-CoA through the mevalonic acid
pathway. FPP is a shared substrate of Rer2 (and Srt1) and Erg9 to synthesize either dolichol or ergosterol
respectively. (B) Serial dilution assay of the hog1∆ strain transformed with the pYES2 vector or with
pYES2 carrying RER2, SRT1, or ERG9 genes. A spot dilution assay was performed as described above
(Figure legend 2B) except that the cells were grown in SRaf medium and then spotted onto SGal or
SGal containing 0.5 µg/mL Tn. Plates were incubated at 30 ◦C for 72 h and scanned. (*) The growth rate
in Tn was measured as described in Figure legend 2C.

3.6. Hog1-Tn Sensitivity Is Enhanced by Overexpression of ERG9

Farnesyl diphosphate (FPP) is not only a precursor of dolichol but also of ergosterol through a series
of reactions initiated by the farnesyl-diphosphate farnesyl transferase encoded by the essential ERG9
gene (Figure 7A). We set out to determine whether the over-utilization of farnesyl diphosphate for the
production of ergosterol would affect growth of the hog1∆ mutant in Tn. We found that the sensitivity
to 0.5 µg/mL Tn of the hog1∆ mutant was enhanced when ERG9 was overexpressed (Figure 7B). Taking
this result together with the observation of the effect of RER2 and SRT1 overexpression indicated that
the effect of Tn on the hog1∆ mutant may in part be dependent on the cellular concentration of dolichol.

3.7. The hog1∆ Strain Has Reduced Polyprenols Concentration

Based on the previous observations, we hypothesized that the deficient growth of the hog1∆ mutant
in media containing Tn could be due to an impairment in the dolichol synthesis. We determined the
polyprenol content by liquid chromatography (HPLC) in wild type, hog1∆, and the hog1∆ overexpressing
RER2 strains treated or not treated with Tn. It was possible to detect in the three strains an enriched
polyprenol that may range from 12 to 15 isopren units (Figure 8A). In the wild type strain, the Tn
treatment induced approximately a two-fold increase in dolichol concentration (Figure 8B). The same
treatment however was unable to induce an increment of dolichol in the hog1∆ strain. Overexpression
of RER2 in the hog1∆ mutant produced an increment of dolichol, which was statistically significant
in both treatments (Figure 8B). Taking together, these results suggest that the hog1∆ strain has a
strong defect in the polyprenol metabolism under stressful conditions and that this defect is partially
compensated with the RER2 overexpression.
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Figure 8. Effect of Hog1 inactivation and Tn treatment on the polyprenols concentration. (A) HPLC
analysis of dolichols isolated from the wild type, hog1∆ and hog1∆[RER2] strains, with or without
1 µg/mL Tn. Dolichol detection was performed by reverse phase HPLC analysis. One representative
profile out of three is depicted. 1 µg/µL of standard dolichol (18 isoprene units) was included as internal
control (St). (B) Dolichol concentration was calculated by determining the area under the curve of the
dolichol peak relative to the area under the curve of the standard peak (St) and adjusted by protein
concentration (See supplemental Table S4). Mean values (± SD) were calculated from three independent
experiments. One asterisk indicates statistical significance regarding the WT strain. Two asterisks
indicate statistical significance between hog1∆ and hog1∆[RER2] strains.

4. Discussion

The isolated suppressors of Hog1 Tn sensitivity allowed us to identify genes whose products
participate in a restricted number of cellular processes. According to the SGD and GO geneontology
databases, these include protein glycosylation (Rer2 and Alg7); vesicle transport and exocytosis
(Rer1, Rer2, Kin1, and Kin2); cell wall organization or biogenesis (Gfa1, Nab6, and Ecm13); and cell
detoxification processes (Yor1). The limited number of specific suppressors that were detected indicates
that the mechanisms by which Hog1 participates in a protective response to ER stress may be limited
to very few pathways. It is interesting that with this screening we did not detect proven physical
interactors of Hog1. This can be explained by the fact that most interaction assays with Hog1 are carried
out under hyperosmotic conditions. This observation suggests that the suppressor proteins may not be
phosphorylation targets of Hog1 and that Hog1 may play a regulatory role in the Tn response through
one or more intermediates with the suppressor proteins. Several of these intermediates participate
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in cellular processes related to stress conditions. However, it has been demonstrated that the kinase
activity of Hog1 is essential to trigger a protective response to ER stress inducers [13,49]. Accordingly,
we found putative Hog1 phosphorylation motifs (S/T-P) [50,51] in some suppressor proteins except
Rer1, Rer2, and Alg7. Kin1 and Kin2 have 3 and 5 putative S/T-P phosphorylation sites respectively,
while Nab6, Yor1 and Gfa1 contain one site each [52] (https://phosphogrid.org/). Although we cannot
rule out that Hog1 may phosphorylate some suppressor proteins our interaction assay disregard this
possibility, however a more extensive interaction study would be suitable.

It is interesting that none of the suppressors found plays a role in gene transcription and that
all of them have extra-nuclear activities, which is in agreement with the observation that Hog1
is not transported into the nucleus in response to Tn stress [13,49]. Additionally, the specific
suppressors found in this study were able to revert the Tn sensitivity shown by the pbs2∆ and the ssk1∆
mutants. This indicates that these suppressors may participate in one or several pathways made up of
extra-nuclear proteins, including components of the phosphorelay pathway. Accordingly, a version of
Hog1 that has been anchored to the plasma membrane by means of a CAAX motif was able to provide
full ER stress protection [49]. All these observations support a model in which Hog1 shows regulatory
cytoplasmic activity in order to counteract the stress caused by Tn.

The functions that Alg7, Gfa1 and Yor1 have in the cell make them logical candidates to provide
cellular protection against Tn. In fact, they revert the Tn sensitivity not only of the hog1∆ mutant but also
that of the hac1 mutant. The increased concentration of Alg7, the UDP-N-acetylglucosamine phosphate
transferase that catalyzes the addition of N-acetylglucosamine to dolichyl-phosphate [32], would titer
the drug due to the fact that Tn and the enzyme substrate UDP-GlcNAc have a similar structure and
compete for the enzyme’s active site. Similarly, the overexpression of Gfa1, an amidotransferase that
participates in the formation of glucosamine 6-P, which is a precursor of UDP-GlcNAc [34], would
increase the concentration of UDP-GlcNAc, counteracting the inhibitory effect of Tn on Alg7. Finally,
the overactivity of the ABC transporter Yor1 would help to eliminate the Tn from the cell as it does with
different organic compounds and xenobiotics [36,53]. The finding of these suppressors is an indication
that the screening has been performed properly since their function is related to the action mode of Tn.

Within the specific suppressors, KIN1 and KIN2 encode serine/threonine kinases. They are part of
the Snf1 kinase family of the Ca2+/calmodulin-dependent kinase II (CaMK), involved in the regulation
of cell polarity and exocytosis, as well as in the regulation of the septin cytoskeleton and cell wall [39,40].
Their hog1∆-suppression activity may be related to one of those functions; however, it has been
recently assigned a new role for the Kin kinases. It appears that Kin1 and Kin2 may have a role in
the Ire1-mediated targeting and processing of HAC1 mRNA, thus positively regulating the UPR [54].
Interestingly, as detected by Anshu et al. [54] and in our assays, Kin1 and Kin2 are not totally redundant
since a lack of Kin2 produced high sensitivity to Tn; in contrast, a lack of Kin1 barely affected the
cellular response to Tn. Since the HAC1 processing appears to be normal in a hog1∆ mutant [13], it is
interesting to have found Kin1 and Kin2 as specific suppressors of Hog1. Our epistatic experiments
suggest that Hog1 and at least Kin2 act in parallel pathways regarding ER stress. Taken together,
these observations suggest that the suppression activity of Kin2 (and perhaps that of Kin1) is more
closely related to its function in cell wall regulation and exocytosis, than to its role in regulating the
UPR [40,54].

Rer1 and Rer2 were also found as specific Hog1-suppressors. Unlike Kin1 and Kin2, these proteins
do not contain putative Hog1 phosphorylation motifs. Rer1 is localized in the early region of the Golgi
apparatus and is involved in the retrieval of proteins from the Golgi and is also essential for the proper
localization of proteins in the ER [42,43]. Its suppressor activity could be related to its participation in
the ER localization of type II membrane proteins, including Mns1, which is the alpha-1,2-mannosidase
that catalyzes the last step in glycoprotein maturation in the ER and is required for the ER-associated
protein degradation [55–57]. In our assays, disruption of RER1 moderately impaired the cell in its
response to Tn and apparently it is not additive to HOG1. The functional relationship between the two
proteins in the Tn response requires a more detailed study.

https://phosphogrid.org/
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RER2 encodes the cis-prenyltransferase enzyme, which catalyzes the conversion of farnesyl
diphosphate (FPP) to dehydrodolichyl diphosphate, the precursor of dolichol, which is the ER lipid
where the oligosaccharide required for the N-glycosylation is assembled [41]. The suppression activity
of Rer2 could be related mainly to its role in increasing dolichol concentration. This observation
is supported by the fact that the cis-prenyltransferase Srt1, which catalyzes the same reaction, also
suppresses the Tn sensitivity of a hog1∆ mutant. Rer2 is localized in dots associated with the ER and in
lipid particles, while Srt1 appears to be localized only in lipid particles [48,58]. Nevertheless, Rer2
is expressed in early logarithmic phase and Srt1 is expressed in stationary phase, and the products
of Srt1 are apparently not converted totally to dolichol and dolichyl phosphate; Srt1 behaves as a
multicopy suppressor of rer2∆ mutant [48] indicating that in the absence of Rer2, Srt1 may adequately
supplement the dolichol pool. The rer2∆ mutant has a severe growth defect while the srt1∆ mutant
grows normally [41]. All of these characteristics imply that Rer2 and Srt1 are not redundant, and
that they play different roles in the cell physiology; interestingly, they suppress the Tn sensitivity of
the hog1∆ mutant almost to the same level. Here we found evidence that in the presence of Tn the
dolichol content in a wild type strain increases significantly. This suggests that one mechanism to
partially counteract the Tn effect is by overproducing dolichol. This protective mechanism is defective
in the absence of Hog1 and is partially compensated by the overexpression of RER2. For the hog1∆
mutant the increased production of dolichol by RER2 overexpression will partially suppress the Tn
sensitivity. This finding is interesting since it has been observed that a Trypanosoma brucei mutant
with defects in the N-glycosylation pathway accumulates larger amounts of polyprenols compared to
its parental strain [59]. The involvement of Hog1 in lipid metabolism has been observed previously,
for example, inhibition of sphingolipids and ergosterol biosynthesis activates the Hog1 pathway [60]
and stress-mediated activation of Hog1 represses the synthesis of ergosterol [61]. An alternative
approach to test that the suppression activity of Rer2 (and Srt1) is related to its function in the
synthesis of dolichol was by overexpressing, in the hog1∆ mutant, the ERG9 gene, which encodes
the farnesyl-diphosphate farnesyl transferase [62]. FPP is precursor of squalene, which is eventually
converted to ergosterol [63,64]. Indeed, here we found that Erg9 may act as a diverter, converting FPP
into squalene and enhancing the Tn sensitivity of the hog1∆ mutant. All these evidences indicate that
the Hog1 role in the ER stress response could be related in part to its involvement in lipid metabolism
including the polyprenol pathway.

The Nab6 and Ecm13 suppression mechanism is at present difficult to deduce since their function
remains undefined. Nab6 appears to bind RNAs that encode proteins for the cell wall [38]. It is present
in stress granules and co-purifies with Cap-binding proteins and other translation factors [38,65].
It could be that Nab6 regulates translation of this sort of mRNA in response to stress conditions since
we detected that the nab6∆ mutant is moderately sensitive to Tn. ECM13 encodes a protein of unknown
function that is upregulated by cell wall damage and it may be involved in cell wall biosynthesis and
architecture [44,45]; however the null mutant is as resistant to Tn as the wild type strain.

In summary, the screening of high dosage gene suppressors allowed us to conclude that Hog1
may be performing pleiotropic functions in order to regulate the cellular response to ER stress inducers.
To counteract the effects of tunicamycin, the cell requires a number of cellular proteins to act in concert
with Hog1. It is of the highest interest to study in detail the functional relationship between the
suppressor proteins and Hog1. This study opens the field to the investigation of new functions of this
MAP kinase in yeast.
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Highlights
The Kozak sequence has been

characterized as a conserved TIS in

eukaryotes.

Sequencing of mRNAs from diverse

species coupled to functional

studies will continue to contribute

to understanding the impact of

sequence context on TISs with

cognate or non-cognate initiation

codons.

The 3D resolution of both trans-

lational initiation factors and ribo-

somes on mRNA will enable better

understanding of their conserva-

tion, as well as the conservation of

the TIS sequences.

Ongoing sequencing projects,

such as the Earth BioGenome

Project, will help to determine the

conservation of the Kozak

sequence between eukaryotes

such as vertebrates, plants, and

fungi.
Selection of the translation initiation site (TIS) is a crucial step during translation. In the 1980s

Marylin Kozak performed key studies on vertebrate mRNAs to characterize the optimal TIS

consensus sequence, the Kozak motif. Within this motif, conservation of nucleotides in crucial

positions, namely a purine at�3 and a G at +4 (where the A of the AUG is numbered +1), is essen-

tial for TIS recognition. Ever since its characterization the Kozak motif has been regarded as the

optimal sequence to initiate translation in all eukaryotes. We revisit here published in silico data

on TIS consensus sequences, as well as experimental studies from diverse eukaryotic lineages,

and propose that, while the �3A/G position is universally conserved, the remaining variability

of the consensus sequences enables their classification as optimal, strong, and moderate TIS se-

quences.

Conservation and Variability of the Kozak Motif

Translation, namely the synthesis of proteins by the ribosome and translation factors using mRNA as

the template, is a fundamental process for all forms of life because proteins catalyze the vast majority

of reactions sustaining life and play structural, transport, and regulatory roles in all living organisms. In

eukaryotes, regulating gene expression at the level of translation is crucial for tissues or develop-

mental stages where transcription is quiescent or limited, as well as for the differential spatial distri-

bution of proteins in cells and tissues [1]. Regulating translation also gives cells the potential to elicit

rapid and reversible responses to sudden environmental changes and stresses without invoking

mRNA transcription, processing, or transport [1]. Thus, translational control plays a significant role

in determining both protein abundance and proteome composition, and, accordingly, a myriad of

mechanisms to regulate translation have evolved throughout eukaryotic evolution [2,3]. Recognition

of the mRNA AUG codon (see Glossary) that initiates translation, termed the translation initiation site

(TIS), is subject to tight control because this step establishes the correct open reading frame for

mRNA decoding (Box 1).

In the decades following 1980, Marylin Kozak analyzed the frequency of nucleotides around the TIS of

vertebrate coding sequences (CDSs) in mRNAs [4–6]. She established that the sequence

GCCRCCAUGG (where R at �3, in italic font, is A or G; and the AUG initiation codon is underlined)

is both the consensus sequence flanking the TIS and the onemost optimal for translation in vertebrate

lineages; this sequence is termed the Kozak motif [7]. Interestingly, many new TIS sequences of

phylogenetically distant, non-vertebrate phyla have been analyzed with the advent of the genomic

era and high-throughput technologies, as well as with the development of different systems in which

to study translation (discussed below). Even so, there is a lack of a comprehensive view of TIS

consensus sequences across eukaryotes. We revisit here published data with a primary focus on ver-

tebrates, unicellular fungi, insects, flowering land plants, and some protists to explore these data and

evaluate whether the Kozakmotif is also the TIS consensus sequence in different taxa. Remarkably, we

observe that the�3R position is universally conserved among all eukaryotes scrutinized here, but that

there is variation in the +4 position, particularly in single-celled fungi and some protists. Surprisingly,

we observed that A/C at the �2 position is universally conserved as well. We also noticed that there

are differences between eukaryotic lineages, and therefore propose that TIS consensus sequences

can be categorized as Kozak optimal, strong, and moderate motifs.
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de México (UNAM), 04510 Mexico City,
Mexico

*Correspondence:
ghernandezr@incan.edu.mx
The Kozak Motif: Optimal, Strong, and Moderate Beginnings

During translation initiation, the small (40S) ribosomal subunit binds to the mRNA at the 50-untrans-
lated region (50-UTR) and scans in the 50 to 30 direction to reach the CDS start codon, most usually an
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Box 1. Translation Initiation in Eukaryotes

Translational control primarily occurs at the initiation step in which mRNA is recruited to the ribosome (re-

viewed in [1,25,92,93] and references therein). Translation begins with the recognition of the cap structure

(m7GpppN, where N is any nucleotide) located at the 50 end of the mRNA by eIF4E. A 40S ribosomal subunit

bound to eIF1, eIF1A, eIF3, and eIF5 then promotes recruitment of a ternary complex (TC), consisting of eIF2

attached to GTP and an initiator Met-tRNAi
Met, to form a 43S preinitiation complex (PIC). This step positions

the initiator Met-tRNAi
Met in the peptidyl (P) site of the ribosome. In a parallel set of interactions, the scaffold

protein eIF4G interacts with the poly(A)-binding protein (PABP), the RNA helicase eIF4A, the ribosome-bound

eIF3, and the cap-bound eIF4E to coordinate recruitment of the 43S PIC to the mRNA 50-UTR. eIF4A unwinds

secondary structures of 50-UTR, allowing the 43S PIC to scan base-by-base the 50-UTR in the search for an AUG

initiation codon to start translation [1,25,92,93].

eIF1 and eIF1A drive selection of the correct start codon. They cooperatively promote the adoption of an open

conformation of the 43S PIC that is compatible with scanning. Such conformation features the Met-tRNAi
Met

loosely engaged in the P-site, and allows eIF1 and eIF1A to discriminate against codon–anticodon mis-

matches. 50-UTR scanning proceeds until an authentic initiator codon, most often an AUG codon, is reached

and establishes correct codon–anticodon basepairing. This event arrests scanning and promotes transition

of the 43S PIC to a closed conformation in which Met-tRNAi
Met and eIF1A become tightly positioned within

the P-site. Together, these actions result in the formation of a 48S PIC. Then, GTP–eIF5B promotes the release

of eIF1 and eIF5B, facilitating binding of a 60S subunit to the 48S PIC to assemble an 80S initiation complex

[1,25,92,93].

Glossary
Aminoacyl (A) site: the site on the
40S ribosomal subunit that holds
the incoming aminoacyl-tRNA.
Anticodon: the triplet of a tRNA
that is complementary to an
mRNA codon.
Biosphere: layer of Earth where
life exists. The biosphere is one of
the four layers that surround the
Earth, together with the litho-
sphere (soil and rock), hydro-
sphere (water), and atmosphere
(air), and the biosphere is the sum
of all the ecosystems and com-
munities on a global scale.
Coding sequences (CDSs): usually
start with an AUG codon and end
with any of the stop codons. In a
few examples, non-cognate co-
dons such as GUG, CUG, ACG, or
AUU are used to start the coding
sequences.
Closed conformation: a ribo-
somal state of codon–anticodon
base pairing that results in
displacement of eIF1s from the P-
site; also called the ‘in’
conformation.
Codon: a sequence of three RNA
nucleotides that encodes a spe-
cific amino acid (or stop signal)
during protein synthesis.
Eukaryotic initiation factors
(eIFs): soluble proteins that drive
the initiation phase of eukaryotic
translation, in other words the
mRNA recruitment to the ribo-
some and the further formation of
a ribosomal preinitiation complex
at an initiation codon.
Initiation codon: mRNA triplet
that opens a reading frame for
protein synthesis. The majority of
peptides initiate with an AUG
codon which encodes methio-
nine. Some open reading frames
start with non-AUG codons (also
termed ‘near-cognate’), which
may be GUG, CUG, ACG, and,
very rarely, AUU.
Kozak motif: a consensus
sequence surrounding the mRNA
translation initiation site (TIS,
usually the codon AUG) that was
discovered by Marilyn Kozak in
the 1980s in vertebrate mRNAs.
Microbial dark matter: microbial
world composed of genes, ge-
nomes, bacteria, archaea, pro-
tists, and viruses of unknown
identity, as well as their processes
and communities. The term is by
analogy to the dark matter of the
cosmos studied by astronomers.
AUG [8,9]. The scanning model predicts that translation initiates at the AUG codon closest to the 50

end of the mRNA, which is termed the ‘first-AUG rule’ [8,9]. Landmark studies to understand the role

of the flanking sequence in TIS recognition by the ribosome led Kozak to analyze 153 cellular and viral

mRNAs from vertebrates, observing that ‘the sequences flanking the TIS are not random’ [4]. She

initially found that RNNAUGG (where N is any base) is the consensus sequence surrounding the

AUG initiator codon, and that the two positions which show the most significant conservation, �3R
and +4G, function to generate the most efficient initiation signal [4]. She later analyzed 211 cellular

mRNAs, mostly from vertebrates but also from some insects, sea urchins, and flowering land plants,

and observed that CCRCCAUGG was the consensus sequence around the TIS [5]. Kozak then

analyzed 699 vertebrate mRNAs, and from this study an expanded consensus for the TIS context

emerged, namely (GCC)GCCRCCAUGG in which 97% of mRNAs have a purine, most often an A

(61%), at the �3 position [6].

Site-directed mutagenesis experiments to analyze the functional contribution of every nucleotide at

positions �1 to �10 and the G at +4 position showed that translation decreases five to tenfold when

either �3A or the +4G is replaced by C or U, and 20-fold when pyrimidines are substituted at both of

those positions ([4,7,8] and references therein, [10]). These studies also demonstrated that the �3R
position plays a key role in TIS recognition and that, in its absence, the +4G position also significantly

contributes to promoting translation [7,10,11]. Lütcke et al. also demonstrated that, in a vertebrate

system, the translational efficiency of an mRNA was 100, 85, 61, and 38% for A, G, U, and C at position

�3, respectively [12]. By contrast, positions �1C, �2C, �4C, �5C, and �6G slightly contributed to

promoting translation only in the absence of both �3R and +4G. Nucleotides in positions �7 to

�10 showed essentially no influence on translation [7,10,11]. Likewise, the +5 and +6 positions also

had no impact on translation [11].

Additional experiments showed that changing�3R and/or +4G caused some 40S ribosomal subunits

to bypass the first AUG and instead initiate at the next AUG [7,13] in a mechanism termed ‘leaky scan-

ning’ [8,14]. However, because recognizing the TIS position is crucial, ribosomes may initiate at AUG

codons even if they lie in a weak context (i.e., lacking the �3R and/or +4G). Indeed, a �3A is usually

sufficient for ribosomes to recognize the first AUG irrespective of the other nucleotides in the context

[8,14]. It has also been shown that stem-loop structures �14 nt downstream of a suboptimal AUG

context improve its recognition by the 40S ribosome, possibly by slowing the scanning process.

This facilitation is most significant when the ribosome stalls directly over the AUG [15].
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Open conformation: a complete
ribosomal complex in which initi-
ation factors eIF1, eIF1A, eIF2,
and eIF4F, together with the 40S
subunit, establish a state that
promotes scanning; also called
the ‘out’ conformation.
Peptidyl (P) site: ribosomal tRNA-
binding site that holds the pep-
tidyl-tRNA.
Preinitiation complex (PIC): a
macromolecular complex con-
taining the 40S small ribosomal
subunit (bound to eIF1A, eIF1,
and eIF3) and the ternary com-
plex. This complex requires the
cooperative action of eIF4F to
attach to the mRNA.
Scanning: ribosomal movement in
a 50 to 30 direction along the 50-
UTR of an mRNA to unwind sec-
ondary structures (promoted by
RNA helicases) to reach an initia-
tion codon.
Ternary complex (TC): molecular
complex comprising eIF2, a
molecule of GTP, and an initiator
Met-tRNA (Met-tRNAi). It binds
the 40S ribosomal subunit to
promote 43S complex formation
during translation initiation.
Translation initiation site (TIS):
mRNA triplet that opens the
reading frame for protein synthe-
sis. TIS triplets are most frequently
AUG (encoding methionine), but
other non-cognate codons such
as GUG (encoding valine) and
CUG (encoding leucine) may
sometimes act as a TIS.
50-Untranslated region (50-UTR):
the mRNA 50-UTR is located up-
stream of the AUG start codon. It
does not contain a protein coding
sequence but is crucial for regu-
lating translation by a variety of
mechanisms.

Table 1. Interactions between Factors, Ribosome, and mRNA during TIS Recognition

Species Protein Amino acid Contacts Refs

Saccharomyces

cerevisiae

(budding yeast)

eIF1 Arg36 Codon/anticodon duplex [19]

Yeast eIF1 Asp71, Glu73, Glu76 D stem backbone of Met-

tRNAi

[19]

Tetrahymena

thermophila

eIF1 Arg26, Arg27, Gly28, Arg29,

and Lys30

Codon/anticodon duplex [20]

Oryctolagus

cuniculus

(Rabbit)

eIF1 Arg38–Lys42 +4 of mRNA, codon/

anticodon duplex

[21]

Rabbit eIF1 Pro77–Gly80 D stem of tRNAi
Met [21]

Tetrahymena

thermophila

eIF1A Asn43, Arg45, Trp69, Lys87 rRNA [22]

Yeast eIF1A Gly8, Gly9, Lys10 Codon/anticodon duplex [19]

Yeast eIF1A Lys16 +5 of mRNA [19]

Yeast eIF1A Trp70 AUG and +4 of mRNA [19]

Rabbit eIF1A Amino terminal +4 and antisense loop of

tRNAi

[21]

Yeast eIF2a Arg55 �3 of mRNA [18,19]

Yeast eIF2a Arg57 �2 of mRNA [18,19]

Rabbit eIF2a �3 of mRNA [17,24]

Rabbit rpS26e Val83 �3 of mRNA [21]

Rabbit rpS5 �3 and �4 of mRNA [17,24]

Rabbit rpS15 +4 and +5 of mRNA [17,24,26]
Overall, these experiments showed that the context sequence strongly influences TIS recognition by

the ribosome in vertebrate mRNAs. Mainly, positions �3R (most often A) and +4G are both the most

conserved nucleotides and exert themost critical influence on translational efficiency. Thus, the Kozak

motif GCCRCCAUGG was established as the optimal context for TIS recognition in vertebrate

mRNAs [8]. Further, depending on the presence of the two crucial nucleotides (i.e., �3R and +4G),

sequences surrounding the TIS have been classified as ‘optimal’, GCCRCCAUGG; ‘strong’,

NNNRNNAUGG (only the two important nucleotides are present); ‘adequate’, NNNRNNAUG(A/

C/U) or NNN(C/U)NNAUGG (only one of these nucleotides is present); and ‘weak’, NNN(C/U)

NNAUG(A/C/U) (any sequence lacking both key nucleotides) Kozak motifs [16].

Consistent with the importance of a purine at the �3 and +4 positions, Pisarev et al. showed an inter-

action between these nucleotides and the translational machinery [17]. They observed interactions

between�3A and the eukaryotic initiation factor (eIF) 2a subunit, and of +4G with ribosomal protein

S9 (rpS9) and 18S ribosomal RNA (rRNA). Further biochemical, genetic, and structural studies in yeast,

rabbit, and Tetrahymena thermophila have recently led to a full understanding of the mRNA TIS

recognition by the 40S ribosome peptidyl (P) site, eIF1, eIF1A, eIF2a, and rpS26e at the atomic level

(Table 1 and Box 2) [18–27].
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The TIS Consensus Context in Disparate Lineages
Sequence Analyses of TIS Consensus Sequences

More recently, the TIS context of CDSs frommany species belonging to phylogenetically distant taxa,

namely single-celled fungi, insects, vertebrate, flowering land plants, and some protists, have been

analyzed in silico by different research groups to identify TIS consensus sequences (Tables S1�S5
in the supplemental information online). The universe of published consensus motifs prompted us

to determine their distribution across the tree of life [28,29], and to ask whether or not the optimal

vertebrate Kozakmotif GCCRCCAUGG is also the TIS consensus sequence in non-vertebrate species.

In analyzing these data, different authors have used various criteria to select a ‘consensus’ sequence.

Many of them used the most common procedure in the field, namely the Cavener consensus rule

[30,31]. According to this rule, a particular nucleotide at a specific position is given a consensus status

indicated by a capital letter if its frequency is greater than 50% and greater than twice the frequency of

the second most frequent nucleotide at that position. When no single nucleotide satisfies these

criteria, a pair of bases are assigned co-consensus status and indicated by capital letters if the sum

of their frequencies is greater than 75%. If no single nucleotide or pair of nucleotides meet these

criteria, the most frequent nucleotide is denoted by a lower-case letter.

Thus, by using the Cavener consensus rule, we recalculated the published consensus sequences of

those reports that did not use it. We observed only slight variations between the recalculated se-

quences and the original sequences (Tables S1–S5). We then categorized all consensus sequences

according to the Kozak motifs defined above [16]. We choose to use the term ‘moderate’ instead

of ‘adequate’ for those TIS contexts that possess only one of the key nucleotides. We did not recal-

culate the sequences of Nakagawa at al. [32], Pesole et al. [33], and Acevedo et al. [34] because the

raw data were not provided. Figure 1 (Key Figure) depicts a global view of the distribution of the

consensus sequences surrounding the CDSs TIS across the tree of life, according to the current clas-

sification of eukaryotes [28,29].

Over the years, many studies have corroborated that the optimal Kozak motif GCCRCCAUGG, or a

slight variation of it, GCMRNCAUGG (where M is an A or C), is actually the consensus sequences

around the TIS in vertebrate (phylum Chordata) mRNAs, demonstrating the highly predictive power

of Kozak’s findings (Table S1) [31,32,35–37]. However, some of the species analyzed, such as cattle,

pig, red junglefowl, and the fish Danio rerio, possess strong motifs NNNRNCAUGG as the consensus
Box 2. Recognition of the AUG Start Codon

To date, recognition of the correct AUG start codon by initiation factors in eukaryotes is well known at the ul-

trastructural level (Figure I) [9,18–22,92]. During the initiation of translation, eIF1 and eIF1A attach to the 40S

subunit near the P-site and the aminoacyl (A) site, respectively. For mRNA scanning to proceed, eIF1 and the

eIF1A C-terminal tail (CTT) act together to discriminate against non-AUG codons. When non-AUG codons are

detected, the Arg38–Lys42 stretch of rabbit eIF1 spatially interferes with the anticodon stem-loop of tRNAi
Met

and nucleotide +4 of mRNA [21]. The Pro77–Gly80 region of rabbit eIF1 also obstructs interaction with the D

stem of tRNAi
Met [21]. These steric clashes destabilize mismatches between codon–anticodon duplexes and

result in the open conformation that promotes scanning (Figure IA). In brief, the open conformation does

not allow full accommodation of tRNAi
Met in the P-site owing to clashes with eIF1 and eIF1A-CTT [18–25,92].

Upon recognition of an AUG codon by correct basepairing with the anticodon of Met-tRNAi
Met, yeast eIF1A

N-terminal tail (NTT) residues Gly8, Gly9, and Lys10 interact with the codon–anticodon duplex and stabilize

it, while yeast eIF1A Lys16 and Trp70 contact nucleotides +4 and +5 of the mRNA [19,21]. These interactions

inhibit scanning, stabilize codon–anticodon duplex formation, and promote a transition to the closed confor-

mation that displays tight accommodation of tRNAi
Met within the P-site. AUG recognition also drives conver-

sion of GTP–eIF2 to GDP–eIF2, liberating phosphate (Pi), as well as dissociation of eIF1, GDP–eIF2, and eIF1A-

CTT from the P-site. Transition to the closed conformation (Figure IB) brings rabbit Arg55 and Arg57 of eIF2a

D1 loop in contact with mRNA nucleotides �2 and �3, and Val83 of rabbit rpS26e to contact nucleotide �3.
These interactions promote the initiation of translation from an AUG in an appropriate context [18–25,92].
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Figure I. Recognition of the mRNA AUG Start Codon by the Ribosome.

(A) Ribosome open conformation during scanning. (B) Once a TIS is recognized, that ribosome changes to a

closed conformation that is incompatible with the scanning process.
context instead of an optimal motif [32,37]. Indeed, the �6G, �5C, and �1C positions are relatively

well conserved across vertebrate consensus sequences (Table S1 and Table 2). Further, tunicates

(phylum Chordata), the closest living relatives of vertebrates, occupy the most basal position in the

chordate phylogeny and have been extensively studied to understand the evolutionary origin of ver-

tebrates [38]. Within this lineage, the sea squirt Ciona intestinalis possesses a moderate Kozak motif

with a K at the +4 position (where K is a G or U) as the preferred TIS consensus sequence [32] (Table

S1). This observation could suggest that the optimal Kozak motif for vertebrates appeared at the

emergence of the chordates. It would be exiting to study whether or not this motif is also the TIS

consensus motif in other tunicate species. We also noticed that the –2M position is highly conserved

among the consensus sequences of the vertebrates and the tunicate studied (Table 2).
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Key Figure

The Consensus Translation Initiation Site (TIS) Kozak Motif Varies among Different Eukaryotes

Figure 1. The A or G at the �3 position is conserved in all lineages studied. Other positions (including the functionally key +4 nucleotide) of the consensus

Kozak motif vary among different eukaryotes. As a preferred sequence, the optimal Kozak motif is restricted to vertebrates and some angiosperm

(monocotyledon) plants. Strong Kozak motifs are present in some vertebrates, flowering land plants (supergroup Archaeoplastida), and Dinoflagellates

(supergroup Alveolates). Moderate Kozak motifs are the prevalent TIS consensus in fungi, invertebrates, apicomplexans, ciliates, mycetozoans, and

acanthomyxidans. Numbers in brackets indicate the number of species analyzed in each lineage, an asterisk (*) indicates cases where the number was

not specified by the authors. (C) Indicates lineages that generally use moderate Kozak motifs but contain a few species that use strong Kozak motifs

(Tables S1–S5 for details). The preferentially used nucleotide(s) at the +4 position are indicated as superscripts. Classification of eukaryotes is according

to [28,29]. Kozak motifs are defined according to [16]: O, optimal GCCRCCAUGG; S, strong NNNRNNAUGG; M, moderate NNNRNNAUG(A/C/U) or

NNN(C/U)NNAUGG. Abbreviations: N, any nucleotide; R, purine (A or G); SAR, stramenopiles, alveolates, and rhizaria. Scheme adapted from Burky [28]

with permission from Cold Spring Harbor Laboratory Press.
Among invertebrate species, several insects (phylum Arthropoda) have been analyzed (Table S2)

[31,32,34,37,39]. Whereas the fruit fly Drosophila melanogaster possesses a strong motif [31,34,37],

species from different orders, including Apis mellifera, Bombyx mori, and Tribolium castaneum on

the one hand, and Anopheles gambiae on the other, contain moderate consensus motifs of the

type NNMRMMAUGK and NNNRNNAUGW (where W is A or U), respectively [32,39]. Further,
1014 Trends in Biochemical Sciences, December 2019, Vol. 44, No. 12



invertebrate from other phyla, such as the roundworm Caenorhabditis elegans (phylum Nematoda)

and the blood fluke Schistosoma japonicum (phylum Platyhelminthes), also possess moderate motifs

as TIS consensus flanking sequences [31,32]. More specifically, A. mellifera, B. mori, T. castaneum,

and S. japonicum havemoderate consensus motifs with a K at the +4 position [31,32,39]. Interestingly,

the�4M and�2M positions appear to be relatively well conserved in the consensus sequences of the

invertebrates mentioned here (Table 2).

Within the supergroup Archaeplastida (Plantae), several species of green plants (land plants and

green algae) have been analyzed (Table S3). They possess strong Kozak motifs as the consensus

TIS context [31–33,36,40–43]. The frequencies of TISs containing guanine at positions �3 and +4

were observed to be different between monocotyledon and dicotyledon mRNAs. Whereas monocot

mRNAs contain higher frequencies of �3G/+4G nucleotides, �3A/+4G are more frequent in dicot

mRNAs. It should be pointed out that the 50-UTRs of monocot mRNAs are GC-rich, whereas those

of dicots are AU-rich sequences [31–33,40,41,43]. Moreover, we have noticed that, among the

consensus sequences of the plant species here scrutinized, the�2M position is well conserved (Table

2). A single species of red algae has also been analyzed, namely Cyanidioschyzn merolae [32], which

possesses a moderate consensus motif.

All fungi (supergroup Opisthokonts) analyzed have been unicellular species, including Saccharo-

myces cerevisiae, Aspergillus fumigatus, Deberyomyces hansenii, Yarrowia lipolytica, Eremothecium

gossypii, Kluyveromyces lacti, Candida glabrata, Schizosaccharomyces pombe (phylum Ascomy-

cetes), and Cryptococcus neoformans (phylum Basidiomycetes) (Table S4). In contrast to the animals

and plants mentioned above, these unicellular fungi mainly have moderate Kozak motifs with a bias

towards U at the +4 position [31–33,44,45] (Figure 1). Moreover, the �2M and �4M positions also

appear to be relatively well conserved (Table 2). It would be interesting to analyze whether or not

this is also the case in multicellular fungi.

Table S5 shows protist species from diverse phyla of the supergroups Amebozoa and Excavates, and

the group Alveolates. Among them, different species of dinoflagellates (Alveolates), such as Symbio-

dinium kawatii, use strong Kozak motifs as TIS consensus sequences [46,47]. By contrast,
Table 2. Most Conserved Positions among TIS Consensus Sequences from Coding Sequences in Different

Groups of Eukaryotesa

Group Sequenceb

�6 �5 �4 �3 �2 �1 AUG +4

Vertebrates G C R M C ——— G

Tunicata M A M ——— G/U

Invertebrates M R M ——— G/A/U

Green plants R M ——— G

Red algae A M C ——— A/U

Fungi M R M ——— U

Amoebozoa (Mycetozoa, Acanthomyxids) R M ——— R

Alveolates (Dinoflagellates, Apicomplexa,

and Ciliates)

Excavata (Kinetoplastids) R M ——— C/A/U

Universally conserved R M ———
aOwing to its key functional importance, the +4 position is also shown despite its lack of conservation.
bKey: ———, AUG; M is A or C; R is A or G.
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apicomplexan species (Alveolates) such as Theileria spp., Cryptosporidim parvum, and Plasmodium

falciparum [32,48], the kinetoplastids (Excavata) Leishmania major and Trypanosome brucei [32], the

mycetozoan (Amebozoa)Dictyostelium spp. andAcanthamoeba castellanii [31,32,49], and the ciliates

Paramecium spp., Tetrahymena spp., Euplotes spp.,Oxytricha spp., and Stylonyclia lemnae [49], pre-

fer moderate Kozak motifs with different nucleotides (namely G, A, U, or C) at the +4 position as the

consensus TIS context. Interestingly, although the �2M position is well conserved in all protist

consensus sequences included here, M at the �4 position is also conserved among apicomplexan,

dinoflagellate, and mycetozoan species (Table 2).

Recently, a myriad of giant, novel viruses have been discovered that contain substantial sets of trans-

lational factors, including eIF1 and eIF2a [50,51]. It would be exciting to investigate whether or not

those factors are involved in the host TIS context recognition.
Experimentally Tested TIS Consensus Sequences

Despite the high value of in silico analyses, the functional importance of most TIS consensus se-

quences remains to be experimentally evaluated. Indeed, only some sequences from a few species

have been tested in the laboratory (Table S6). As mentioned, the optimal Kozak motif has experimen-

tally been shown in vitro to be the best sequence for promoting translation in vertebrates, in partic-

ular, rat and rabbit [7,10,11]. Despite these findings, for other vertebrates such as the model organism

zebrafish (Danio rerio), the optimal Kozak sequence was found to be a poor predictor of translation

efficiency [37]. In this case, the investigators found that, although the optimal Kozak sequence effi-

ciently promoted translation in vivo, it is neither the most frequent nor the most efficient sequence

for initiating translation. Instead, themost frequent sequence is almost twice as efficient at promoting

translation as the optimal Kozakmotif [37]. Thus, the capacity of the sequences to promote translation

may vary among different species, and therefore should be experimentally tested in the specific or-

ganism of interest.

Experimental studies of invertebrate species are scarce. Only two insects have been analyzed, namely

D. melanogaster [34] and B. mori [39]. According to what has been observed in silico, strong Kozak

motifs have the most influence on promoting translation in Drosophila [34]. In the case of B. mori,

a difference was observed between the in silico-obtained consensus TIS sequence [32,39] and the

most efficient sequence determined experimentally [39]. In particular, the +4 position appears to

be different. This apparent discrepancy might be explained by the significant dissimilarity between

the number of analyzed sequences in both approaches, namely 14 sequences in vitro [39] versus 50

[39] and 875 sequences [32] in silico.

Regarding plants, the influence of the TIS context on translation initiation has been experimentally

examined in some flowering species (Table S6). In vitro translation assays observed no differences

in translation efficiency in the wheat system when �3A was changed for G, U, or C [12]. Other

in vitro assays with 21 sequences did find that �3A/G and +4G are the most efficient nucleotides

for translation initiation [4]. Later, in vivo experiments in tobacco (16 sequences) [43], Arabidopsis

thaliana and Oryza sativa (64 sequences) [52], and Picea abies and Zea mays (both 16 sequences)

[43] have shown that �3A/G and +4G indeed confer the best translational efficiency.

Among fungi, only S. cerevisiae has been experimentally studied, although some discrepancies have

been observed. Early studies by Looman and Kuivenhoven (1993) of 47 sequences showed that this

yeast prefers the moderate Kozak motif AAUUANNAUGUCU for optimal mRNA translation [53], in

agreement with different in silico analyses of genomic sequences that also established a moderate

sequence with a +4U as the TIS consensus context [31,32,44,45]. Among these studies, Nakagawa

et al. [32] analyzed 5980 CDSs. By contrast, Pesole et al. inspected 1378 CDSs in silico [33], obtaining

the strong Kozak motif CAMMAUGG as the TIS consensus context. In agreement with this result, ribo-

some profiling experiments (also termed Ribo-Seq) enabled the analysis of 1735 mRNAs and

observed that both core nucleotides (�3A and +4G) are widely used in yeast [54]. The different results

between the genomic and the Ribo-Seq observations might reflect incorrect annotation of the main
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CDS AUGs in the earliest studies because we now know that there may be considerable use of up-

stream AUGs or non-AUG codons of CDSs. We could also explain these differences by the fact

that the genomic studies analyzed all annotated genes, whereas the second approach investigated

the set of mRNAs being translated at a specific moment under specific growth conditions. More

studies will be necessary to better understand the optimal TIS Kozak motif in S. cerevisiae. So far,

apart from S. cerevisiae, no other unicellular organisms have been experimentally analyzed in this

regard.
Conservation and Variability among Eukaryotes

Overall, the in silico and experimental studies show that, across taxa, the most highly conserved po-

sition in the consensus TIS context and the nucleotide that influences translation the most is the pu-

rine at position�3 (most frequently A). The conservation of the initiation factors involved in TIS recog-

nition, together with the fact that all taxa here examined possess identical preferences for the crucial

�3 position, is an indication of the mechanistic similarities in translation initiation.

Interestingly, the �2A/C position appeared to be the second most conserved position in those lin-

eages scrutinized here (Table 2). This observation is in agreement with early studies by Nakagawa

et al. who reported a strong bias towards A/C at position �2 in 47 genomes of diverse species of

animals, fungi, plants, and protists [32]. They found that genes with higher expression levels

showed stronger signals, suggesting that nucleotides at these positions are involved in the regu-

lation of translation initiation [32]. Accordingly, a contact between yeast eIF2a and the �2 position

has been observed during TIS recognition by the translation machinery [18,19]. Position �2A/C is

present in chordates, the invertebrate, plants, single-celled fungi, and protist TIS consensus se-

quences. This observation means that the translation machinery that recognizes the start codon

is highly conserved. In the line with this idea, sequence comparisons of the translational machinery

factors driving recognition of the TIS consensus sequence, namely eIF1, eIF1A, eIF2a, and ribo-

somal protein S26 (rpS26), showed no significant differences in the amino acids involved in TIS

and Kozak motif recognition among the species reviewed here (Figures S1–S4). Indeed, the per-

centage of identity among these factors is in the same range of identity of other initiation factors

such as eIF4E and eIF4A from the same lineages (Figure S5), suggesting that the variations in those

factors causing a context preference are subtle, or that more mechanistic details of context recog-

nition remain to be uncovered.

Early studies of genomic sequences of 47 species from different taxa by Nakagawa et al. [32]

showed that the diversity of TIS consensus motifs can be arranged into two distinct general pat-

terns, namely GCCGCCAUG and AAAAAAAUG. By reviewing a much broader spectrum of species

from different taxa, we have observed significant variability of Kozak motifs among different species

(Figure 1 and Table 2). The experimental and in silico studies described here agree with in silico

analyses that optimal and strong Kozak motifs (i.e., with a +4G) appear to be the best sequences

to promote translation in vertebrates [5,6,31–33,35]. In Drosophila, land plants, and dinoflagellates,

strong Kozak motifs (with a +4G) are also the preferred sequence surrounding the CDS TIS [31–

34,36,40–43,46,47]. Interestingly, the consensus sequence flanking the AUG initiator codon appears

to have diverged in other eukaryotes. In particularly, nucleotides at positions �6, �5, �4, and �1,
as well as the key position +4, in single-celled fungi (Ascomycetes) [31–33,44,45] and some protists

(for instance some ciliates, kinetoplastids, apicomplexans, and mycetozoans [31,32,48,49] show a

preference for moderate Kozak motifs with a bias towards a +4U (Ascomycetes) and +4A/C/U

for the aforementioned protists. Thus, the optimal Kozak motif does not appear to be the optimal

sequence to initiate translation in all lineages. Finally, we noticed that –3U/C and –2U/G are univer-

sally absent nucleotides in the consensus TIS motif for CDSs. Because 18S rRNA is also involved in

TIS recognition, differences in this rRNA among species might also contribute to differential TIS

context recognition. It would be interesting to experimentally study the sequences flanking the

TISs in a larger number of species of different phyla to better understand the distribution of Kozak

motifs across the tree of eukaryotes.
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Strong Initiation at Non-AUG Initiator Codons

Despite the predominant use of the AUG codon to start CDS translation across eukaryotic lineages,

decoding in some mRNAs initiates at codons different from AUG. Although translation starting at

non-AUG codons is much less efficient than canonical initiation, CUG, GUG, ACG, and UUG are

the most commonly used near-cognate codons [55]; codons AUU, AUC, AUA, and AGG may also

be used, albeit very rarely [55].

Recent advances in ribosome profiling aiming to precisely map TISs genome-wide in different sys-

tems, particularly human, mouse, and S. saccharomyces, have revealed thousands of alternative

translation initiation events at non-AUG codons [56,57]. These approaches are based on the action

of antibiotics such as lactimidomycin, harringtonine, puromycin, and cycloheximide which block ribo-

some activity at different steps of translation. However, there is ongoing debate on the value of some

of these data because it remains unknown what proportion of these ribosomal footprints are due to

experimental artifacts and how many represent actual translation initiation events [55,58,59]. It is

noteworthy that a computational analysis found a weak correlation between context strength and

TIS efficiency for the non-AUGs codons obtained in several Ribo-Seq datasets [60]. By contrast, the

use of genetically engineered reporters in mammals indicates that translation from non-AUGs is

more dependent on their TIS context than is translation from AUG codons, although sequence

context affects each non-AUG start codon differently [61].

We reviewed studies that experimentally addressed the translation of non-AUG codons in their nat-

ural contexts (Table S7). In vertebrate mRNAs (H. sapiens, M. musculus, O. cuniculus, Ratus norvegi-

cus, and the monkey Chlorocebus aethiops) there is a sharp bias to use either strong or moderate

Kozak motifs around non-AUG TISs to achieve the most efficient translation [13,62–77]. This context

usage contrasts with the AUG TIS of vertebrate CDSs which prevalently prefers an optimal Kozak

motif as the consensus context [5,6,32,33,36]. The flowering land plants N. plumbaginifolia, Orycho-

phragmus violaceus [69], wheat [70], and A. thaliana [71], as well as the fungi N. crassa [78] and

S. cerevisiae [72,74], also prefer either optimal or strong Kozak motifs flanking non-AUGs TISs in

different transcripts. In the case of the ascomycetes S. cerevisiae [73] and Candida albicans [75],

the galactokinase and CARP2A mRNAs, respectively, possess moderate contexts with an A at

the +4 position. Among protists, P. falciparum uses the moderate Kozak context and start codon

UUUUUUUUAGG in aldolase mRNA (interestingly, UAG is a stop codon in the canonical genetic

code) [76].

In Table S8 we have reviewed the influence of context on the translation of non-AUG TISs in experi-

mentally tested human [79] and S. cerevisiae [80–82] transcripts. Although human non-AUGs prefer

strong Kozak motifs (NNNRNNAUGG) for most efficient translation, S. cerevisiae may prefer moder-

ate (NNNANNAUGA or NNNANNAUGR) Kozak motifs for efficient translation. Again, more se-

quences and species should be tested to understand in more depth the influence of context on

non-AUG TIS recognition.
Concluding Remarks

The evolution of eukaryotes towards amyriad of different lineages has resulted in large-scale changes

and significant innovations at many levels. At themolecular level, this includes the translation process.

Emerging evidence suggests that the fundamental mechanisms of translation are well conserved in all

eukaryotes, even though the initiation step has undergone substantial increases in sophistication

upon the emergence of eukaryotes [2,83,84]. Likewise, the studies reviewed here show that the TIS

consensus context also has diverged to some extent during eukaryotic evolution, and that this diver-

sity includes the crucial nucleotide at the +4 position; thus, some lineages appear to possess optimal

Kozak consensus sequences, some have moderate to strong TIS consensus sequences, and others

may utilize various TIS consensus sequences. Near-cognate start codon TISs from the few species

analyzed to date, including vertebrates, show a strong preference for a strong, but not optimal,

TIS consensus context. It is remarkable that, despite these changes, for both AUG and non-AUG initi-

ator codons, A or G (most frequently A) at the �3 position is a universal feature of all taxa analyzed so
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Outstanding Questions

Is the Kozak motif of monophyletic

origin, meaning that it appeared

in the last ancestor of all eukary-

otes, or it did appear several times

during eukaryotic evolution?

From the data discussed herein, the

�3 position is the most conserved

base in the TIS sequence. Is the pu-

rine at the �3 position conserved

across all eukaryotes?

After the publication of global

sequencing initiatives such as the

Earth BioGenome Project, will we

find further diversity in TIS

consensus sequences across

eukaryotes?

It is well documented that transla-

tional control plays a key role in

cancer onset and progression. Is

the prevalence of translation of

mRNAs containing specific Kozak

motifs (i.e., weak, moderate,

strong, or optimal) altered during

cancer development?
far. The second most conserved position across the lineages scrutinized here appears to be A/C at

the �2 position, and U/C and U/G at the –3 and –2 positions are universally absent in the consensus

Kozak motif for CDSs.

In the near future we believe that several recently launched and highly ambitious global sequencing

initiatives will unlock a wealth of highly valuable novel information on the biosphere. These projects

include the Earth BioGenome Project that aims to sequence the genomes of all of eukaryotic species

on Earth over a period of 10 years [85], metagenomics projects that plan to publish the genomes of

over 100 000 species of themicrobial dark matterwithin the next 5 years [86–89], and projects that will

extensively study the spectrum of viruses in thousands of geographically diverse samples to uncover

the so-called ‘virome of Earth’ [90,91]. Undoubtedly, the field of translation will benefit from these

ground-breaking projects (see Outstanding Questions).
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A B S T R A C T

Phosphorylation of the human α1B-adrenergic receptor (fused with the green fluorescent protein) was studied
employing the inducible Flp-ln HEK293 T-Rex system for expression. Serine/alanine substitutions were per-
formed in five sites corresponding to those previously identified as phosphorylation targets in the hamster or-
tholog. Desensitization was decreased in these mutants but receptor phosphorylation was still clearly detected.
The protein phosphorylation of the wild-type receptor (fused to the green fluorescent protein) was studied, using
mass spectrometry, under baseline and stimulated conditions (noradrenaline or phorbol myristate acetate). Basal
phosphorylation was detected at sites located at the intracellular loop 3 and carboxyl terminus, and the number
of sites detected increased under agonist activation and stimulation of protein kinase C. The phosphorylation
patterns differed under the distinct conditions. Three of the phosphorylation sites detected in this work corre-
sponded to those observed in the hamster receptor. The phosphorylation sites detected included the following: a)
at the intracellular loop 3: serines 246, 248, 257, 267, and 277; and threonines 252, 264, and 268, and b) at the
carboxyl terminus: serines 396, 400, 402, 406, 423, 425, 427, 455, and 470, and threonines 387, 392, 420, and
475. Our data indicate that complex phosphorylation patterns exist and suggest the possibility that such dif-
ferences could be relevant in receptor function and subcellular localization.

1. Introduction

G protein-coupled receptors (GPCR) are involved in a plethora of
actions that maintain homeostasis, mediating the physiological action
of a large variety of hormones, local hormones (autacoids), neuro-
transmitters and growth factors and also participate in the pathogenesis
of many diseases. As indicated by their name, GPCR interact with G
proteins, which modulate the activity of enzymes and ionic channels to
exert their actions [1,2]. These receptors exhibit a characteristic
structure constituted of an extracellular amino terminus, an in-
tracellular carboxyl terminus (Ctail), and seven transmembrane do-
mains joined by intracellular and extracellular loops [1,2].

GPCR phosphorylation appears to be a very early event that reg-
ulates the function of this large family of receptors and it is associated
with the attenuation of receptor activity (desensitization) and inter-
nalization [3–5]. However, there is evidence of desensitization in the
absence of receptor phosphorylation [3,6], and recent data indicate a

role of GPCR phosphorylation in membrane targeting/localization
[7,8]. In addition, there is clear evidence indicating that desensitization
is not limited to a decrease in GPCR signaling through a particular
pathway but that in fact it represents a “switch” in which a pathway is
attenuated while another (others) is (are) activated [4,9]. Frequently,
such a switch involves the decrease of G protein-mediated signaling and
the triggering of additional molecular events including, in addition to
post-translational modifications of receptors and the resulting con-
formational changes, interaction with other molecular entities, such as
β-arrestins [9,10].

Current data also indicate that the sites at which the phosphoryla-
tion of GPCR takes place is of great importance, since these might vary
depending on the cell type in which they are expressed or on the agents
that lead to a such covalent modification and, more importantly, that
phosphorylation at different sites can lead to distinct functional out-
comes and receptor localizations [11,12]. These general proposals have
been denominated the “phosphorylation barcode hypothesis” [11,12].
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In many cases, this involves receptor's phosphorylation at both Ctail
and intracellular loop 3 (IL3) residues (see for example [7,13–21]).

α1-Adrenergic receptors (α1-AR) constitute a subfamily of GPCR
composed of three members, the α1A-, the α1B-, and the α1D-AR
[22–24]. All of these couple to Gq and exert their actions mainly
through the inositol trisphosphate/diacylglycerol/calcium signaling
pathway [22,23], although other signaling processes also appear to
participate in their actions [25]. It is well-known that the three receptor
subtypes are phosphorylated in response to agonists and the pharma-
cological or physiological activation of protein kinase C (PKC)
[7,19,20,23,26–33]. The α1B-AR subtype was the first receptor of this
subfamily to be cloned [34] and it has been extensively studied. Pioneer
contributions by Cotecchia and coworkers, using receptor mutants with
deletions and mutagenesis of specific sites, together with functional
studies, identified that relevant phosphorylation sites for hamster α1B-
AR are located in a cluster at the Ctail, which seem to be targeted by G
protein-coupled receptor kinases (GRK) and PKC [30,32]. In addition,
the group of Toews [35,36] has observed that, in the hamster receptor,
two domains play key roles in receptor internalization/down regula-
tion. Using deletions and site-directed mutagenesis, these authors ob-
served that some mutated receptors internalize but do not down-reg-
ulate, other mutants that down-regulate without internalization, and
that there are also receptors defective in both internalization and down-
regulation [35].

Using mass spectrometry of purified receptors, we recently reported
phosphorylation sites detected in human α1A- [19] and α1D-AR [7,20].
Interestingly, we observed differential phosphorylation of these re-
ceptor subtypes under distinct conditions (baseline, agonist stimulation,
and activation of PKC) and detected that phosphorylation sites were
present both at the Ctail and at the intracellular loop 3 (IL3) [7,19,20].
In the present work, again utilizing mass spectrometry, we examined
the phosphorylation sites of the α1B-AR subtype human ortholog and
observed the following: 1) a large amount of phosphorylation sites lo-
cated at both the Ctail and IL3 and 2) that the phosphorylation pattern
varies under the different conditions employed. Our data suggest that
the regulation of this receptor subtype is likely more complex than
anticipated.

2. Materials and methods

2.1. Materials

(−)-Noradrenaline (NA), phorbol 12-myristate 13-acetate (PMA),
phentolamine, and propranolol were obtained from Sigma-Aldrich
Chemical. [32P]Pi (8500–9120 Ci/mmol) was obtained from Perkin-
Elmer Life Sciences. Dulbecco's modified Eagle's medium, fetal bovine
serum, trypsin, streptomycin, penicillin, amphotericin B, blasticidin,
hygromycin B, doxycycline hyclate and Fura-2AM were purchased from
Invitrogen-Life Technologies. Polyethyleneimine was obtained from
PolyScience and GenJet was obtained from SignaGen Laboratories.
Nitrocellulose membranes were from BioRad, and SuperSignal West
Pico Chemiluminescence kits were from Thermo Fisher Scientific.
Agarose-coupled protein A was obtained from Merck-Millipore. Anti-
phospho-ERK 1/2 (Thre202/Tyr204) (catalog number 9101S, lot: 30)
and anti-total ERK (p42/44) antibodies (catalog number 4695S, lot: 21)
were obtained from Cell Signaling Technology; monoclonal anti-GFP
was from Clontech (catalog number 632381, lot A5033481) and poly-
clonal anti-GFP was generated in our laboratory [37]. Secondary anti-
bodies were purchased from Zymed (Thermo Fisher Scientific) or
Jackson ImmunoResearch, including the peroxidase affiniPure Goat
anti-mouse IgG light chain antibody. Antibody dilutions were 1:1000
for primary antibodies and 1:10,000 for secondary antibodies. Parental
Flp-In T-Rex HEK293 cells and the plasmid, pOG44, were obtained from
Invitrogen.

2.2. Receptor mutants, cells, and transfections

The plasmid for the expression of the human α1B-AR fused at the
Ctail with the enhanced green fluorescent protein (eGFP) was pre-
viously described [38]. The receptor construct was subcloned into
pCDNA5/FRT/TO to employ the inducible Flp-ln T-Rex expression
system (Invitrogen), and the construct is referred as wild-type α1B-AR.
This was used as a template to generate the different mutants used;
mutagenesis was commercially performed by Mutagenex, Inc. and
proper changes were confirmed by sequencing (Mutagenex, Inc.).

To generate inducible receptor-expressing cells, parental Flp-In T-
Rex HEK293 cells were transfected with pCDNA5/FRT/TO, containing
the cDNA coding for the desired mutant, and pOG44 using GenJet
following the manufacturer's instructions. Transfected cells were sub-
jected to selection with 5 μg/ml blasticidin and 100 μg/ml hygromycin
B, as previously described [39,40]. Experiments were performed after
inducing receptor expression with 1 μg/ml doxycycline hyclate for
14–24 h. Cells were routinely grown in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum, 100 μg/ml strep-
tomycin, 100 U/ml penicillin, and 0.25 μg/ml amphotericin B. In all
experiments using NA, 1 μM propranolol was also added to avoid any β-
adrenergic action; the β-blocker did not alter baseline parameters by
itself (data not shown).

2.3. Intracellular calcium determinations

Intracellular calcium concentrations were assessed as previously
described [41,42]. Briefly, cells were serum-starved for 2 h, and then
loaded with 2.5 μM Fura-2/AM for 1 h at 37 °C, and cells were washed
to eliminate unincorporated dye. Fluorescence measurements were
performed at 340- and 380-nm excitation wavelengths and at a 510-nm
emission wavelength, with a chopper interval set to 0.5 s, using an
Aminco-Bowman Series 2 Luminescence Spectrometer. Intracellular
calcium levels were calculated as described by Grynkiewicz et al. [43].

2.4. Receptor phosphorylation

Receptor phosphorylation was performed as previously described
[42]. In brief, cells cultured in six-well plates were incubated for 3 h in
phosphate-free Dulbecco's Modified Eagle's media supplemented with
50 μCi/ml [32P]Pi. Labeled cells were stimulated as indicated, washed
with ice-cold phosphate-buffered saline (137.9 mM NaCl, 2.7mM KCl,
Na2HPO4 10mM; pH 7.4) (PBS) and solubilized for 1 h in the lysis
buffer described previously. The extracts were centrifuged and super-
natants were incubated overnight with protein A-agarose and anti-eGFP
antiserum generated in our laboratory [37]. Samples were subjected to
SDS-PAGE, transferred onto nitrocellulose membranes, and exposed for
18–24 h. The amount of phosphorylated receptor was assessed by
PhosphorImager analysis, using the ImageQuant program. The average
of the baseline values obtained in these experiments was considered as
100% and the error bar of the baselines corresponds to the dispersion of
these values. Western blotting for loading controls was performed using
a commercial monoclonal anti-eGFP antibody.

2.5. ERK 1/2 phosphorylation

Cells were serum-starved for 2 h. After stimulation with the in-
dicated agents, cells were washed with ice-cold phosphate-buffered
saline and lysed with Laemmli sample buffer [44]. Lysates were cen-
trifuged at 12,700×g for 5min, and proteins in supernatants were
separated by SDS-PAGE. Proteins were electrotransferred onto ni-
trocellulose membranes and immunoblotting was performed. Duplicate
samples were run in parallel to determine total- and phospho-ERK 1/2
levels. For data normalization, maximal response was considered as
100%.
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2.6. α1B-AR purification and mass spectrometry analysis

The procedure employed was similar to those employed for α1A- and
α1D-AR [7,19,20]. Ten 10 cm-diameter dishes (90% confluence) of HEK
293 cells expressing the wild-type α1B-AR-eGFP construct, per condi-
tion, were used in each experiment. Control experiments employing
non-induced HEK 293 cells were also performed. Cells were stimulated
as indicated, washed twice with ice-cold PBS and solubilized for 1 h at
4 °C with ice-cold lysis buffer (10mM Tris HCl, 150mM NaCl, 1% so-
dium cholate, 1% Nonidet P40, 10% SDS, 5mM EDTA, pH 7.4, 10mM
NaF, 10mM sodium pyrophosphate, leupeptin 20mg/ml, phe-
nylmethylsulfonyl fluoride 100mg/ml, bacitracin 500mg/ml, soybean
trypsin inhibitor 50mg/ml, 1 mM p-serine, 1 mM p-threonine, and
1mM p-tyrosine). The solubilized extracts were centrifuged at
12,700×g for 15min. Pre-cleaning of the supernatants was performed
using 100 μl of protein A-agarose with constant agitation for 1 h at 4 °C.
After 5000×g centrifugation, the supernatants were incubated over-
night under constant agitation with 30 μl anti-GFP serum and 30 μl of
protein A-agarose. Pellets were washed five times with lysis buffer and
solubilized with Laemmli sample buffer [44] containing 20mg/ml di-
thiothreitol, 10% SDS, and 8M urea. The samples were resolved by
SDS-PAGE by running two 10% gels in parallel, one containing> 95%
of the sample and the other with the remaining amount. The first gel
was stained with colloidal Coomassie Blue and the bands of interest
were excised and sent for mass spectrometry analysis to the Taplin Mass
Spectrometry Facility (Harvard Medical School. Cambridge, MA, USA).
The second gel was used to confirm the presence of eGFP-tagged re-
ceptors by Western blotting. Four different purification-mass spectro-
metry experiments were performed. Ascore [45], a probability-based
score, was employed. The program measures the probability of correct
phosphorylation site localization, based on the presence and intensity
of site-determining ions in the mass spectrometry spectra. Two con-
siderations were made: a) Ascore values > 19 were considered as the
limit for reliable phosphorylation sites, and b) when two sites were
detected in the same peptide, the different Ascore values were con-
sidered [45].

2.7. In silico analysis

Receptor sequences were obtained from the UniProt Knowledgebase
[46]. Sequence alignments were performed using the blast-protein suite
(protein-protein BLAST (http://www.uniprot.org/blast/). The possible
phosphorylation sites were obtained from analysis performed using
NetPhos 3.0 (http://www.cbs.dtu.dk/services/NetPhos) [47] and the
Group-based Prediction System, GPS 2.1 (http://gps.biocuckoo.org/)
[48] on-line services, employing cut-off values of 0.75 and 4, respec-
tively. Prediction of the probable protein kinases involved was obtained
using GPS 2.1 [48].

2.8. Statistical analysis

Statistical comparisons between groups were performed employing
a parametric analysis of variance with Bonferroni's post-test, assuming
Gaussian data distribution (http://www.graphpad.com/guides/prism/
7/statistics/index.htm). We used the software included in the GraphPad
Prism 6 software to perform these analyses. A p value of< 0.05 was
considered statistically significant.

3. Results and discussion

As previously indicated, in the experiments of Cottechia and cow-
orkers [30,32] the hamster α1B-AR was studied. We centered our work
on the human ortholog, mainly for its medical interest and also in order
to compare the findings with what has been observed in the phos-
phorylation of human α1A- and α1D-AR [7,19,20]. Human α1B-AR are
phosphorylated in response to agonists and activation of PKC in a

comparable way to what has been observed with the hamster receptor,
and the functional consequences of such phosphorylations are also alike
[26]. This is hardly surprising considering that these orthologs are re-
markably similar; i.e. overall identity is ~94.6%, with the human or-
tholog five amino acids larger than that of the hamster (520 amino
acids vs. 515 in the hamster receptor). Amino acids 1–351, which
comprise the main cores of these receptors (amino termini, the seven
transmembrane domains, and the intracellular and extracellular loops)
show notable similarity, exhibiting only three conservative and two
semi-conservative substitutions (Supplementary Fig. S1). The Ctail do-
mains of these receptors have more differences: i.e., five additional
residues are present in the human ortholog as compared to the hamster,
and conservative (10), semi-conservative (3) and non-conservative (5)
substitutions are present (Supplementary Fig. S2; please note that al-
ternative alignments are possible). However, the phosphorylation sites
detected in the hamster receptor [30] are all conserved in the human
ortholog (S396, 402,406, 410, and 412) (Supplementary Fig. S2).

As an initial step in our work, we examined the possible roles of the
sites of the human α1B-AR, equivalent to those observed as phos-
phorylated in the hamster ortholog [30]. To achieve this goal, muta-
tions of the putative phosphorylation sites were performed to the wild-
type human α1B-AR, as depicted in Supplementary Fig. S3, as well as
receptor phosphorylation and functional studies (intracellular calcium
determination and ERK 1/2 phosphorylation). The following receptors
were generated: a) wild-type (no modification other than fusion to the
eGFP). b) S396,402A (altering putative PKC sites, named PKC-m), c)
S406,410,412A (altering putative GRK sites; named GRK-m), and d)
S396,402,406,410,412A, altering these five sites (named PKC+GRK-
m). Receptor expression was similar as reflected by fluorescence con-
focal microscopy (Supplementary Fig. S4) and Western blotting (see
later).

β2-AR are known to be endogenously expressed in HEK 293 cells
and their activation mobilizes intracellular calcium [49]; therefore, in
all experiments in which NA was employed, the cells were also in-
cubated in the presence of 10 μM propranolol. As shown in Fig. 1A, cells
expressing the wild-type receptor or any of the mutants studied in-
creased intracellular calcium in response to NA in concentration-de-
pendent fashion. This effect was blocked by 10 μM phentolamine, as
anticipated (data not shown; prazosin was not used due to its intrinsic
fluorescence). The efficacy of the different receptors was similar (i.e.,
an increase in intracellular calcium of ~150–200 nM was observed),
with the exception of the PKC+GRK-m mutant, which was in some of
the experiments less responsive to NA (statistically insignificant); the
potencies of NA were also similar (EC50 ~ 20–60 nM). In Fig. 1B, cal-
cium transients in response to 10 μM NA are presented. As can be ob-
served the calcium response peaks were very similar (see also Fig. 1C);
however, return to baseline was considerably slower in mutants with
the putative GRK sites mutated, which resulted in significantly higher
residual intracellular calcium values (determined at 100 s after agonist
addition) (Fig. 1, panels B and C). These data are consistent with the
idea that the receptor mutants are less susceptible to desensitization
than the wild-type; i.e., the mutant receptors did not appear to de-
sensitize as fast as the wild-type, which is in accordance with the data of
Diviani et al. [30]. It has been suggested that α1B-AR internalization
diminish calcium signaling [50]. To what extent this plays a role in our
experiments is unknown; however, vanishing of the NA-induced free
calcium increases occurs within seconds, and changes in receptor in-
ternalization are hard to detect in this time frame.

The ability of PKC activation with PMA to desensitize α1B-AR action
was also tested with the different mutants. As shown in Fig. 2A, NA-
induced increase in intracellular calcium was reduced (~50%) by
preincubation for 5, 10, or 15min with 1 μM PMA in cells expressing
the wild-type receptor. A similar effect was observed in the receptor
mutant in which the putative sites for this kinase family were mutated
to alanine (PKC-m) but the effect of PMA decreased with the incubation
time (Fig. 2B). Interestingly, cells expressing receptors in which the
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putative GRK sites were changed to alanine (GRK-m and PKC+GRK-
m) were not significantly affected by the treatment with PMA (Fig. 2,
panels C and D). Attempts to study NA-induced desensitization (in-
tracellular calcium response or inositol phosphate production) were
unsuccessful due to that the action of the catecholamine decreased the
general response of the cells even after extensive washing. This might
involve depletion of calcium stores and/or changes in the metabolic
pools of the phosphoinositides.

We examined receptor phosphorylation and observed that all of the
receptors studied (wild-type α1B-AR and the different mutants) were
phosphorylated under baseline conditions and that this estate increased

in response to NA (Fig. 3) and PMA (Fig. 4). Western blotting of the
immunoprecipitated receptors was performed and, in all cases, two
bands were identified; a major band of ~110 kD and another of
~100 kD. Phosphorylation was mainly detected in the band with the
higher Mr, although some radioactivity was also present in the lower
Mr band. Signal in both bands was quantified together (the lower Mr
band might represent the receptor being processed (glycosylated) or
partially degraded). In cells expressing the wild-type receptor, 1 μM NA
rapidly increased receptor phosphorylation (at 2 and 5min), which
decreased at longer incubation times (15–60min). The different mu-
tants also augmented their phosphorylation state rapidly in response to

Fig. 1. NA-induced calcium response in cells expressing
α1B-AR mutants. Panel A. Cells expressing the different
α1B-AR-eGFP constructs were stimulated with the in-
dicated concentrations of NA (in the presence of pro-
pranolol) and intracellular free calcium concentration
was quantified. Wild-type (WT) receptor and the fol-
lowing mutants with the indicated substitutions in par-
enthesis: (S396,402A), PKC-m; (S406,410,412A), GRK-m;
and (S396,402,406,410,412A), PKC-GRK-m. Plotted are
the maximal increases as the means ± S.E.M. of 7–9
experiments using different cell preparations (where no
error bar is shown, it is within the symbol). Panel B.
Representative free calcium tracings using the different
mutants. Panel C. Bars indicate the maximal increases
(PEAK, open bars) and the remaining increase over
baseline observed 100 s after NA addition (RESIDUAL,
dashed bars). Plotted are the means ± S.E.M. of 7–9
experiments using different cell preparations.
***p < 0.001 vs. Residual WT; **p < 0.005 vs.
Residual WT.

Fig. 2. Effect of PMA on NA-induced calcium re-
sponse in cells expressing α1B-AR mutants. Cells
were preincubated for the times indicated in the
presence of 1 μM PMA and then they were chal-
lenged with 10 μM NA (in the presence of propra-
nolol). Plotted are the maximal increases in free
calcium concentration as the means ± S.E.M. of 6–7
experiments using different cell preparations.
***p < 0.001 vs. respective time 0; **p < 0.005 vs.
respective time 0; *p < 0.05 vs. respective time 0.
Other indications as in Fig. 1.
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NA and the effect diminished similarly (Fig. 3). In the presence of 1 μM
PMA, the receptors studied, increased their phosphorylation state at 2
and 5min, which was maintained up to 30min, decreasing slightly
afterward (60min); when the wild-type receptor and the different
mutants were compared, no statistically significant difference, was
observed (Fig. 4). Nevertheless, it should be emphasized that, in these
experiments, data were always normalized to the baseline

phosphorylation of the receptor studied. In order to obtain a direct
comparative view of the actions, cells expressing the different receptors
were cultured and treated simultaneously, and samples were run using
the same gels and analyzed using the baseline of the wild-type receptor
as a reference (Fig. 5). These experiments evidenced that baseline
phosphorylation was reduced in cells expressing the mutant receptors
as compared to the wild-type even considering the relative expression,

Fig. 3. Effect of NA on α1B-AR phosphorylation.
Cells were challenged with 10 μM NA (in the pre-
sence of propranolol) for the times indicated and
receptor phosphorylation was determined. Plotted
are the means ± S.E.M. of 6–9 experiments using
different cell preparations. Above the graph, re-
presentative autoradiographs (32P) and Western
blots (WB) are shown. Other indications as in Fig. 1.

Fig. 4. Effect of PMA on α1B-AR phosphorylation.
Cells were challenged with 1 μM PMA for the times
indicated and receptor phosphorylation was de-
termined. Plotted are the means ± S.E.M. of 6–9
experiments using different cell preparations. Above
the graph, representative autoradiographs (32P) and
Western blots (WB) are shown. Other indications as
in Fig. 1.
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as evidenced by Western blotting, i.e., the PKC-m receptor to ~80%, the
GRK-m to ~90%, and the PCK-GRK-m to ~50% of the wild-type re-
ceptor phosphorylation. These differences were reproducible and sta-
tistically significant. Similarly, decreases in phosphorylation were ob-
served by Diviani et al. [30], which reported diminutions of 13–30% as
compared to the wild-type receptor. In addition, our experiments
showed that baseline and both NA- and PMA-induced phosphorylation,
was present in these receptors. i.e. these mutations reduced but did not
completely blocked receptor phosphorylation. Nevertheless, it should
be emphasized that the phosphorylation state of the PKC+GRK-m
receptor was markedly decreased, as compared to the wild-type, and
that the effects of NA and PMA were reduced and were only marginally
statistically significant. Work by Cotecchia and coworkers has shown
that truncation of the hamster α1B-AR Ctail (i.e., lacking the last 147
amino acids) nearly abolished NA- or PMA-induced receptor phos-
phorylation [32] as did truncation of the domain where the phos-
phorylation sites were detected (sites 393–414 of the hamster ortholog)
[30]. The differences between our present work and those of Cottechia
and coworkers [30,32] could be due to the receptor orthologs studied
or to differences in the experimental conditions employed including,
but not limited to, the cellular models in which the receptors were
expressed, the receptor densities, and/or the conformational changes
induced by the receptor modifications performed.

The effect of NA on ERK 1/2 phosphorylation was also studied. It
can be observed in Fig. 6, that when cells expressing the wild-type
human α1B-AR were stimulated by the agonist, ERK phosphorylation
increased very rapidly (i.e., maximal phosphorylation was observed at
2min; the earliest time of determination), which progressively de-
creased after 15, 30 and 60min of incubation with the agonist (Fig. 6).
Interestingly, the initial response was nearly identical in cells expres-
sing the different receptors; however, ERK 1/2 phosphorylation de-
creased at a much slower rate in cells with the different mutants as
compared to those expressing the wild-type receptor (Fig. 6). This dif-
ference was statistically significant (at 30 and 60min), when the re-
sponse of cells with the distinct mutants were compared to those ex-
pressing the wild-type receptor. These flatter decreases are consistent

with the idea that the different mutants reduce receptor turn off. It is
possible that such differences could be related to changes in receptor
trafficking/internalization [50]. A similar pattern was observed in cell
expressing α1D-AR mutants; i.e., NA-induced ERK phosphorylation de-
creased at a slower rate in cells expressing receptors with Ctail S/A
substitutions than in those with unmodified carboxyl terminus [7,20].

The former data revealed that the modifications made to the human
α1B-AR mimicked some of the functional effects observed with the
mutated hamster ortholog [30], but that remaining baseline, NA- and
PMA-stimulated human α1B-AR phosphorylation continued to be ob-
served. Some remaining phosphorylation was also detected in the ex-
periments using the hamster receptor [30]. Therefore, as a second step
in our research, we decided to directly explore the phosphorylation
sites directly present in human α1B-AR under three different conditions:
baseline, activation with 10 μM NA (in the presence of propranolol), or
1 μM PMA; cells were stimulated for 15min on the basis of the previous
experiments. To accomplish this, we performed receptor im-
munopurification experiments using a protocol similar to those em-
ployed previously to study the α1A- and α1D-AR [7,19,20], as described
in Materials and Methods. In immunopurification studies for mass
spectrometry analysis, two bands in the 110–100 kDa region were
present in the Coomassie blue-stained gels which were identified as the
α1B-AR-eGFP construct by Western blotting using a primary antibody
against the eGFP (Fig. 7). This is consistent with what was observed in
the receptor phosphorylation experiments, using metabolic labeling
with [32P]Pi.

Mass spectrometry analysis of the immunopurified bands, obtained
from four independent experiments, revealed peptides corresponding to
67% of the IL3 and 74% of the Ctail α1B-AR sequences (Supplementary
Fig. S5). The detected α1B-AR phosphorylation sites present, under the
different experimental conditions, are shown in Fig. 8, which includes
the following: prediction in silico, amino acid number and peptide se-
quence in which it was detected, and domain localization. α1B-AR
phosphorylation is quite strong under baseline conditions
[23,29–32,51–53] and a large number of amino acid residues present at
the IL3 and also at the Ctail were phosphorylated under baseline/

Fig. 5. Comparative α1B-AR phosphorylation of the
different mutants. Cells were challenged with no
agent (B, baseline), 10 μM NA (plus propranolol) for
2 min, or 1 μM PMA for 15min and receptor phos-
phorylation was determined. Data were normalized
to the baseline phosphorylation observed in cell ex-
pressing the wild-type receptor. Plotted are the
means ± S.E.M. of 10–12 experiments using dif-
ferent cell preparations. ***p < 0.001 vs. wild-type
baseline (B); **p < 0.001 vs. respective baseline
(B); *p < 0.05 vs. respective baseline (B). Above the
graph, representative autoradiographs (32P) and
Western blots (WB) are shown. Other indications as
in Fig. 1.
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unstimulated conditions (Fig. 8, panels A and B). Interestingly, some of
these residues were not found phosphorylated under stimulation by NA
or PMA; these include S248, S268, T420, and T475 (Fig. 8, panels A and
B). Some amino acids were detected phosphorylated only in response to
NA and include: S246, S277, S396, S400, S402, and S406. Residues
phosphorylated in response to PMA include T387 and T392 whereas
S267 and S425 were found phosphorylated under both baseline and
PMA-stimulated conditions (Fig. 8, panels A and B). Other residues
were detected phosphorylated under all studied conditions (baseline,
NA- and PMA-stimulated) including: T252, S257, T264, S423, S427,
S455, and S470 (Fig. 8, panel A and B). Other phosphorylation sites
were detected but their Ascore value [45] was low. It should be men-
tioned, that the mass spectrometry method employed in this study is
only qualitative and therefore, we cannot estimate the proportion/re-
lative magnitude of receptors phosphorylated in a given residue.
Phospho-amino acid analysis of experiment using the hamster ortholog
have not detected p-tyrosine and either only p-serine (COS-7 cells) [30]
or marked signal of phospho-serine with clear traces of p-threonine
(Rat-1 fibroblasts) [29]. This latter finding is consistent with our

present data, in which some threonine residues were detected phos-
phorylated. This difference could be due to the cell system model em-
ployed for receptor expression, as this has been shown with muscarinic
receptors and which seems to be of great importance in defining the so-
called phosphorylation bar-code and its functional consequences [12].

The putative protein kinases involved in these phosphorylations
were explored using the Group-based Prediction System, GPS 2.0. As it
could have been anticipated on the bases of the previous work on this
receptor [30,31], in many cases, several kinases, including members of
the GRK and PKC families, were able to phosphorylate these sites
(Supplementary Table 1); other protein kinases, such as PKA, AKT,
GSK3, PDK-1, and p38, were also identified in the protein kinase pre-
diction analysis (Supplementary Table S1).

Sequence alignment of the IL3 and Ctail domains of the α1B-ARs of
different species was subsequently performed (Supplementary Fig. S6).
All of the phosphorylation sites were conserved among these orthologs.
In contrast, when these domains of human α1A-, α1B- and α1D-AR
subtypes, were aligned, none of the identified phosphorylation sites
were conserved among these three different subtypes and only a few

Fig. 6. Effect of NA on ERK 1/2 phosphorylation.
Cells were challenged with 10 μM NA (in the pre-
sence of propranolol) for the times indicated and ERK
1/2 phosphorylation was determined. Plotted are the
means ± S.E.M. of 6–8 experiments using different
cell preparations. Above the graph, representative
phospho-ERK 1/2 (p-ERK 1/2) and total ERK 1/2
(ERK 1/2) Western blots are shown. ***p < 0.001
vs. the different mutants. Other indications as in
Fig. 1.

Fig. 7. Representative α1B-AR immunopurification
samples employed for the mass spectrometry studies.
Cells expressing the α1B-AR-eGFP construct were
treated with: no agent (baseline, B), 10 μM NA (and
propranolol), or 1 μM PMA, for 15min; subsequently
were lysed and subjected to immunopurification as
described under Material and Methods. Samples
were separated by SDS-polyacrylamide gel electro-
phoresis and stained with Coomassie blue (left
image); molecular weight markers are shown in the
first lane and their Mr is indicated. A small aliquot
was also subjected to electrophoresis, and the gel
was electrotransferred onto a nitrocellulose mem-
brane. Western blotting was performed using anti-
GPF antibodies. The arrows indicate α1B-AR-eGFP
localization. Bands corresponding to IgG HC (heavy
chains) and LC (light chains) are also indicated.
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were conserved between two of them (Supplementary Fig. S7).
Supplementary Fig. S8 presents comparative models of the human

α1B-AR putative phosphorylation sites (extrapolated from the muta-
tional/functional data obtained with the human ortholog [30]) and the
actual phosphorylation sites detected by mass spectroscopy. As can be
observed, three of the sites were confirmed by the present data and a
much more complex phosphorylation pattern was detected. Supple-
mentary Fig. S9, presents models of the three human α1-AR with the
phosphorylation patterns observed by mass spectrometry; these were
obtained using the same cell-expression model and similar receptor
constructions (i.e., receptors fused at the Ctail with the eGFP).

The pioneer work of Diviani, Lattion and Cotecchia [30] per-
formed> 20 years ago, using mutagenesis and deletions in parallel
with functional studies, defined a cluster of five serines as the major
phosphorylation sites of the hamster α1B-AR. Methodological advances
over the past years allow now direct identification of phosphorylated
sites. In the present work, we detected S396, S402 and S406 as phos-
phorylated, which correspond to three of the sites detected in the
hamster receptor (Supplementary Fig. S8). The former two correspond
to residues assigned as targets for PKC [30] and the kinase prediction
performed is consistent with such an assignment (Supplementary Table
S1). The third site, S406, was assigned as a GRK target [30]; however,
kinase prediction failed to detect it as such, despite its being surrounded
by acidic residues, suggesting the possible roles of other kinases (Sup-
plementary Table S1). The remaining two serines, defined for hamster
α1B-AR (i.e., S410 and S412 in the human receptor), were covered by
the mass spectrometry analysis (Supplementary Fig. S5) but no phos-
phorylation was detected. A series of possibilities might explain this, as
follows: it could due to the conformation of the human receptor or-
tholog, as due to availability or accessibility to GRK (namely GRK2 and
GRK3 [30]); restrictions imposed by the eGFP tag, and/or the possibi-
lity that those (phospho)-ester bonds could be unstable during the mass
spectrometry analysis, among others. In any case, the data obtained
with the hamster receptor and the present findings define S396, S402,
and S406 as major phosphorylation targets in the α1B-AR of humans,
hamsters, and likely, other species (Supplementary Fig. S6).

It is noteworthy that it has been observed that at least two domains
at the hamster α1B-AR Ctail of the, one including amino acids 403–425
and another in the 367–380 region, appear to play roles in inter-
nalization/down-regulation [35]. No phosphorylation was detected in
the region corresponding to amino acids 367–380 of hamster α1B-AR.
However, in the region corresponding to the first domain, we detected
phosphorylated S406, T420, S423, and S425. We have previously ob-
served that human α1B-AR internalize through different processes, i.e.,
processes involving interaction with different Rab proteins when sti-
mulated by NA, or through the physiological or pharmacological acti-
vation of PKC [54,55]. It is possible that the phosphorylated sites might
play a role in internalization/down-regulation, but this remains to be
experimentally tested.

Detection of phosphorylated residues at the human α1B-AR IL3 was
unexpected, because it has been observed that deletion of the hamster
Ctail or of the serine cluster (Δ 393–413) in this domain, nearly abol-
ished receptor phosphorylation [30]. Consistent with this, work from
our laboratory has shown, using Rat-1 fibroblast as expression model,
that hamster α1B-AR are markedly phosphorylated under baseline, NA-
or PMA-stimulated conditions, whereas bovine α1A-AR is also

phosphorylated, but to a much lesser degree [53]. Swapping the Ctail of
these receptors demonstrated that this domain of the α1B-AR comprises
the main phosphorylation target, and that the intense phosphorylation
pattern can be transplanted to the α1A-AR [53,56] (although little
correlation between receptor phosphorylation and function was de-
tected [56]). It is possible that the three phosphorylated sites detected
are those predominantly phosphorylated but that overexpression and
strong stimulation, required to obtain significant signal in the mass
spectrometry experiments, might permit detection of residues that
under other conditions might be phosphorylated to a much lesser ex-
tent. However, significant α1B-AR phosphorylation was observed in
mutants with S/A substitutions (Figs. 3–6). It is also of interest that our
studies on the three human α1-AR ([7,19,20] and the present work)
showed phosphorylation at both the IL3 and Ctail domains (Supple-
mentary Fig. S9), although such sites were poorly conserved (Supple-
mentary Fig. S7).

The complexity of the phosphorylation patterns of the human α1-AR
hampers the possibility of studying the functional significance of the
different sites. Recently we obtained evidence that sites at the human
α1D-AR Ctail might control the plasma membrane location of this re-
ceptor subtype [7]. Similarly, in a recent and elegant study, Strakova
and coworkers [8] reported that casein kinase 1-mediated phosphor-
ylation of the Frizzled 6 receptor is required for its plasma membrane
localization and that this contributes to its asymmetric distribution in
epithelial cells. Our present work provides further evidence that three
serine residues are important in human α1B-AR phosphorylation and
suggests that phosphorylation patterns are much more complex than
previously anticipated. Receptor phosphorylation is an intricate process
that takes place within space-temporal dimensions and, very likely, our
phosphorylation data represent just a “frame” within the large “pic-
ture”. The fact that some sites were detected phosphorylated under
baseline conditions, but not when stimulated (Fig. 8), suggest to us that,
during cell activation, the action of different protein kinases and
phosphatases might take place, and this could occur in a very dynamic
manner, with different receptor phosphorylation patterns, coexisting at
distinct times and receptor's cellular localizations. In addition, there is
evidence showing that phosphorylated β2-adrenoceptor subpopulations
(i.e., receptors phosphorylated at different sites) could be present si-
multaneously in a single cell; these might be present in different sub-
cellular compartments and subserve in different functions [57]. It is
likely, therefore, that the phosphorylation pattern we observed might
be the addition of a series of different states present in the cells.
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Role of NADPH oxidase-2 in the
progression of the inflammatory response
secondary to striatum excitotoxic damage
Diego Rolando Hernández-Espinosa, Lourdes Massieu, Teresa Montiel and Julio Morán*

Abstract

Background: During excitotoxic damage, neuronal death results from the increase in intracellular calcium, the
induction of oxidative stress, and a subsequent inflammatory response. NADPH oxidases (NOX) are relevant
sources of reactive oxygen species (ROS) during excitotoxic damage. NADPH oxidase-2 (NOX-2) has been
particularly related to neuronal damage and death, as well as to the resolution of the subsequent inflammatory response.
As ROS are crucial components of the regulation of inflammatory response, in this work, we evaluated the role of NOX-2
in the progression of inflammation resulting from glutamate-induced excitotoxic damage of the striatum in
an in vivo model.

Methods: The striata of wild-type C57BL/6 J and NOX-2 KO mice (gp91Cybbtm1Din/J) were stereotactically injected with
monosodium glutamate either alone or in combination with IL-4 or IL-10. The damage was evaluated in histological
sections stained with cresyl violet and Fluoro-Jade B. The enzymatic activity of caspase-3 and NOX were also measured.
Additionally, the cytokine profile was identified by ELISA and motor activity was verified by the tests of the cylinder, the
adhesive tape removal, and the inverted grid.

Results: Our results show a neuroprotective effect in mice with a genetic inhibition of NOX-2, which is partially due to
a differential response to excitotoxic damage, characterized by the production of anti-inflammatory cytokines. In NOX-2
KO animals, the excitotoxic condition increased the production of interleukin-4, which could contribute to the
production of interleukin-10 that decreased neuronal apoptotic death and the magnitude of striatal injury. Treatment
with interleukin-4 and interleukin-10 protected from excitotoxic damage in wild-type animals.

Conclusions: The release of proinflammatory cytokines during the excitotoxic event promotes an additional apoptotic
death of neurons that survived the initial damage. During the subsequent inflammatory response to excitotoxic
damage, ROS generated by NOX-2 play a decisive role in the extension of the lesion and consequently in the
severity of the functional compromise, probably by regulating the anti-inflammatory cytokines production.

Keywords: NADPH oxidase, NOX-2, Glutamate, Excitotoxicity, Striatum, Caspase-3, Neuroinflammation, Interleukin-4,
Interleukin-10
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Background
During excitotoxic damage, neuronal death produced by
the overstimulation of the glutamate receptors is deter-
mined by several factors, including the increase of intracel-
lular calcium [1], reactive oxygen species (ROS) production
[2], microglia activation, and inflammatory responses [3].
Among these factors, the increase in ROS contributes sig-
nificantly to the subsequent inflammatory process [4]. This
condition has implications not only at the onset of damage,
but also during the progression of the neuronal death [5].
Although the mitochondria have been classically consid-

ered as the main source of ROS [6], the relevance of other
sources of ROS such as the NADPH oxidases family
(NOX), which are widely distributed in all the studied spe-
cies and are present in basically all the cell types evaluated,
has gained great importance as mediators of excitotoxic
damage [7]. In this regard, the genetic or pharmacological
inhibition of NOX activity constitutes a neuroprotective
condition in several pathologies involving excitotoxicity,
such as hypoxia, hypoglycemia, and neuroinflammation
[8–10]. Among the homologs of the NOX family, NOX-2
seems to be the main responsible for the observed neur-
onal death in numerous models of excitotoxic damage
[11, 12]. The specific inhibition of NOX-2 in neurons, as-
trocytes, and microglia prevents neuronal death in differ-
ent experimental conditions [13, 14]. In a previous study,
we observed in genetically deficient NOX-2 mice and
wild-type animals treated with a NOX inhibitor that ROS
production, lesion size, and microglial reactivity were
markedly decreased during excitotoxic damage [13].
A large body of evidence points to neuroinflammation

as a main component of most of the central nervous sys-
tem (CNS) disorders, including those involving excito-
toxic damage [15]. Local immune cells orchestrate a
series of events in order to stimulate tissue reparation in
response to cell damage [16]. Microglia activation con-
stitutes the first line of defense against brain tissue injury
[17], through the induction of a range of phenotypes
from resting ramified cells to motile amoeboid microglial
cells [18]. At the molecular level, a variety of pro- and
anti-inflammatory mediators, including interleukins, as
well as ROS, nitric oxide, and eicosanoids are produced
[19]. In contrast to proinflammatory mediators that par-
ticipate in neuronal death, the anti-inflammatory media-
tors can contribute to neuroprotective actions [20, 21].
Cytokines are pleiotropic molecules that define the

characteristics and the resolution of the immune response
[22]. The characteristics of the response are subordinated
to the sum of the proinflammatory and anti-inflammatory
stimuli in the microenvironment. TNF-α, IL-1β, IL-6,
IL-8, and IL-12, among others, are considered as classic
proinflammatory molecules [23–25], while TGF-β,
IL-4, and IL-10 are classified as anti-inflammatory
cytokines [26, 27].

A simplified classification of the polarization of microglia
has been developed, and two phenotypes were proposed
based on functional characteristics, the type of cytokines
released, and the presence of some molecular markers [28].
The M1 phenotype refers to the classically activated
macrophages, which is characterized by the expression of
proinflammatory cytokines [29] and the M2 phenotype des-
ignates the alternatively activated macrophages that are re-
lated to the production of anti-inflammatory cytokines and
the resolution of the process [30–32].
Although the M1/M2 concept is widely accepted, it

should be noted that the new technologies and the
recent data in the field have led to reconsider this classi-
fication. For example, both “M1” and “M2” markers can
be simultaneously expressed in the same microglial cells
or macrophages [33] and M2 cells show a wide range of
functional and biochemical features [34]. Thus, the
microglial/macrophage polarization seems to be a more
complex process than originally described and the M1/
M2 phenotypic classification has been reviewed [35, 36],
and different intermediate phenotypes have been de-
scribed on the basis of their functionality and the mo-
lecular markers expressed under different physiological
states [35, 37].
The mechanisms mediating the inflammatory response

of macrophages/microglia are not completely understood,
but evidence has provided a framework to propose that
ROS may shape the inflammatory response [38, 39], as
well as the regulation of microglial activation [40, 41]. This
is in line with the association between ROS and several
microglia-driven neuropathologies [38]. On the other
hand, experimental evidence suggests that microglial
NOX2 is involved in neurotoxicity by both producing
extracellular ROS [41] and by participating in the redox
signal involved in the inflammatory response [42, 43]. For
example, NOX activation by interferon and LPS results in
microglial expression of iNOS and cytokines mediated by
the activation of MAP kinases, NFκB, and STAT1 phos-
phorylation [44, 45].
It has been suggested that NOX2 plays a key role in

the expression of the M1 phenotype by a mechanism
mediated by IL10 and STAT3 [37, 46]. Furthermore, the
lack of NOX2 leads to a M2 phenotype mediated by a
downregulation of NFκB nuclear translocation in a
model of TBI and diabetes [46, 47]. Thus, ROS derived
from glial cells and from different sources, including
NOX2, participate in the microglial activation and play a
key action by defining the microglial phenotype, which
may have a central role in neurotoxicity and neurode-
generative diseases [43, 45].
In this study, we evaluated the time course of cell

damage, NOX activity, and production of cytokines, as
well as the functional sequelae, resulting from the exci-
totoxic damage in an in vivo model. We also tested the

Hernández-Espinosa et al. Journal of Neuroinflammation           (2019) 16:91 Page 2 of 19



protective action of two exogenous anti-inflammatory cyto-
kines in this model. We propose that NOX-2, besides par-
ticipating in the neuronal excitotoxic damage, also regulate
the production of pro- and anti-inflammatory cytokines,
which results critical for the progression of the cell death.

Methods
Animals
All animals were handled according to the National Insti-
tutes of Health Guide for the Care and Use of laboratory
animals (NIH Publication No. 8023, revised 1978) and the
local Committee for the Care and Use of Laboratory Ani-
mals (CICUAL protocol JMA72-15). All efforts were made
to minimize pain, as well as the number of animals used.
Wild-type (WT) adult mice C57BL/6 (8 weeks old) were
obtained from the bioterium of the Instituto de Fisiología
Celular, Universidad Nacional Autónoma de México. The
NOX-2 KO (gp91Cybbtm1Din/J) adult mice generated on a
C57BL/6 background were purchased from the Jackson
Laboratory (Bar Harbor, ME), and the colony was estab-
lished at the vivarium of the Instituto de Fisiología Celular,
Universidad Nacional Autónoma de México. Mice were
housed and kept under controlled temperature (20–22 °C)
with a regulated 12-h light-dark cycle, with water and food
ad libitum. The mice used for this study were divided as
follows: 40 animals were used for histological analyses, 30
for immunoblot and enzyme activity determinations
(NOX and caspase-3), and 30 for cytokine analysis.

Intrastriatal glutamate injection
C57BL/6 WT and NOX-2 KO mice were anesthetized
with 3% isoflurane in a 95% O2/5% CO2 mixture and

placed on a stereotaxic frame (David Kopf Instruments,
Tujunga, CA). A stainless steel needle was positioned in
the right striatum according to the following coordinates:
anterior-posterior + 0.8mm from bregma, lateral + 2.2mm
from midline, and vertical 3.2mm from dura [35]. With the
aid of an injection pump (model 55; Harvard, South Natick,
MA), 0.5 μL of a solution of monosodium glutamate (1M)
or saline solution (0.9%) was injected (0.175 μL/min). A sec-
ond (25 WTanimals) and a third group (25 WTanimals) of
mice were treated with 0.7 ng/mL of interleukin-4 (cell
signaling #5208) or 0.4 ng/mL of interleukin-10 (cell signal-
ing #5261), respectively, in the same monosodium glutam-
ate solution (Fig. 1). Five minutes after the injection, the
needle was gently withdrawn, and the skin was sutured
with nylon [48]. Mice recovered from anesthesia in a
temperature-controlled chamber and were placed in indi-
vidual cages with water and food ad libitum.
At different times after the surgery, animals received a

lethal dose of sodium pentobarbital to subsequently ex-
tract the brain. For biochemical analyses, some animals
were killed by cervical dislocation at different times (1,
6, 12, and 24 h) and striata were dissected and homoge-
nized. To that, the olfactory bulb and cerebellum were
removed from the brain and a sagittal section was made
on the midline to separate the hemispheres and dissect
the striate, which can be delimited as tissue slightly more
transparent than the surrounding cortex [49]. The tissue
obtained (15–20mg) was homogenized in lysis buffer and
protease inhibitors at 4 °C (OMNI TC homogenizer). The
homogenate was centrifuged at 5000 g for 5min to re-
move the cellular debris and subsequently the amount of
protein was quantified [50].

Fig. 1 Illustration of the timeline experimental design. Wild mice (WT, without treatment and treated with interleukins 4 or 10) and NOX-2 KO
were administered with monosodium glutamate (1 M). Subsequently, they were sacrificed at 24 h to obtain histological sections (n = 5). Some
animals were sacrificed at 1, 6, 12, and 24 h to obtain striatum homogenate (n = 4). Motor behavior tests were performed at 1, 6, 12, and 24 h in
animals of both groups (n = 8)

Hernández-Espinosa et al. Journal of Neuroinflammation           (2019) 16:91 Page 3 of 19



Lesion volume analysis
Glutamate-induced lesions were evaluated 24 h after the
surgery (Fig. 1). Mice were deeply anesthetized with so-
dium pentobarbital and were transcardially perfused
with 30 mL of 0.9% saline solution followed by 35 mL of
4% paraformaldehyde solution in 0.1 mM phosphate buf-
fer at pH 7.4. Brains were removed and placed in the
same fixative solution at 4 °C. Consecutive series of stri-
atal coronal sections (40 μm thick) for cresyl violet and
Fluoro-Jade B (FJB; Chemicon, Temecula, CA) staining
were obtained in a cryostat (1510s, Leica, Microsystems
Nussloch GmbH, Heidelberger Nussloch, Germany).
After staining with cresyl violet, all sections where a le-
sion was visible (pale cresyl violet stain) were selected
for quantification of the lesion volume. The damaged
areas were delineated manually and measured using an
image analyzer (ImageJ 1.48v analyzer program; Wayne
Rasband, NIH, USA) by an experimenter blinded to the
treatments. Total lesion volume was obtained from the
sum of all damaged areas multiplied by the width of the
sections (40 μm).

Fluoro-Jade B staining
Briefly, one drop of 1% NaOH solution diluted in 80%
ethanol was added to coronal sections mounted on slides,
and after 2min, it was replaced by a 70% ethanol solution.
Slides were covered with 0.06% potassium permanganate
for 10min, and then brain sections were washed and incu-
bated for 10min with a 0.0004% Fluoro-Jade B (FJB) solu-
tion prepared in 0.1% acetic acid. Finally, the sections were
washed, dried at 50 °C, dehydrated with xylol, and covered
with Permount (Fisher Scientific, Fair Lawn, NJ). Slices
were observed under an epi-fluorescence microscope
(Eclipse Ti-S, Nikon instruments Inc.) using a U-MNB2 fil-
ter (395–590 nm). Total FJB-positive cells were counted as
previously described using the ImageJ.1.48v analyzer pro-
gram (Wayne Rasband, NIH, USA) in the entire striatum
in three sections per mouse, namely, the section containing
the needle tract (middle section) and the adjacent anterior
and posterior sections located 160 μm away from the
middle section [48].

NOX activity
NOX activity was determined in striatal homogenates at
different times (0.5, 1, 3, 6, 12, and 24 h) after glutamate
administration (Fig. 1). NOX activity was estimated as the
oxidation of dihydroethidium (DHE) to ethidium (Et) [48].
Briefly, tissue homogenates were incubated with 0.02mM
DHE, 0.5 mg/mL salmon DNA, and 0.2 mM NADPH as
substrate. Et fluorescence was measured during 30min at
an excitation wavelength of 480 nm and emission of 610
nm using a Synergy HT Multi-Detection fluorescence mi-
croplate reader (Biotek Instruments, Colchester, VT). Du-
plicate samples were prepared, and NOX activity was

expressed as the change in Et fluorescence per milligram
protein per minute versus control (saline). Some samples
were incubated in the presence of 1 μM of the NOX in-
hibitor diphenyleneiodonium (DPI; Sigma) or 15UI of
superoxide dismutase (SOD, Sigma) to corroborate the
specificity of the assay.

Immunoblot
Tissue homogenates (50 μg protein per lane) were sub-
jected to SDS–PAGE. The resolved proteins were trans-
ferred to PVDF membranes at 120 V for 1 h. The
membranes were blocked overnight with 5% nonfat dry
milk in TBS and treated, overnight at 4 °C, with
anti-NOX2/gp91phox (1:500; ab80508, Abcam, USA)
and anti-GAPDH (1:3000; 14C10, Cell signaling, USA)
antibodies. After further washing, the blots were incu-
bated with alkaline phosphatase-conjugated secondary
antibody (1:10000) for 1 h at room temperature. Bands
were visualized by using the enhanced chemilumines-
cence system according to the manufacturer’s recom-
mendations (Bio-Rad Laboratories, Hercules, CA) and
exposed to Kodak XAR-5 film.

Caspase-3 activity
Caspase-3 activity was determined in striatal homoge-
nates at different times (1, 3, 6, 12, and 24 h) after glu-
tamate administration (Fig. 1). Caspase-3 activity was
assayed by a fluorogenic technique [51] in a lumines-
cence spectrometer (Shimadzu, RF-5301PC), using the
peptide Ac-VDVAD-AMC as a substrate to detect the
proteolytic activity. Caspase activity was followed 30 min
after addition of substrate (80 μM) and tissue homogen-
ate (50 μg/mL) in a standard solution. Results depicting
caspase activity were calculated as the change in fluores-
cence intensity per milligram protein per minute and
expressed as fold change versus control (saline).

Cytokine levels
Cytokine levels were measured using the mouse ultrasen-
sitive ELISA kit assay for IL-1β (ab100704), IL-4
(ab100710), IL-6 (Abcam, ab100712), IL-10 (ab46103),
IL-12 p40/70 (100699), TNF-α (100747), and TGF-β
(119557). The tissue samples, corresponding to 100 μg of
striatal protein (diluted 1:10), were obtained after different
times (1, 3, 6, 12, and 24 h) of glutamate administration
(Fig. 1) and were used for cytokines measurement accord-
ing to the manufacturer’s protocol (Abcam, MA, USA).
Assays were carried out in a colorimetric spectrometer
(Shimadzu, RF-5301PC). The results were calculated
based on a concentration curve provided by the manufac-
turer and were expressed as picograms of cytokine per
milligrams of protein.
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Cylinder test of forelimb asymmetry
Animals were examined for preferential use of the unilat-
eral forelimb during upright postural support before and
after glutamate administration (Fig. 1). Briefly, mice were
placed in a pyro-glass cylinder (10 cm in diameter) on a
tabletop and video-recorded for 3min. The number of
unilateral and bilateral wall contacts was recorded. The
percentage of bilateral contacts was assessed on each test
using the formula 100 × bilateral contacts/total forelimb
wall contacts, whereas the percentage of unilateral con-
tacts was assessed using the formula 100 × unilateral con-
tacts/total forelimb wall contacts. The results are
expressed as the percent of unilateral exploration [52].

Adhesive removal test
The animal cage was placed in the testing room at least
30min before starting the experiment to allow habituation
to the new environment. Animals were gently removed
from the testing box and an adhesive tape strip (0.2-in.
square) was placed on the snout (dorsal portion). Animals
were returned to the testing cage and a timer was set.
Conduct was observed and recorded for 60 s or until the
piece of tape was removed with the forelimb. Training
consisted of five trials (one per day), and testing after glu-
tamate administration at different times (1, 3, 6, 12, and
24 h) was carried out (Fig. 1). Result indicated the latency
to adhesive tape removal in seconds [53].

Inverted grid test
The inverted grid test was used to assess coordination
and limbs muscular strength, especially related to distal
musculature and digit manipulations. Mice were placed
in the center of a horizontal square (15 cm2) grid con-
sisting of a wire mesh (0.5 cm2) surrounded by wooden
walls. The grid was placed 20 cm above a tabletop and
was rotated upside down allowing mice to move freely.
Each mouse was recorded for 60 s. The time the mice
remained and moved upside down was recorded. If a
mouse fell from the mesh grid within 10 s, additional tri-
als were allowed (max three trials) within an interval of
1 min, in this case, latencies before falling were mea-
sured. The means ± standard error of the mean (SEM) of
three trials were calculated. No pretraining was per-
formed, but a pretest of 30 s before the day of the ex-
periment was carried out for habituation [53].

Neurological dysfunction score
All behavioral tests were conducted by the same experi-
menter in a quiet and low-lit room with white noise
background. Pretests were conducted to exclude abnor-
mally behaving animals. A combination score from a
battery of three behavioral tests (adhesive test, inverted
grip test, and cylinder test) was used to measure the
neurological functional deficits (ND). We determined

the grand NDs score (NDS) by combining all the
tests, assuming an equal weight of each of the tests
and assigning a value of 15 points to the maximum
performance [53, 54].

Statistical analysis
Data were analyzed as means ± SEM. The data were
evaluated statistically by the two-way analysis of variance
(ANOVA) for biochemical and histological tests and re-
peated measures ANOVA for behavioral tests, followed
by Tukey’s test for pairwise comparisons by using
GraphPad Prism v6.0 and SigmaPlot 12.3 software. In
the case of significance, a further ad hoc two-tailed Stu-
dent’s t test was applied. Significance was considered
when p < 0.05.

Results
Striatal excitotoxic lesion and neuronal degeneration are
minor in NOX-2 KO mice
To determine the impact of excitotoxic damage, both
lesion volume and neuronal degeneration were evalu-
ated in WT and NOX-2 KO mice as detailed in the
“Methods” section. Representative tissue sections from
WT and NOX-2 KO animals stained with cresyl violet
are shown in Fig. 2a. WT and NOX2 KO mice treat-
ment with saline, as a control of the procedure, de-
veloped a small lesion similar in both groups (0.05 ±
0.02 mm3 and 0.03 ± 0.01 mm3, respectively). As it was
expected, in the groups treated with glutamate,
NOX-2 KO mice showed only 38% of the lesion ob-
served in WT mice (WT, 1.2 ± 0.14 mm3 vs NOX-2
KO, 0.45 ± 0.10 mm3 p < 0.05; Fig. 2b).
The FJB-positive cells were counted in tissue sec-

tions 24 h after glutamate injection (Fig. 2c). Again, a
higher number of degenerated cells were found in
WT mice injected with glutamate (82.3 ± 11.1 cells/
mm2) than in saline-injected animals (3.06 ± 0.6 cells/
mm2; p < 0.05). In accordance to the tissue lesion
measurements, the number of FJB-positive cells in
NOX-2 KO mice (35.9 ± 7.5 cells/mm2; p < 0.05) were
about half of that observed in WT mice treated with
glutamate. Representative tissue sections from WT
and NOX-2 KO animals showing FJB-labeled cells are
shown in Fig. 2a. Together, these results confirm that
NOX-2 participates in the tissue injury and neuronal
degeneration induced by glutamate.

NOX-2 activity increases during excitotoxic damage
In the present study, we measured NOX activity in stri-
atal homogenates of WT and NOX-2 KO mice at differ-
ent times after glutamate injection (0.5, 1, 3, 6, 12, and
24 h). An increase in the enzyme activity over saline
(control) levels was detected at 1 h after glutamate ad-
ministration in WT mice (225 ± 27% vs control, p < 0.05;
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Fig. 3). Although the NOX activity remained increased
during 24 h, we observed two peaks of activation, the
first 1 h after glutamate injection (130 ± 15% vs control)
and the second after 12 h (195 ± 10% vs control). The in-
crease of NOX activity in NOX-2 KO mice after glutam-
ate administration was more discrete and about half of
that in WT mice at 12 and 24 h (p < 0.05). These results
indicate that the administration of glutamate leads to an
early and a late activation of NOX during the excitotoxic
damage and that this activation is attenuated in NOX-2
KO animals.

We found that NOX2 protein was upregulated by glu-
tamate treatment in a time-dependent manner. The pro-
tein levels increased from 6 h and continued increasing
after 12 and 24 h (Additional file 1: Figure S1). The ob-
served changes in protein levels did not correlate with
the observed changes in NOX activity. For example, at 1
h no change in the protein was observed, while a large
increase in NOX activity occurred (Fig. 3 and Add-
itional file 1: Figure S1). This suggests that the observed
changes in NOX activity are regulated by other condi-
tions than protein enrichment.

Fig. 2 Lesion area and neuronal degeneration in wild-type and NOX-2 KO mice injected with glutamate in the striatum. Histological sections were
obtained after 24 h of intracerebral administration of saline (NaCl 0.9%) or glutamate (1M) as detailed in the “Methods” section. a Representative
micrographs of coronal striatal sections showing striatal lesions stained with cresyl violet and damaged cells positive to Fluoro-Jade B. The dotted line
delimits the area of lesion of mice treated with glutamate. The scale bars represent 200 μm. b Quantification of the lesion volume 24 h after saline or
glutamate injection is expressed in cubic millimeters. c Total number of FJB-positive cells counted in three slices per mice. Data are expressed as
means ± SEM of five independent experiments. *p < 0.05 vs the corresponding saline control; ϕp < 0.05 vs wild-type mouse (WT) treated
with glutamate
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NOX-2 KO mice resistance to excitotoxic damage involves
a decrease in caspase-3 activation
Intrastriatal injection of glutamate causes an increase
of caspase-3 activation at 3 h after glutamate adminis-
tration in WT (208 ± 9% vs control) and after 6 h in
NOX-2 KO mice (197 ± 16% vs control). We found
that after 6 h, caspase-3 activation was lower in
NOX-2 KO (p < 0.05) as compared to WT mice
(NOX-2 KO 180 ± 10% vs WT 280 ± 25%, p < 0.05),
and the same effect is observed during the following
24 h (NOX-2 KO 57 ± 15% vs WT 128 ± 9%, p < 0.05;
Fig. 4). Thus, NOX-2 KO mice exhibit a lower activa-
tion of caspase-3 during excitotoxic injury induced by
the administration of glutamate.

NOX-2 KO mice exhibit better motor recovery than wild-
type mice after excitotoxic damage
Striatum lesions lead to alterations in the control of
voluntary movements and muscle tone, predominantly
in the forelimbs [53]. We therefore explored the de-
gree of functional compromise resulting from the
excitotoxic damage as an index of striatal injury. To
assign a neurological deficit score (NDS), we evalu-
ated three tests in WT and NOX-2 KO mice to ob-
tain a motor score (Fig. 5).
The cylinder test indicates the latency of forelimb

asymmetry (Fig. 5a). Prior to glutamate administration,
WT and NOX-2 KO mice tended to preferentially make
bilateral wall contacts in the cylinder before glutamate
administration (WT 10 ± 3% and NOX-2 KO 8 ± 2% of

unilateral contacts). Excitotoxic damage in WT mice re-
sulted in an early and sustained decrease in bilateral
contacts from 1 h (90 ± 5% unilateral contacts) to 24 h
(50 ± 4% unilateral contacts). NOX-2 KO mice show a
similar compromised motor function that WT mice at 1
h (78 ± 6% unilateral contacts; p < 0.05), but despite the
fact that they exhibited a severe decline at short time,
they managed to recover at 24 h (18 ± 8% unilateral con-
tacts), unlike the WT, which do not reach control levels
(p > 0.05; Fig. 5a).
The adhesive removal test evaluates the control of vol-

untary movements (Fig. 5b). Prior to administration of
glutamate, both WT and NOX-2 KO mice took a max-
imum of 14 s to remove the adhesive (WT 12 ± 2 s and
NOX-2 KO 10 ± 2 s). After 1 h of glutamate administra-
tion, WT mice were unable to remove the label before
60 s. After 24 h, WT mice showed an improvement in
the ability to remove the label; however, the time to re-
moval was markedly higher than that shown by the sa-
line controls (WT +GLU 37 ± 5 s vs WT + SS 11 ± 3 s, p
< 0.05). NOX-2 KO mice had a similar performance to
that shown by the WT mice after 1 h (WT 55 ± 5 s vs
NOX-2 KO 50 ± 7 s, p > 0.05). However, at 6 h, the
NOX-2 KO mice showed a marked recovery as com-
pared to WT mice (WT 44 ± 5 s vs NOX-2 KO 22 ± 4 s;
p < 0.05). It reaches control levels after 12 h, a situation
that did not occur in WT mice (WT 37 ± 5 s vs NOX-2
KO 12 ± 3 s, p < 0.05; Fig. 5b).
Finally, the inverted grid test indirectly allows evalu-

ation of the muscle tone of the mice extremities (Fig. 5c).

Fig. 3 NOX-2 activity during excitotoxic damage in wild-type and
NOX-2 KO mice. NOX activity was evaluated as the change of
fluorescence intensity resulting from dihydroethidium (DHE)
oxidation to ethidium (Et) in striatum homogenates of WT and NOX-
2 KO mice treated with glutamate (1 M) 0.5, 1, 3, 6, 12, and 24 h after
glutamate administration. Data are expressed as fold change of Et
fluorescence relative to WT saline. Values are means ± SEM of four
independent experiments. *p < 0.05 vs the corresponding saline
control; ϕp < 0.05 vs the corresponding wild-type mouse (WT)
treated with glutamate

Fig. 4 Caspase-3 activity in wild-type mice and NOX-2 KO after
administration of glutamate. Active caspase-3 was measured in
striatum homogenates after 1, 3, 6, 12, and 24 h of glutamate (1 M)
administration in WT and NOX-2 KO mice. Fluorescence produced
by the cleavage of the specific substrate for caspase-3 was quantified
in relative units of fluorescence (FRU) and the results are expressed as
the fluorescence fold change relative to WT saline. Values are mean ±
SEM of three independent experiments. *p < 0.05 vs the corresponding
saline control; ϕp < 0.05 vs corresponding wild-type mouse (WT)
treated with glutamate
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Control mice remained attached to the inverted grid for
about a minute (56 ± 4 s), which is considered an ad-
equate performance and is established as the baseline.
After 1 hour of glutamate administration, both the WT
and NOX-2 KO mice were unable to remain attached
for long time to the grid (WT 5 ± 4 s and NOX-2 KO 10
± 3 s). In comparison to WT mice, the NOX-2 KO mice
showed a better functional recovery from 6 h after the
event (WT 25 ± 4 vs NOX-2 KO 40 ± 6 s p < 0.05) reach-
ing a performance similar to control animals from 12 h,
which is not observed in WT mice (WT 32 ± 8 vs
NOX-2 KO 54 ± 4 s p > 0.05; Fig. 5c).
Motor function parameters were integrated into a

NDS (Fig. 5d). To that, each test was given an equivalent
weight in the score, assigning an arbitrary value of 15
points (for each test) to the control animals treated with
saline solution. Therefore, a poor performance during
the test corresponded to a decrease in the points
awarded [55]. The WT mice treated with glutamate
showed a poor score in the first 3 h (3 ± 1 points), which

improved at 12 h (11 ± 5 points) and 24 h (25 ± 4 points).
NOX-2 KO mice treated with glutamate obtained a poor
score in the first hour (3 ± 1 points), reaching a marked
improvement at 24 h with a performance similar to the
control animals (43 ± 2 points, p > 0.05; Fig. 5d). As we
observed in the previous tests, the functional recovery
of the NOX-2 KO mice surpasses that observed in
WT mice after 12 h of glutamate administration (WT
11 ± 5 vs NOX-2 KO 35 ± 4 s p < 0.05). Based on these
findings, we suggest that NOX-2 activity is associated
with a worst functional motor recovery after glutam-
ate administration.

The pattern of cytokine production in response to
excitotoxic damage depends on NOX-2
The resolution of the excitotoxic damage depends on
the inflammatory response, which aims to remove dam-
aged tissue and recover functions [56]. We characterized
the inflammatory response to excitotoxic damage and
evaluated the involvement of NOX-2 in the production

Fig. 5 Motor activity recovery after glutamate administration in NOX-2 KO mice. Performance of wild-type (WT + SS) animals and WT or NOX-2
KO mice injected with glutamate (WT + GLUT; NOX-2 KO + GLUT) was evaluated in three tests of motor behavior at 1, 3, 6, 12, and 24 h after
glutamate intracerebral injection. These tests were later integrated to obtain a motor score that reflects functional deterioration. a Cylinder test in
which each mouse obtained a percentage based on the ratio of unilateral and bilateral explorations performed in three trials, of 3 min each; the
percentage was expressed as mean ± SEM of eight independent tests. b Adhesive removal test that quantifies the time in which the animals
remove a label previously placed by the examiner. The time of removal was quantified in seconds and was expressed as means ± SEM of six
independent animals. c The tone and muscle strength of the four limbs was evaluated by exposing the mice to the inverted grid test in which
the decay time was quantified for three non-consecutive opportunities of a maximum of 60 s of duration. The results are expressed as means ±
SEM of the latency to fall of six independent tests. d To integrate the three previous tests, an arbitrary score was assigned to the performance of
each animal, giving the highest score to the performance of the mice injected with saline (45 points). The results are expressed in arbitrary units
of motor score as the mean ± SEM of the latency to fall of six independent tests. *p < 0.05 vs the corresponding saline control; ϕp < 0.05 vs the
corresponding wild-type (WT) mouse treated with glutamate

Hernández-Espinosa et al. Journal of Neuroinflammation           (2019) 16:91 Page 8 of 19



of cytokines associated with the inflammatory response
in the CNS (Fig. 6a).
Regarding the inflammatory cytokines, we observed

an increase of IL-1β in the WT (701 ± 30 pg/mg− 1

protein) after 6 h of glutamate administration, when
compared with the saline control (298 ± 41 pg/mg−1

protein). In a similar manner, the NOX-2 KO mice
depicted and increased value for this interleukin (682
± 24 pg/mg−1 protein). At 12 h, the IL-1β levels were
markedly reduced in both conditions, but still above
the control (WT +GLU 400.7 ± 22 vs. NOX-2 KO +
GLU 420 ± 15 pg/mg− 1 protein, p < 0.05), returning to
control levels at 24 h (WT + GLU, 380 ± 58 and
NOX-2 KO + GLU, 401 ± 63 pg/mg protein; Fig. 6a).
No differences were found between WT mice and
NOX-2 KO in the production of IL-1β.

Excitotoxic damage also caused a similar increase of
the inflammatory cytokine IL-6 in both groups at 6 h
and 12 h (WT +GLU, 650 ± 85 and NOX-2 KO +GLU,
553 ± 91 pg/mg−1 protein). Unexpectedly, after 24 h of
glutamate administration, NOX-2 KO maintained high
levels of IL-6 compared to WT mice (WT 381 ± 41 vs
NOX-2 KO 581 ± 43 pg /mg−1 protein, p < 0.05; Fig. 6c).
IL-12 levels increased at the first hour after glutamate

treatment in both WT (423 ± 52 pg /mg−1 protein) and
NOX-2 KO (475 ± 74 pg /mg−1 protein) mice as com-
pared to the saline control (WT 282 ± 28) and saline
NOX-2 KO (321 ± 31 pg /mg−1 protein, p < 0.05), re-
spectively. After 6 h, WT mice treated with glutamate
showed a maximum increase, which was significantly
higher than that observed in NOX-2 KO mice (WT 673
± 39 vs NOX-2 KO 385 ± 35 pg /mg−1 protein, p < 0.05).

Fig. 6 Pattern of cytokine production in wild-type and NOX-2 KO mice after the striatal injection of glutamate. Characterization of the
inflammatory response was carried out by determination of cytokines concentration in striatum homogenates of wild-type (WT) and NOX-
2 KO mice determined by enzyme-linked immunosorbent assays (ELISA) at 1, 6, 12, and 24 h after administration of saline (SS) or glutamate (1M) as
detailed in the “Methods” section. a Interleukin-1β (IL-1β), b interleukin-4 (IL-4), c interleukin-6 (IL-6), d interleukin-10 (IL-10), e interleukin-12 (IL-12), f
tumor necrosis factor α (TNF-α), and g transforming growth factor β (TGF-β). Data are expressed as picograms per milligram of protein and are means
± SEM of three independent experiments. *p < 0.05 vs the corresponding saline control; ϕp < 0.05 vs the corresponding WT mouse treated
with glutamate

Hernández-Espinosa et al. Journal of Neuroinflammation           (2019) 16:91 Page 9 of 19



At 12 h, this pattern was inverse since IL-12 levels were
much higher in NOX-2 KO than in WT mice (WT 363
± 67 vs NOX-2 KO 743 ± 29 pg /mg−1 protein, p < 0.05;
Fig. 6e).
We observed an increase of TNF-α induced by glu-

tamate in both WT (528 ± 39 pg /mg−1 protein) and
NOX-2 KO mice at 6 h (483 ± 35 pg /mg−1 protein) and
12 h (WT 704 ± 54; NOX-2 KO 542 ± 29 pg /mg−1 pro-
tein). The production of TNF-α in NOX-2 KO mice was
always lower than in WT, particularly at 6 and 12 h.
After 24 h, the observed increase was reduced in both
WT (482 ± 22 pg/mg protein) and NOX-2 KO mice
(410 ± 20 pg/mg−1 protein, p > 0.05; Fig. 6f ).
Regarding the production of anti-inflammatory cyto-

kines, we measured the concentration of some of the
anti-inflammatory cytokines previously reported in the
CNS, such as IL-4, IL-10, and TGF-β [21, 22]. One hour
after glutamate administration, NOX-2 KO mice showed
an almost twofold increase in the production of IL-4 as
compared to control (saline) (NOX-2 KO 586 ± 42 vs
NOX-2 KO + SS 330 ± 32 pg/mg−1 protein; p < 0.05),
while in WT mice, glutamate induced an increase of
125% with respect to the saline control (WT +GLU 443
± 20 vs WT + SS 335 ± 18 pg/mg−1 protein; p < 0.05).
The observed difference between WT and NOX-2 KO
was markedly increased at 6 h (WT 357 ± 54 vs NOX-2
KO 685 ± 65 pg/mg protein, p < 0.05; Fig. 6b). At 12 and
24, no difference was observed between groups and
values returned to control values.
The administration of glutamate to NOX-2 KO mice

caused an increase of IL-10 more than double respect to
WT mice at 6 h (WT 158 ± 14 vs NOX-2 KO 384 ± 42
pg/mg−1 protein, p < 0.05) and this increase was main-
tained only in NOX-2 KO group until 12 h (WT 136 ±
34 vs NOX-2 KO 234 ± 24 pg/mg−1 protein, p < 0.05).
However, at 24 h, we observe an increase of IL-10 in
WT, while values in NOX-2 KO continued decreasing
(WT 263 ± 21 vs NOX-2 KO 178 ± 18 pg/mg−1 protein,
p < 0.05; Fig. 6d).
Regarding the production of TGF-β (Fig. 6g), a negative

regulatory cytokine, we observed a similar increase both
in WT as NOX-2 KO mice treated with glutamate at 1 h
(WT 360 ± 59 vs NOX-2 KO 427 ± 56 pg/mg−1 protein, p
< 0.05). This increase was maintained only in the NOX-2
KO group, until 24 h, reaching a maximum concentration
at 12 h (WT 372 ± 91 vs NOX-2 KO 893 ± 79 pg/mg−1

protein, p < 0.05). At this time, it reaches more than
double than that found in WT mice. In contrast, WT mice
showed only a second increase at 24 h, which was lower
than that observed in NOX-2 KO (WT 557 ± 45 vs
NOX-2 KO 789 ± 69 pg/mg−1 protein, p < 0.05). These re-
sults suggest that the change in the cytokines profile in
NOX-2 KO mice is characterized by an increase in the
production of anti-inflammatory cytokines and that this

increase occurs preferentially at early times during the
excitotoxic event.

Administration of IL-4 partially prevents the excitotoxic
lesion
One of the most evident differences in the response of
the NOX-2 KO mice to the excitotoxic damage was the
increase in the production of anti-inflammatory cyto-
kines; therefore, we treated animals with exogenous IL-4
or IL-10 simultaneously to glutamate administration and
evaluated neuronal degeneration and lesion volume.
Representative tissue sections from WT and NOX-2 KO
animals stained with cresyl violet and Fluoro-Jade B are
shown in Fig. 7a. In the case of WT mice treated with
IL-4, we observed a significant decrease in the lesion
volume (WT 1.2 ± 0.14 vs WT + IL-4 0.72 ± 0.05 p <
0.05; Fig. 7b), as well as a decrease in degenerating cells
(WT 82.3 ± 11.1 vs WT + IL-4 35.4 ± 4.7 cells/mm2 p <
0.05) as compared to mice administered only with glu-
tamate (Fig. 7c).

NOX activity and caspase-3 activation are regulated by IL-
4 in the excitotoxic process
Since the NOX-2 KO mice showed an increased produc-
tion of IL-4, we explored the possibility of reciprocal
regulation through the determination of NOX activity in
WT mice treated with IL-4 (Fig. 8). Under these condi-
tions, WT mice treated with IL-4 showed a 50% reduc-
tion in NOX activity induced by glutamate only at 12 h
(GLU 85 ± 12% and GLU + IL-4 vs 44 ± 12% above con-
trol p < 0.05; Fig. 8). Concordantly, mice treated with
IL-4 also showed a significant reduction in the activation
of caspase-3 after 12 h (GLU 249 ± 10% vs GLU + IL-4
187 ± 9% compared with controls, p < 0.05) that was
maintained at 24 h (GLU 229 ± 9% vs GLU + IL-4 172 ±
10% compared with the control p < 0.05; Fig. 9).

The administration of IL-10 reduces the lesion induced by
excitotoxic damage
After glutamate administration, we found that the lesion
volume was also markedly reduced in mice treated with
IL-10. Representative tissue sections from WT and
NOX-2 KO animals stained with cresyl violet and
Fluoro-Jade B are shown in Fig. 10a. Animals treated
with IL-10 showed a decrease of more than 60% in the
lesion volume as compared to the untreated mice (GLU
1.2 ± 1.14 vs GLU + L-10 0.45 ± 0.05 mm3 p < 0.05;
Fig. 10b). As for the degenerating cells, the administra-
tion of IL-10 also decreased the number of positive cells
to Fluoro-Jade B by 60% (GLU 83.4 ± 11.3 vs GLU +
IL-10 32.3 ± 4.6 mm3 p < 0.05; Fig. 10c).
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The NOX activity and caspase-3 activation are regulated
negatively by IL-10
When WT animals were simultaneously treated with
glutamate and IL-10, NOX activity was markedly re-
duced at 1 h (GLU 231 ± 25% vs GLU + IL-10 108 ± 7%
of the control, p < 0.05); 6 h (GLU 141 ± 5% vs GLU +
IL-10 115 ± 4% compared with controls, p < 0.05); and
12 h (GLU 195 ± 12% vs GLU + IL-10 132 ± 7% of the
control, p < 0.05), as compared to mice injected only

with glutamate. Nevertheless, 24 h after the excitotoxic
insult, both groups showed similar levels of catalytic ac-
tivity (GLU 147 ± 4% vs GLU + IL-10 134 ± 5% p > 0.05;
Fig. 11).
Under these conditions, IL-10 also decreased the activ-

ity of caspase-3. As we showed previously, the adminis-
tration of glutamate promotes the increase of active
caspase-3 from 3 to up 24 h after the injection. The
co-administration of IL-10 reduced caspase-3 activation

Fig. 7 Effect IL-4 on the striatal lesion and neuronal degeneration in wild-type mice treated with glutamate. Histological sections of wild-type
(WT) mice were obtained after 24 h of intracerebral administration of NaCl 0.9% (S.S.), only glutamate (GLUT) or glutamate + 0.7 ng/mL of IL-4
(GLUT + IL4) as detailed in the “Methods” section. a Representative micrographs of coronal striatal sections showing lesions stained with cresyl
violet and damaged cells positive to Fluoro-Jade B. The dotted line delimits the area of lesion of mice treated with glutamate. The scale bars
represent 200 μm. b Quantification of the lesion volume 24 h after saline or glutamate injection is expressed in cubic millimeters. c Total number
of FJB-positive cells were counted in three slices per mice. Data are expressed as mean ± SEM of six independent experiments. *p < 0.05 vs saline
control (S.S.); ϕp < 0.05 vs the corresponding mouse treated only with glutamate (GLUT)
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by 90% at 3 h (GLU 201 ± 18% vs GLU + IL-10 112 ± 4%
above control, p < 0.05) and 24 h (GLU 228 ± 27% vs
GLU + IL-10 118 ± 6% above control, p < 0.05) after the
injection. At 6 h and 12 h, it decreased approximately
50% (GLU 270 ± 30% vs GLU + IL-10 194 ± 15% of the
controls, p < 0.05; GLU 249 ± 10% vs GLU + IL-10 177 ±
6% compared with controls, p < 0.05; Fig. 12).

IL-10 administration improves motor recovery in mice
after excitotoxic damage
Mice treated with IL-10 had a better performance in
tests of motor behavior after glutamate administration
(Fig. 13). In the cylinder test, although mice treated with
IL-10 showed a performance similar to those that did
not receive treatment, at 1 h (GLU 10 ± 3% vs GLU +
IL-10 8 ± 2 unilateral contacts p < 0.05) they were able to
recover the control level at 6 h (GLU 82 ± 5% vs GLU +
IL-10 20 ± 4% unilateral contacts, p < 0.05), while this
did not happen in the untreated mice (Fig. 13a). In the
adhesive test, mice treated with IL-10 were also able to
recover baseline performance at 3 h (GLU 55 ± 8 s and
GLU + IL-10 20 ± 6.5 s, p < 0.05), while those not treated
did not reach these recovery levels in 24 h (GLU 36 ± 5 s
vs GLU + IL-10 15 ± 5 s, p < 0.05; Fig. 13b). In the
inverted grid test, mice treated with IL-10 had a better
performance than the untreated mice from the first hour
after glutamate treatment (GLU 5 ± 4 s vs GLU + IL-10
26 ± 3 s p < 0.05). In contrast to the animals treated with
glutamate alone, these animals recovered to values simi-
lar to the control group after 12 h (SS 58 ± 2 s vs GLU +
IL-10 50 ± 4 s, p > 0.05) and 24 h (Fig. 13c).
The improvements by IL-10 treatment observed in the

individual tests were reflected in the NDS (Fig. 13d). We
observed a significant high score in mice treated with
IL-10 at 3 h (GLU 3 ± 2 points and GLU + IL-10 22 ± 4
points p < 0.05), which progressively improved and
reached values similar to those observed in control
group at 24 h (GLU 11 ± 5 points and GLU + IL-10 40 ±
3 points p < 0.05; Fig. 13d). Mice injected only with glu-
tamate also showed a progressive increase in the motor
score, but it was significantly lower of the control values
at all times.

Discussion
In ischemia and brain trauma, neurons lose the ability to
control ion homeostasis minutes after the primary in-
jury, resulting in the accumulation of intracellular cal-
cium, cell depolarization, release of glutamate, impaired
mitochondrial function, energy failure, and elevated re-
active oxygen species production [57–59]. This occurs
during the first few minutes-hours after the event and
will determine the course of brain damage, including
neuroinflammation. For example, the use of NMDA re-
ceptor blockers in experimental models of ischemia and

Fig. 8 NOX activity in wild type mice treated with IL-4 after glutamate
administration. NOX activity was evaluated in WT mice treated with
NaCl 0.9% (S.S.), only glutamate (− IL-4) or glutamate + 0.7 ng/mL of
interleukin-4 (+IL4); the determination of NOX activity was measured
by the fluorescence resulting from the dihydroethidium (DHE)
oxidation in striatal homogenates of mice from 0.5 to 24 h (0.5, 1, 3, 6,
12, and 24 h) after glutamate administration. Data are expressed as fold
change of fluorescence relative to saline without IL-4. Values are
means ± SEM of three independent experiments. *p < 0.05 vs the
corresponding saline control; ϕp < 0.05 vs the corresponding time of
mice treated with glutamate alone

Fig. 9 Caspase-3 activity in wild-type mice treated with IL-4 after
glutamate administration. Active caspase-3 was measured in striatal
homogenates of wild-type (WT) mice treated with NaCl 0.9% (S.S.), only
glutamate (− IL-4) or glutamate + 0.7 ng/mL of interleukin-4 (+IL4) after
1, 3, 6, 12, and 24 h. Fluorescence produced by the cleavage of the
specific substrate for caspase-3 was quantified as relative units of
fluorescence (FRU). Data are expressed as fold change of fluorescence
relative to saline without IL-4. Values are means ± SEM of three
independent experiments. *p < 0.05 vs the corresponding saline
control; ϕp < 0.05 vs the corresponding time of mice treated with
glutamate alone
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trauma markedly reduces neuronal damage and
neuroinflammation when administered during the first
minutes-hours of insult [60, 61]. Diverse studies postu-
late that the magnitude of the primary response is asso-
ciated with the severity of the inflammatory response
that can last for months or even years [62, 63]. There-
fore, it is necessary to evaluate the processes taking place
during the early stages of brain injury, as we did in this

study. This could help to define the early clinical inter-
vention that can be decisive in the prognosis.
In animal models, the exogenous administration of

glutamate produces an overstimulation of synaptic re-
ceptor that leads to oxidative stress and neuronal death.
Besides, the excitotoxic damage is closely associated with
an inflammatory response [64]. During this process,
ROS are key pieces since they participate directly in

Fig. 10 Effect of IL-10 on the lesion area and neuronal degeneration in wild-type mice treated with glutamate. Histological sections of wild-type
(WT) mice were obtained after 24 h of intracerebral administration of NaCl 0.9% (S.S.), only glutamate 1 M (GLUT) or glutamate + 0.4 ng/mL of
interleukin-10 (GLUT+IL-10) as detailed in the “Methods” section. a Representative micrographs of coronal striatal sections showing lesions stained
with cresyl violet and damaged cells positive for Fluoro-Jade B. The dotted line delimits the area of lesion of mice treated with glutamate. The
scale bars represent 200 μm. b Quantification of the lesion volume 24 h after saline or glutamate injection is expressed in cubic millimeters. c
Total number of FJB-positive cells counted in three slices per mice. Data are expressed as mean ± SEM of six independent experiments. *p < 0.05
vs saline control (S.S.); ϕp < 0.05 vs the corresponding mouse treated only with glutamate (GLUT)
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neuronal death and other parallel physiological processes
that are also affected by the excitotoxicity [65, 66].
Several sources of cellular ROS have been involved in

the excitotoxic damage; one of the most interesting is
the NOX family, whose only known function is ROS
production [64, 67]. The seven homologs (NOX-1 to
NOX-5 and DUOX-1 and DUOX-2) have different sub-
cellular localizations, and their activation is associated
with various signaling pathways of the cell physiology
[25, 48]. Particularly, NOX-2 seem to be involved in cell
death, since its inhibition markedly reduces neuronal
damage in several pathological processes such as ische-
mia, hypoglycemia, and brain trauma [8, 9, 14], where
excitotoxicity is a main component.
In previous studies, we demonstrated that pharmaco-

logical inhibition of NOX in primary cultures of cerebellar
granule neurons decreases apoptotic death caused by dif-
ferent conditions [67, 68]. Using an animal model of gen-
etic inhibition of NOX-2 or with the administration of
NOX inhibitors, we have confirmed the involvement of
NOX-2 in excitotoxic neuronal death [13], which corre-
lated with findings of other groups that report that the in-
crease of NOX-2 activity promotes apoptotic death [69].
In the present study, we corroborated that NOX-2 KO

mice are less susceptible to excitotoxic damage than WT
mice, evidenced by a smaller lesion and less number of
positive cells to Fluoro-Jade B in NOX-2 KO mice
treated with glutamate (Fig. 2). In this model, we corrob-
orated that NOX-2 is involved in excitotoxic damage
since an increase of NOX activity was observed in re-
sponse to the administration of glutamate. This increase
occurred in a biphasic manner (1 and 12 h after glutam-
ate administration). Since both peaks of NOX activity
occurred within 12 h of difference (Fig. 3), we suggest
that this feature is part of two separate phenomena. We
hypothesize that the first increase in ROS participates in
a direct response to the extracellular increase of glutam-
ate, while the increase observed at 12 h probably corre-
sponds to the cellular response for the recovery of
homeostasis; however, more studies are required to test
this possibility.
Our results indicated that the lack of NOX-2 is associ-

ated with a minor activation of caspase-3 (Fig. 4), prob-
ably resulting from a decrease in apoptotic signaling
pathways. It is likely that the neuroprotective effect ob-
served in NOX-2 KO mice results from a decrease of
the initial damage and reduced activation of subsequent
death signaling pathways. These findings correlate with
reports in showing that the increase of NOX-2 activity is
associated with the activation of caspase-3 and apoptotic
death [68, 69]. It is important to emphasize that the
excitotoxic damage includes other mechanisms of cell
death (necrosis and autophagy) and that the lack of
NOX-2 activity does not completely prevent cell death.

Fig. 11 NOX activity in wild-type mice treated with IL-10 after
glutamate administration. NOX activity was evaluated in wild-type
mice (WT) treated with NaCl 0.9%(S.S.), only glutamate 1 M (− IL-10) or
glutamate + 0.4 ng/mL of IL-10 (+ IL-10) as detailed in the “Methods”
section. The determination of NOX activity was measured as the
change in fluorescence intensity resulting from the dihydroethidium
(DHE) oxidation to ethidium (Et) in striatal homogenates after 0.5, 1, 3,
6, 12, and 24 h after glutamate administration. Data are expressed as
fold change of Et fluorescence relative to saline without IL-4. Values are
means ± SEM of three independent experiments. *p < 0.05 vs the
corresponding saline control; ϕp < 0.05 vs the corresponding time of
mice treated with glutamate alone

Fig. 12 Active caspase-3 in mice treated with IL-10 after glutamate
administration. Active caspase-3 was measured in striatal homogenates
of wild-type (WT) mice treated with NaCl 0.9% (S.S.), only glutamate 1
M (− IL-10) or glutamate + 0.4 ng/mL of IL-10 (+ IL-10) at 1, 3, 6, 12, and
24 h after glutamate administration. Fluorescence produced by the
cleavage of the specific substrate was quantified in relative units of
fluorescence (FRU). Data are expressed as fold change of fluorescence
relative to saline without IL-4. Values are means ± SEM of three
independent experiments. *p < 0.05 vs the corresponding saline
control; ϕp < 0.05 vs the corresponding time of mice treated with
glutamate alone
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Striatal injuries usually result in impaired sensori-
motor function and movement execution [70]. The
present results show a clear positive correlation be-
tween a reduction of the lesion size and a better re-
covery of motor function. In both WT and NOX-2
KO mice treated with glutamate, the initial motor
function was similarly affected, probably due to the
action of glutamate on striatal neuronal circuits.
However, this condition improves much faster for the
NOX-2 KO animals (Fig. 5) according to the damage
observed in both animals (Fig. 2).
The increase in NOX-2 activity is relevant for excito-

toxic damage and the inflammatory process. It has been
suggested that it contributes, along with various cyto-
kines, to the function impairment and secondary damage
orchestrated by microglia [71, 72]. Persistent inflamma-
tion can promote secondary tissue injury through excess
production of proinflammatory factors, such as TNF-α,
IL-1β, and IL-6. These factors promote the polarization
of the resident microglia to the M1 phenotype, which in
turn causes neuronal death; the sum of these events

results in the aggravation of the initial injury and a poor
resolution of damage.
In a previous study, we observed that during the exci-

totoxic damage, the activated microglia in NOX-2 KO
mice showed different morphological characteristics as
compared to WT animals [13]. In the present work, we
observed that NOX-2 mice have a different profile of cy-
tokines production. The major change in the pattern of
cytokine production corresponded to the increase in
anti-inflammatory cytokines such as IL-4, IL-10, and
TGF-β, just a few hours after the initiation of the injury
(Fig. 6).
As expected, we observed an increase in the produc-

tion of IL-1β after 6 and 12 h of glutamate treatment.
However, we did not observe any differences between
the WT and NOX2-KO mice at any time after glutamate
treatment (Fig. 6). This contrasts with the observed re-
sults in a model of TBI, where NOX2 deficiency induced
a lower expression of IL-1β after the trauma [46]. In
addition to NOX2, it has been suggested that mitochon-
drial ROS also play a key role in the inflammatory

Fig. 13 IL-10 improves motor recovery in wild-type mice after glutamate administration. Motor behavior of wild-type mice injected with NaCl
0.9% (SS), 1 M glutamate (GLUT) and glutamate + 0.4 ng/mL of IL-10 (GLUT + IL-10), was evaluated in three tests of motor behavior at 1, 3, 6, 12,
and 24 h after glutamate intracerebral injection. a Cylinder test, in which each mouse obtained a percentage based on the ratio of unilateral and
bilateral explorations performed in three trials, of 3 min each; the percentage was expressed as mean ± SEM of six independent tests. b Adhesive
removal test quantifies the time in which the animals remove a label previously placed by the examiner. The time of removal was quantified in
seconds and was expressed as means ± SEM of six independent tests. c Inverted grid test was evaluated by exposing the mice to the inverted
grid test in which the decay time was quantified for three non-consecutive opportunities of a maximum of 60 s of duration. The results are
expressed as means ± SEM of the latency to fall of six independent tests. d Integration of behavioral performance of three previous tests was
carried out by assigned an arbitrary score to the performance of each animal, giving the highest score to the performance of the mice injected
with saline (45 points). The results are expressed in arbitrary units of motor score as the mean ± SEM of the latency to fall of six independent
tests. *p < 0.05 vs the corresponding saline control; ϕp < 0.05 vs corresponding mouse treated with glutamate alone
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process through the NLRP3 inflammasome activation
[73]. It is known that the production of IL-1β is regu-
lated enzymatically by the NLRP3 inflammasome [74,
75] and a lower IL-1β secretion is observed in macro-
phages treated with mitochondrial ROS scavengers [42].
The NLRP3 inflammasome is stimulated by ROS [76],
and NOX-derived ROS were initially suggested to be ne-
cessary for NLRP3 inflammasome activation [77]. How-
ever, in mouse macrophages deficient in NOX, IL-1β
production is unaffected [78]. This observation suggests
that the mechanisms involved in NLRP3 activation and
IL-1β production are dependent on the source of ROS
production and the type of insult. Possibly in the present
experimental conditions, other sources of ROS rather
than NOX are necessary for IL-1β production.
One of the most remarkable findings in this study is

that in the NOX-2 KO mice, IL-4 production increases
very early during the excitotoxic process, which corre-
lates with previous reports, suggesting that IL-4 contrib-
utes to the polarization of the microglia to an M2
phenotype promoting an anti-inflammatory response.
Recent evidence shows that neurons that survive a nox-
ious stimulus (i.e., ischemia) respond by increasing the
production and release of IL-4 [20]. Although the effects
of IL-4 on neuronal survival have not been extensively
described, it is known that its increase may promote the
release of neurotrophic factors that favor axonal repair
and neuronal survival.
The increase of IL-4 in NOX-2 KO mice suggests that

NOX-2 participates in the negative regulation of this inter-
leukin. This can directly influence the inflammatory re-
sponse dynamics, since IL-4 contributes decisively to the
acquisition of a microglial anti-inflammatory phenotype
producer of IL-10. During excitotoxic damage, the increase
of NOX-2 activity correlated temporarily with the decrease
of anti-inflammatory cytokines and the increase in inflam-
matory mediators, which agrees with that reported by other
groups who postulate that NOX regulates the production
and release of anti-inflammatory cytokines [79, 80].
Similarly, the production of IL-10 is also markedly in-

creased, probably induced by IL-4 [21]. The stimulation of
IL-4Rα microglial receptors promotes the activation of sev-
eral signaling pathways, including the activation of Janus
kinase 3/transcription 6 (JAK3/STAT6) and insulin receptor
substrate 2 (IRS2). This situation promotes the expression
of IL-10 by the nuclear factor kappa-light-chain-enhancer
of activated B cells (NFκB) and negatively regulates the pro-
duction of inflammatory interleukins by the suppressor of
cytokine signaling 1 (CS1) [80].
It is known that the binding of IL-10 to its neur-

onal receptors (IL-10R) activates the JAK2/STAT3
pathway, which reduces oxidative stress and promotes
neuronal survival [81]. It is possible that part of the
observed decrease in caspase-3 activation and cell

death in NOX-2 KO animals could be a consequence
of a decreased ROS production, by activation of
IL-10R during excitotoxicity.
In our model, a single intracerebral dose of recombin-

ant IL-10 decreased caspase-3 activation in WT mice
subjected to excitotoxic damage (Fig. 12), and it is im-
portant to note that the concentration of IL-10 adminis-
tered was similar to that found in the NOX-2 KO mice
subjected to the excitotoxic event. Our results showed
that the treatment with IL-10 negatively regulates NOX
activity (Fig. 11), which could also be associated with the
reduction of oxidative stress and therefore less neuronal
death.
Interestingly, in contrast to what we observed in

NOX-2 KO mice (Fig. 4), the administration of IL-10 did
not decrease active caspase-3 induced by glutamate
treatment in the initial phase (3 and 6 h), but late in the
process (12 and 24 h) (Fig. 9). This suggests that IL-10
could promote neuronal survival only during the sec-
ondary phase, being the inflammatory process a probable
target. This is in line with the finding that the adminis-
tration of a single dose of IL-4 markedly reduced the le-
sion volume (Fig. 7), but the decrease in NOX activity
(Fig. 8) and caspase-3 activity (Fig. 9) occurred after 12
and 24 h of glutamate administration.
Based on our findings, including the time course of

the different parameters evaluated, we can delimit two
phases in the progression of neuronal damage induced
by glutamate administration: an initial response, from
the onset of administration to the subsequent 6 h and a
secondary response, from 6 h and up to 24 h post ad-
ministration. In WT mice, the initial phase is character-
ized by an increase in NOX activity and IL-12
production, which promotes a proinflammatory state
and severe motor deterioration. During the secondary
response, a proinflammatory environment predominates
(increased IL-1β, IL-6, and TNF-α production and NOX
activity), which promotes apoptotic neuronal death. In
contrast, in NOX-2 KO mice, the initial response is
characterized by an increased production of IL-4 and
IL-10, which probably contributes to a decreased apop-
totic death and an improved functional recovery.
Interestingly, when IL-4 was administered to WT mice

treated with glutamate, NOX activity and caspase-3 acti-
vation were reduced only during the secondary response,
probably because its effect depends on the increase of
other factors. In support of this, when IL-10 was admin-
istered to these animals, NOX activity and caspase-3 ac-
tivation decreased in both the early and the late phase
after glutamate administration.
Altogether, these results lead us to propose that the

neuroprotection resulting from the genetic inhibition of
NOX-2 could be due, at least partially, to a differential
response to excitotoxic damage, which is characterized
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by an early increased production of anti-inflammatory
cytokines. We have shown that the inhibition of NOX-2
activity facilitates the production of anti-inflammatory
cytokines, which in turn decreases the injury secondary
to excitotoxic damage and improves functional recovery.

Conclusions
The release of proinflammatory cytokines during the
excitotoxic cascade promotes a secondary apoptotic
death of neurons that survived the damage. During the
excitotoxic process and the subsequent inflammatory re-
sponse, ROS generated by NOX-2 play a decisive role in
the extension of the lesion and consequently in the se-
verity of the functional compromise.
We propose that the neuroprotection resulting from a

lack of NOX-2 activity could be due, at least partially, to a
differential response against excitotoxic damage, charac-
terized by an increased production of anti-inflammatory
cytokines. Although it is necessary to determine the exact
mechanism by which NOX-2 participates in the regulation
of these cytokines, we suggest that the inhibition of
NOX-2 activity facilitates the production of IL-4, which
contributes to the production of IL-10.

Additional file

Additional file 1: Figure S1. Expression of gp91phox (NOX-2) in the
striatum of wild-type and NOX-2 KO mice after glutamate treatment. (A)
Levels of gp91phox (NOX-2) at 1, 6, 12, and 24 h after the intracerebral
administration of glutamate (1 M). The results are expressed as fold over
the relative intensity in relation to the load control (GAPDH), against time
in hours (h). Values represent the average ± SEM of four independent
tests. *p < 0.05 vs the corresponding saline control. (B) Western blot of
gp91phox (band size 65 kDa) and GAPDH (band size 37 kDa) representative
images. (TIF 121140 kb)
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A B S T R A C T

Ethanol administration is capable of inhibiting or delaying the partial hepatectomy (PH)-induced liver re-
generation, probably altering liver metabolism by means of its oxidative metabolism. Since the regenerating
liver has increased capacity for oxidizing ethanol, the present study was aimed to address the contribution of the
ethanol-oxidizing metabolic pathways in the regenerating liver cells. Isolated hepatocytes were prepared from
control livers and from animals subjected to two-thirds PH. In both preparations, ethanol oxidation was largely
increased by incubation with glucose and was highly sensitive to inhibitors of ethanol-oxidizing enzymatic
pathways (alcohol dehydrogenase, catalase and cytochrome P-4502E1 activities). The latter led to a total
blockade of ethanol disposal by control hepatocytes, while liver cells from PH-rats only showed an early 70–75%
inhibition of ethanol catabolism with the inhibitors used. In regenerating hepatocytes, the enhanced ethanol
oxidation was blocked by scavengers of reactive oxygen species, an effect that correlated with enhanced cyto-
plasmic lipid peroxidation by-products. Both cell preparations showed similar sensitivity to inhibitors for the
malate-aspartate shuttle and mitochondrial electron transport chain; the shift of the cytoplasmic redox state was
also quite similar after ethanol oxidation. A more oxidized mitochondrial redox state was found in hepatocytes
from PH-rats and more shifted to the reduced state during ethanol oxidation this effect was not abolished by
inhibiting alcohol dehydrogenase activity. In conclusion, data clearly show that an important fraction of ethanol
is metabolized through a non-enzymatic-mediated oxidative event, which could largely contribute to the dele-
terious effect of ethanol on the proliferating liver.

1. Introduction

The etiology of alcoholic liver disease (ALD) is highly complex in-
volving different disease stages, such as steatosis, steatohepatitis, fi-
brosis, and cirrhosis, as well as disruptions in multiple liver cell types,
metabolic and signaling pathways, and sub-cellular organelle function.
Alcohol consumption depresses hepatic mitochondrial bioenergetics,
increasing mitochondrial reactive oxygen species (ROS) production,
and promotes an increased sensitivity of the mitochondrial perme-
ability transition (MPT) pore [1]. Indeed, patients with ALD are not
good candidates for replacement of their own liver by a donor organ,
despite that patient and organ survival is excellent after liver trans-
plantation in this patient’s population. Interestingly, ALD patients re-
turning to consume alcohol may consume greater amounts of ethanol
[2]. This could be indicating that the transplanted organ, probably
promoted to somehow proliferate, could have a distinct handling of the

consumed ethanol.
In this context, although the mechanisms of its inhibitory effect are

not defined, it is well known that acute and chronic ethanol treatment
inhibits DNA synthesis in the regenerating rat liver after partial hepa-
tectomy (PH), induced by a toxic injury, as well as in cultured hepa-
tocytes [3–5]. However, evidence suggests that acute and chronic
ethanol inhibits hepatocyte proliferation through different mechanisms.
A single oral ethanol administration is capable of inhibiting or delaying
the PH-induced liver regeneration [6,7]. Here, it is likely that liver
metabolism of exogenous ethanol could alter the overall metabolism of
the regenerating liver, i.e., causing disturbances in the cell redox state,
energy charge, and the mitochondrial metabolism in the regenerating
organ [8].

The ability of the regenerating organ to oxidize the administered
ethanol could participate in the deleterious alcohol effects on liver cell
proliferation. After PH, the remnant liver shows very enhanced
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metabolism of ethanol, which constitutes the main factor affecting
ethanol pharmacokinetics in hepatectomized rats [9]. Moreover,
ethanol blocks the PH-induced changes in the liver cell redox state,
minimizing the metabolic adjustments mediated by redox potentials
and affecting preparative events that culminate in the compensatory
liver growth [10]. Despite having demonstrated that the regenerating
liver oxidizes ethanol faster in vivo, the underlying mechanisms remain
to be elucidated.

Isolated hepatocytes have been proved to be a useful system for
studying regulatory events in ethanol oxidation. Despite that isolated
liver cells do not oxidize ethanol at rates comparable to those in vivo
[11], rate-determining factors on ethanol oxidation have been identi-
fied [12,13]. As other metabolic pathways, there is not a single rate-
determining step for the ethanol metabolism pathway, and control is
shared among several steps [14]. However, factors such as liver alcohol
dehydrogenase (ADH) activity, translocation of cytosolic reducing
equivalents into mitochondria, and their further oxidation through the
mitochondrial electron transport [15,16] could become rate-limiting
for ethanol oxidation, depending on the experimental conditions.

Little is known about ethanol metabolism at the onset of liver cells
proliferation; however, some interesting findings have been reported.
For instance, neonatal liver cells have a higher capacity of NADH
generation and, thereby, ethanol oxidation by these cells induces a
more reduced cytoplasmic redox state [17]. In addition, cells from
malignant hepatomas showed decreased ADH-mediated ethanol oxi-
dation, and ADH-independent enzyme pathways are also dramatically
reduced. Indeed, the content of mitochondrial protein and oxygen
consumption are reduced in liver tumors; hence, cytosolic re-oxidation
of NADH becomes the limiting factor during ethanol metabolism by
tumoral liver cells [18]. In actively ethanol-metabolizing hepatoma
cells, accumulation of acetaldehyde and increased mitochondrial
NADH/NAD ratio lead to a dramatic ethanol-induced reduction in cell
number [19], which strengthens the relationship between ethanol me-
tabolism and liver cell proliferation.

Since there are no reports evaluating the main ethanol-oxidizing
metabolic pathways in the rat regenerating liver, induced by PH, the
present study was aimed at addressing the underlying mechanism in the
stimulated ethanol oxidation, which is found in the PH-induced pro-
liferating liver. Results clearly show that an important fraction of
ethanol is metabolized through non-enzymatic mediating oxidative
events that can largely contribute to the deleterious effect of ethanol on
the proliferating liver.

2. Material and methods

2.1. Materials

4-Methylpyrazole (4-MP), 3-amino 1,2,4-triazole (3-AT), diallyl
sulfone, amino-oxyacetate, rotenone, and other reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO). Collagenase (type CS
II) was obtained from Worthington Biochemicals (Freehold, NJ).

2.2. Animal treatments

Male Wistar rats (240–270 g, body weight, n= 70 in total) obtained
from the certified bioterium of the Instituto de Fisiología Celular,
UNAM, were housed under a 12:12 h light/dark cycle with free access
to food (diet chow 500I, LabDiet Co.) and water. Two-thirds PH was
performed according to the technique of Higgins and Anderson [20]: in
rats intraperitoneally anesthetized with ketamine (40mg • kg−1), the
liver central and left lateral lobes were removed in order to achieve a
two-thirds hepatectomy, while controls were sham-operated rats. Ab-
dominal wall and skin were sutured by planes and animals were al-
lowed to recover. At indicated times post-treatment animals were eu-
thanized by decapitation, after an overdose with sodium pentobarbital.
Another set of control animals was fasted overnight before euthanasia.

Animal procedures were conducted according to the Federal Regula-
tions for Animal Experimentation (Ministry of Agriculture, SAGARPA,
Mexico).

2.3. Ethanol bioavailability in rats subjected to PH and treated with 4-MP

In a set of fed animals (n= 20) grouped according to their surgical
status (sham-operated or with PH), ethanol only (1.5 g • kg−1b.w. in
40% w/v solution) was administered by intragastric intubation im-
mediately after surgery, or concomitantly with a single dose of 4-MP
(200mg • kg−1b.w.) intraperitoneally administered. Either, ethanol and
4-MP concentrations administered in vivo, were selected to accomplish
an adequate estimation of blood ethanol clearance, as well as to achieve
a maximal inhibition of liver ADH [9,21]. After treatments, animals
were placed in restriction cages, without further access to water and
food, and blood samples were collected from the wound of the excised
tips of the tail with heparinized 50-µL capillary pipettes. Blood sam-
pling was scheduled every 15min during the first 2 h, every 30min for
the next 2 h, and every hour thereafter for a total of 10 h post-admin-
istration of ethanol only [9]. In the animals treated with 4-MP, sam-
pling was done every 2 h until 12 to 16 h post-administration (not
shown). Blood ethanol was quantified in neutralized acid extracts by an
enzymatic method, recording reduction of NAD+ [22]. The area under
the curve (AUC) for ethanol elimination from the blood was calculated
by a trapezoidal method, from the beginning of ethanol administration
to the time it was no longer detected [23].

2.4. Hepatocyte incubations

In another set of animals (n=25) and at the indicated times after
surgical treatment, animals were anesthetized with ketamine (30mg •
kg−1) in the morning, and liver cells were prepared essentially by the
collagenase method of Berry and Friend [24], as modified by Seglen
[25]. The liver was perfused with a calcium-free buffer prior to the
perfusion with a collagenase (0.03%) and calcium-containing buffer
(pH 7.4), previously oxygenated by bubbling carbogen (95% O2 −5%
CO2). After separation from non-parenchymal cells by centrifugation,
viability of hepatocytes was 90–95% as judged by trypan blue exclusion
for all preparations. The hepatocytes were suspended in the same buffer
containing 10 mmoles • L−1 glucose and 2.0% (w/v) fatty acid-free
bovine serum albumin [26]. Typical assays were done usually with
100mg (wet wt.) of liver cells in 2mL of the described incubation
medium plus 1mL of buffer, containing 10 mmoles • L−1 of ethanol and
agents, such as (in mmoles • L−1, final concentration): 5.0 4-MP, 1.0 3-
AT, 1.0 diallyl sulfone, 0.005 rotenone, 0.2 amino-oxyacetate, 0.5
thiourea, and 0.4 butylated hydroxytoluene; all these compounds were
added 5min before adding ethanol. Hepatocytes were incubated in
rubber-stoppered 25-mL plastic flasks for 60min at 37 °C, and the re-
action was ended with 1mL of 3mol • L−1 perchloric acid.

2.5. Analytical procedures

In neutralized samples from perchloric acid-extracts, ethanol and
glucose concentrations were determined enzymatically as previously
described [9,22]. The cytosolic and mitochondrial fractions were ob-
tained from whole liver by differential centrifugation, as described
previously in detail [27]. The activities of alcohol dehydrogenase (ADH;
EC 1.1.1.1), aldehyde dehydrogenase (ALDH; EC 1.2.1.3), and catalase
(EC 1.11.1.6) were measured as described elsewhere [4]. The “sup-
plemented” activities of the malate-aspartate and of the α-glycer-
ophosphate shuttles were essentially determined using the assay pre-
viously described by Hernández-Muñoz et al. [28]. Mitochondrial and
cytosolic activities of aspartate aminotransferase (AST; EC 2.6.1.1), as
well as that of malate dehydrogenase (MDH; EC 1.1.1.27), were de-
termined as described elsewhere [28]. In the same acid extracts, neu-
tralized with 4mol • L−1 K2CO3, the redox-pair metabolites: lactate,
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pyruvate, α-glycerophosphate, dihydroxyacetone phosphate, β-hydro-
xybutyrate, and acetoacetate, were enzymatically determined, as de-
scribed before [29,30]. The amount of aldehydic products generated by
lipid peroxidation was quantified in the cytosolic fraction through the
technique using the thiobarbituric acid reaction (TBARS), as previously
modified [31].

2.6. Calculations and Statistics

Cytoplasmic and mitochondrial NAD/NADH ratios were calculated
as follows: NAD/NADH= [oxidized substrate]/[reduced sub-
strate]× 1/Keq, taking into account equilibrium constants for lactate,
α-glycerophosphate, and β-hydroxybutyrate dehydrogenases [32].
Areas under curves were calculated by a trapezoidal method. All data
were analyzed with the GraphPad Prism software, using an ordinary
one-way ANOVA and a post hoc Newman-Keuls analysis, considering
p < 0.01 as significant.

3. Results

3.1. Blood ethanol clearance in rats subjected to PH and treated with 4-MP

After intragastric administration of a single ethanol dose (1.5 g/kg
b.w.), sham-operated rats reached a maximum blood alcohol con-
centration (BAC) of 21.2 ± 3.9mM, associated with an area under the
curve (AUC) of 11.7 ± 1.1mM • h−1 (Fig. 1A). As previously found
[9], animals subjected to PH (24 h after surgery) showed a much lower
peak during the first 4 h after ethanol administration (BAC=12.6 ±
2.5mM, p < 0.01 against controls) without significantly modifying
the AUC (15.8 ± 2.2mM • h−1; Fig. 1A). These data indicate that the
regenerating liver has a very enhanced ethanol metabolism, particu-
larly at 24 h post-surgery (Fig. 1A). Under conditions of inhibiting in
vivo liver ADH activity, such as the main ethanol-metabolizing enzyme
in the liver, 4-MP administration significantly changed AUCs and BACs

in both sham operated and animals subjected to PH (Fig. 1B). Whereas
in vivo 4-MP administration did not significantly change maximal BAC
in control animals (22.6 ± 3.9mM), and an expected prolongation of
the AUC was noted (39.4 ± 4.1mM • h−1; Fig. 1B).

Also expected, rats undergoing PH and administered ethanol plus 4-
MP showed a delayed maximal BAC of 30.8 ± 2.8mM, significantly
higher than that in controls (p < 0.01), and the AUC was largely in-
creased (51.8 ± 5.6 vs. 39.4 ± 4.1mM • h−1 in controls, p < 0.01;
Fig. 1B). Hence, in vivo treatment with 4-MP readily delayed blood
ethanol clearance in both experimental groups; however, since the
magnitude of the inhibitory effect of 4-MP was differential (Fig. 1B),
data suggest that ADH activity in the regenerating rat liver could have a
lower participation in ethanol oxidation.

3.2. Glucose utilization and ethanol oxidation by hepatocytes isolated from
normal animals and from regenerating livers

To test the participation of possible metabolic pathways involved in
ethanol oxidation, we used fresh isolated liver cells. Firstly, since
ethanol oxidation largely depends on the metabolic status of isolated
hepatocytes, the rates of glucose and ethanol utilization in liver cells
obtained from normal fed or fasted animals were determined.
Hepatocytes obtained from overnight fasted rats consumed more ac-
tively glucose than those from fed animals, an effect found to be con-
stant up to 60min of cell incubation (Fig. 2A). Despite that ethanol did
not significantly modify glucose utilization in both cell preparations
(fasted and fed animals) its oxidation was practically doubled in he-
patocytes also incubated with glucose (Fig. 2B). Once tested the me-
tabolic conditions for glucose utilization and ethanol oxidation in the
hepatocyte’s preparations, ethanol oxidation by hepatocytes obtained
at different times post-surgery was measured (Fig. 2C). In the presence

Fig. 1. Effect of in vivo 4-MP administration on blood alcohol concentrations in
sham-operated and rats subjected to PH. Results are expressed as mean ± SE of
5 animals per experimental group. Panel A shows BACs and AUCs for ethanol
metabolism in control and PH-rats (24 h after surgery) after intra-gastric al-
cohol administration (1.5 g • kg−1b.w.). Panel B, control and partially hepa-
tectomized rats additionally treated with 200mg • kg−1b.w. of 4-MP. Note the
participation of first-pass metabolism of ethanol (panel A) without 4-MP
treatment. Symbols for the experimental groups at the top of panel A.

Fig. 2. Glucose and ethanol consumption by hepatocytes isolated from normal
starved or fed rats, and the increased ethanol oxidation after PH. Results are the
mean ± SE of five individual determinations made in duplicate per each ex-
perimental group. Panel A, glucose (10 mmoles • L−1) consumption and, in
panel B, ethanol (10 mmoles • L−1) clearance by control hepatocytes from fed
and starved rats. Panel C depicts the rate of ethanol oxidation by control he-
patocytes and those isolated from PH-rats after several times post-surgery.
Symbols at the top of each panel. Statistics as follows: *p < 0.01 against the
control group.
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of glucose (5 mmoles • L−1), isolated cells from regenerating livers
showed a pronounced increase in ethanol oxidation (mainly during the
first 48 h after surgery). At 96 h after PH, these liver cells oxidized
ethanol at a similar magnitude to that found in hepatocytes from sham-
operated controls (Fig. 2C).

3.3. Ethanol oxidation by hepatocytes isolated from proliferating livers and
the participation of the main ethanol-oxidizing pathways

The relative contribution of the main enzymatic pathways for
ethanol oxidation in hepatocytes was examined using “specific in-
hibitors” for ADH, catalase, and cytochrome P-4502E1 (Fig. 3). In
“quiescent” liver cells, addition of 4-MP (the ADH inhibitor) decreased
ethanol oxidation up to 80–85%, whereas the catalase-inhibitor (3-AT)
only caused a 10–15% inhibition of ethanol disappearance. Diallyl
sulfone, inhibitor of cytochrome P-450 2E1 (CYP2E1), accounted for
only< 5% of the overall ethanol oxidation by control hepatocytes;
moreover, the relative contribution of CYP2E1 in ethanol oxidation by
hepatocytes from PH-rats was of 5, 4, 5, and 5%, at 24, 48, 72, and 96 h
after surgery.

Control hepatocytes incubated in the presence of 4-MP and 3-AT
showed about a 95% inhibition of ethanol catabolism (Fig. 3A). In
isolated hepatocytes from proliferating livers, the contribution of the
ADH pathway, as the main ethanol-oxidizing system, was much lower.
The 4-MP only inhibited 45% of ethanol oxidation (at 24 h after sur-
gery; Fig. 3A), while the magnitude of inhibition on ethanol con-
sumption elicited by 3-AT and that of diallyl sulfone was quite similar
in these cells, when compared to control hepatocytes. Indeed, addition
of both, 4-MP and 3-AT, was only capable of inhibiting up to 70% of the

increased ethanol oxidation found in liver cells from proliferating livers
(Fig. 3A). Two days after surgery, the contribution of ADH to ethanol
oxidation started to increase in proliferating liver cells, and a higher
inhibitory effect of 3-AT was noted. Thus, the combination of both in-
hibitors of the ethanol-oxidizing pathway blocked ethanol metabolism
at up to 90% at this time post-surgery (Fig. 3A). Hepatocytes, obtained
96 h after PH, oxidized ethanol and responded to the used inhibitors at
the same magnitude as those from control animals (Fig. 3A).

Activities of the two main oxidizing-systems for ethanol largely
contrasted with the rate of ethanol oxidation found in hepatocytes from
regenerating livers (Fig. 3B). Cytosolic ADH activity was diminished as
early as 24 h after PH remaining decreased up to 48 h post-surgery, and
returned to the control value, thereafter (Fig. 3B). On the contrary, total
activity of catalase (cytosolic and peroxisome activities) showed a
mirror image in relation to that of ADH. Despite that catalase was also
inhibited at 24 h after PH, it sharply augmented 48 h after surgery,
returning to the control values within 3 to 4 days after PH (Fig. 3B).
Moreover, ALDH activity, which removes acetaldehyde from the cyto-
plasm (low-affinity ALDH), showed changes evoking a mirror-image
with respect to ADH (Fig. 3B). For instance, a maximum increase in
ALDH activity was noted at 48 h after surgery, the time at which ADH
was significantly lower as compared to controls. Thereafter, the aug-
mented ALDH activity decreased progressively (72 to 96 h post-PH),
whereas ADH increased now as compared to control livers (Fig. 3B).

3.4. Ethanol oxidation after inhibition of mitochondrial electron transport
chain and the activity of the malate-aspartate shuttle

Rotenone, an inhibitor of site I of the mitochondrial electron chain,
induced the same percentage of inhibition on ethanol oxidation in both
normal and proliferating hepatocytes along the first 48 h after surgery
(Fig. 4A). Unexpectedly, rotenone was less effective in inhibiting
ethanol oxidation in cells isolated from PH-rats 96 h after surgery. In-
hibition of AST activity by amino-oxyacetate (reduced activity of ma-
late-aspartate shuttle) exerted a very small effect on hepatocyte’s
ethanol oxidation in control and at 24 after PH (Fig. 4A). However,
apparent participation of the malate-aspartate shuttle in ethanol oxi-
dation by proliferating hepatocytes (48 to 96 h after PH) was sub-
stantially increased (Fig. 4A).

3.5. Liver mitochondrial activities of hydrogen translocating shuttles and
their involved enzyme activities

In the same context, the supplemented (reconstituted with missing
cytosolic metabolites and enzymes) activities of malate-aspartate and α-
glycerophosphate shuttles were determined in mitochondrial prepara-
tions (Fig. 4B). The activities of both mitochondrial shuttles were si-
milar in control and PH-animals during the first 3 days after surgery;
however, in PH-rats (4 days post-surgery), mitochondria preparations
depicted enhanced activity of both pathways, mainly that of the α-
glycerophosphate shuttle (Fig. 4B). The lack of early changes in the
activity of the malate-aspartate shuttle in the regenerating liver (24 h
after PH) contrasted with the measured activities of the participating
enzymes, namely AST and MDH (Table 1). For instance, whereas the
cytosolic activities of AST and MDH were not significantly modified by
PH during the first 24 h after surgery, both AST and MDH activities
were decreased in mitochondria from PH-animals (12–24 h after sur-
gery; Table 1). Thereafter, mitochondrial AST and MDH activities were
normalized (data not shown).

3.6. Participation of ROS and LP By-products in the rate of ethanol
oxidation by hepatocytes from control and PH-rats

Since a remnant 25 to 30% of ethanol oxidation did not seem to be
mediated by the main ethanol-oxidizing enzymes present in the pro-
liferating hepatocytes (at early post-surgery times), probable non-

Fig. 3. Effect of inhibitors of ethanol-oxidizing enzyme pathways on ethanol
catabolism by control and regenerating liver cells, and cytosolic activities of
ADH, ALDH, and catalase. Results are expressed as mean ± SE of five in-
dividual observations per experimental point. Rates of ethanol oxidation were
120 ± 11, and 265 ± 24 µmoles • h−1 • g−1 of liver cells for control and
hepatocytes from regenerating livers, respectively (panel A). In panel B, enzyme
activities are expressed as percentage of the control values (22 ± 3 nmoles •
min−1 •mg−1 of protein for ADH, 10 ± 2 nmoles •min−1 •mg−1 of protein for
ALDH, and 310 ± 45 kcat • g−1 of total protein for catalase. Symbols at the top
of each panel. Statistics: *p < 0.01 vs. the control group, and **p < 0.01 vs.
the group with PH.
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enzymatic routes were searched for; focusing especially on the hydroxyl
radicals-mediated ethanol oxidation, which is thought to play a minor
role in in vivo ethanol catabolism [33]. Addition of thiourea, a sca-
venger for hydroxyl radicals, did have a slight inhibitory effect on
ethanol oxidation by control hepatocytes, but elicited up to 30–42%
inhibition of the stimulated ethanol catabolism in proliferating livers
(24 h after PH). Nonetheless, the inhibitory effect of thiourea rapidly
declined, reaching the control value at 4 days after PH (Fig. 4A).

Since data support that an important fraction of ethanol catabolism
could be mediated by a non-enzymatic pathway, depending on the
generation of free oxygen radicals, liver sub-cellular levels of lipid

peroxidation by-products (TBARS) were determined. Fig. 5B reveals
that whole homogenate levels of aldehydic products derived from LP
events were greatly enhanced in fractions obtained from hepatocytes at
different times post-PH. This significant increase was mainly accounted
for by augmented TBARS levels in the cytosolic and plasma membrane
fractions (Fig. 5B). A maximum peak of cytosolic LP was found at 24 h
after PH and was still significantly higher 48 h after surgery; thereafter,
this parameter was promptly normalized (Fig. 5B). Indeed, increased
amount of LP by-products coincided with the enhanced ethanol oxi-
dation by hepatocytes from animals subjected to PH, which was sen-
sitive to inhibition by thiourea (Fig. 4A).

When animals subjected to PH where in vivo administered with
ethanol, the subcellular patterns for TBARS content was significantly
modified (Fig. 5). During the first 48 h after PH, ethanol administration
indeed promoted an unexpected diminution in either cytosol or plasma
membrane fractions, when compared with PH-animals treated with the
ethanol vehicle (Fig. 5B and C). On the contrary, ethanol treatment to
rats undergoing PH elicited a sustained increase of liver microsomal LP
(24 to 72 h after surgery; Fig. 5D), which could be related somehow to
endoplasmic reticulum stress.

3.7. Changes in hepatocyte’s redox states after ethanol oxidation

As previously mentioned, hepatocyte’s capacity for oxidizing
ethanol is accompanied by changes mainly in the cytoplasmic redox
state. Therefore, the levels of lactate/pyruvate and α-glyceropho-
sphate/dihydroxyacetone phosphate, as markers of cytoplasmic redox
state, were measured in isolated hepatocytes during ethanol oxidation.

Fig. 4. Effects of inhibitors of the mitochondrial
malate-aspartate shuttle, electron transport chain,
and of scavengers for oxygen radicals on ethanol
oxidation in control and regenerating liver cells.
Results are expressed as mean ± SE of five in-
dividual observations per experimental point. Rates
of ethanol oxidation in control liver cells and he-
patocytes obtained from PH-rats are indicated in
previous figures (panel A). Panel B, NADH oxi-
dizing activity of the reconstituted mitochondrial
shuttles for malate-aspartate, as well as that of α-
glycerophosphate by the addition of the missing
cytoplasmic components, in isolated mitochondria
from livers of control and PH-rats. Symbols at the
top of each panel. Statistical significance as in-
dicated in Fig. 3.

Table 1
Aspartate aminotransferase (AST) and malate dehydrogenase (MDH) activities
in cytosolic and mitochondrial fractions from sham-operated and PH-rats.

Cell fraction Time after surgery
Enzyme activity

0 h (control) 6 h 12 h 24 h

Cytosolic fraction
A S T 0.55 ± 0.03 0.59 ± 0.05 0.60 ± 0.06 0.64 ± 0.06
M D H 0.46 ± 0.03 0.44 ± 0.03 0.50 ± 0.04 0.51 ± 0.05

Mitochondrial fraction
A S T 1.15 ± 0.08 0.75 ± 0.07* 0.58 ± 0.06* 0.58 ± 0.07*
M D H 0.68 ± 0.03 0.52 ± 0.04* 0.38 ± 0.04* 0.48 ± 0.05*

Results are the mean ± SE of five individual determinations per each experi-
mental group. Liver cytosolic and mitochondrial fractions were obtained by
differential centrifugation from control and PH-animals. Statistics: *p < 0.01
against the control group.
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Determination of ß-hydroxybutyrate and acetoacetate were also done
to calculate the mitochondrial redox state (Fig. 6). In control liver cells,
ethanol oxidation diminished pyruvate and dihydroxyacetone phos-
phate levels whereas it increased those of α-glycerophosphate (not
shown). The latter led to increases in the lactate/pyruvate and α-gly-
cerophosphate/ dihydroxyacetone phosphate ratios (Fig. 6A). Conse-
quently, the cytoplasmic NAD/NADH was strongly decreased when
calculated by means of the equilibrium constants for lactate and α-
glycerophosphate dehydrogenases (Fig. 6B). When ADH activity was
inhibited by 4-MP, the ethanol-induced shift of cytoplasmic NAD/
NADH ratio was largely prevented in control hepatocytes (Fig. 6A and
B). Despite that ethanol did not significantly decrease mitochondrial
NAD/NADH redox state (Fig. 6A), addition of 4-MP promoted a shift of
mitochondrial NAD/NADH to a more oxidized state (Fig. 6A and B).

In cell preparations obtained from regenerating livers, 24 h after PH,
ethanol oxidation induced smaller increases of the lactate/pyruvate and
α-glycerophosphate/ dihydroxyacetone phosphate ratios (Fig. 6A), as
well as a lower reduction of the cytoplasmic NAD/NADH ratio (Fig. 6B).
The 4-MP also afforded protection against the ethanol-induced shift of
the cytoplasmic NAD/NADH ratio, but at a much lesser magnitude.
Interestingly, proliferating hepatocytes showed a more oxidized mi-
tochondrial NAD/NADH, which was readily reduced by ethanol oxi-
dation (Fig. 6B). Here, 4-MP failed to restore the mitochondrial NAD/

NADH redox potential in the presence of ethanol (Fig. 6B).

4. Discussion

To our knowledge, the present constitutes the first study focused on
investigating the participation of the known metabolic pathways to
oxidize exogenous ethanol, in proliferating rat liver cells, induced by in
vivo two-thirds PH. Having demonstrated that the regenerating liver
shows a much enhanced metabolism of ethanol in vivo [9], the present
work is an attempt to elucidate the main hepatic factors involved in the
increased ethanol utilization by proliferating liver cells, as well as by
subcellular fractions (mitochondria). The latter is particularly im-
portant, because we have previously shown an early decrease in the
activities of the main liver ethanol-oxidizing enzymatic systems, at the
onset of PH-induced liver regeneration [5]. First, we found in the in
vivo experiments that removal of an important fraction of liver mass
clearly influenced ethanol bioavailability in PH rats (Fig. 1). The pre-
sent study shows that during the first 24 h after PH, ethanol reaching
the systemic circulation, after its intragastric administration, varied in
PH animals. After PH, ethanol administration elicited lower BACs than
sham-operated rats (Fig. 1), which was mainly due a decreased gastric
absorption for ethanol or to an increased gastric first-pass metabolism
for ethanol [9]. Our results clearly show that the capacity of the

Fig. 5. Levels of TBARS in subcellular fractions from sham-operated and PH-rats, after in vivo ethanol administration. Results are expressed as mean ± SE of five
individual observations per experimental point. Levels of lipid peroxidation by-products, mainly malondialdehyde, are expressed as thiobarbituric acid reactive
substances (TBARS), determined in whole liver homogenate (panel A), cytosol (panel B), mitochondrial fraction (panel C), and those in microsomes (panel D).
Symbols at the top of panel A. Statistical significance as pointed out in Fig. 3.
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remnant liver (after 24 h of surgery; Fig. 1) to oxidize ethanol, was
largely increased, which might potentiate the deleterious effect that
ethanol exerts on liver regeneration.

Proliferating rat liver cells, such as those induced by PH, showed
particular features in oxidizing ethanol in vitro: 1) Either in the pre-
sence or absence of glucose, isolated liver cells from animals subjected
to PH had increased ethanol oxidation, despite that the main enzymatic
pathways were initially decreased in these cells; 2) addition of in-
hibitors for ADH, catalase, and the CYP2E1 blunted ethanol oxidation
in more than 90% in normal cells, whereas they only inhibited ethanol
disposal at around 70% in proliferating liver cells; 3) scavengers of ROS
did not significantly affect ethanol oxidation in control cells, but in-
hibited up to 30% of ethanol catabolism by proliferating hepatocytes;
4) inhibition of the ADH (by 4-MP) abolished ethanol-induced shifts in
cytoplasmic and mitochondrial redox potentials in normal hepatocytes,
while a more reduced mitochondrial redox state persisted in liver cells
from proliferating livers.

Liver regeneration constitutes a unique model to study signal
transduction and cell cycle events in a synchronized manner in vivo,
and the extent and timing of liver regeneration are well known even to
use interventional modifiers. After PH, stars the pre-replicative phase
(G0 to G1), reaching the first peak of DNA synthesis 24 h post-surgery,
and many participating factors lead cells to replicate (G2 cells) entering
into mitosis (at 48 h post-PH). Thereafter, a second peak of DNA
synthesis (72 h) is recorded, and at 96 h post-PH, many liver cells are
returning to G1. In this time period (24 to 48 post-PH), we have

proposed that ADH and, probably, ALDH could be actively using en-
dogenous substrates involved in PH-induced rat liver regeneration [21].
Therefore, the diminished ADH-mediated ethanol oxidation might
promote the participation of alternative pathways for the liver elim-
ination of ethanol.

There are at least two hypotheses concerning the liver metabolic
control in ethanol oxidation. The first states that this event is limited by
the rate at which NADH can be re-oxidized to NAD [34], and the second
hypothesis proposes that the rate of ethanol metabolism is regulated by
the amount of ADH in the liver [11]. Although ADH activity is the
major rate-determining enzyme, metabolic control is shared among
several steps, including aldehydes dehydrogenase. Enzyme activities of
the hydrogen shuttles for the transfer of cytosolic NADH into mi-
tochondria and the electron transport chain, which are involved in the
re-oxidation of the NADH that is formed during reactions driving to
dehydrogenation, are also primary liver sites for the control of ethanol
utilization [14,35].

Despite that ADH activity in the remnant liver after PH does not
significantly change after surgery, the rate of ethanol removal is sig-
nificantly faster in PH-rats [36]. In this context, Fig. 1 shows that the
regenerating liver (24 h after PH) has a much enhanced capacity to
metabolize ethanol, which seemed to be the main factor affecting
ethanol pharmacokinetics in these animals. Here, in vivo treatment
with 4-MP, a specific inhibitor of ADH, demonstrated that liver ADH
was the main via oxidizing ethanol in both controls and PH-rats.
However, the differential inhibitory effect of 4-MP observed in both

Fig. 6. Changes in cytoplasmic and mitochondrial redox state induced by ethanol oxidation in control and regenerating hepatocytes. Hepatic levels of redox-pair
metabolites were determined enzymatically; the cytoplasmic and mitochondrial redox potentials (NAD/NADH ratios) were calculated from the reduced/oxidized
metabolite ratios, as described under Methods. Results are expressed as mean ± SE of five individual observations per experimental point. Symbols for each
experimental condition at the top of the Figure. Statistical significance as indicated in Fig. 3.
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experimental groups could indicate that other ethanol-metabolizing
systems are actively participating in removing ethanol from the sys-
temic circulation (Fig. 1). Similarly, hepatocytes isolated from PH-rats
had an enhanced in vitro oxidation of ethanol (Fig. 2).

In the liver, there is a second system located in hepatic cell per-
oxisomes, where ethanol oxidation is simultaneously coupled to de-
composition of a H2O2 molecule through the catalase reaction [37]. In
addition, a third enzymatic pathway for ethanol oxidation to acet-
aldehyde is constituted by the microsomal ethanol oxidizing system
(MEOS), which requires the participation of a cytochrome P-450 iso-
zyme (namely CYP2E1) and NADPH, reacting with an oxygen molecule
and forming H2O2 [38]. The contribution of each enzymatic pathway to
ethanol oxidation has been subjected to debate, but it is widely ac-
cepted that liver ADH plays a pivotal role in ethanol metabolism.
Compared to ADH, the MEOS requires higher ethanol levels for full
saturation and maximal velocity; hence, with high ethanol concentra-
tions or after chronic ethanol consumption, the contribution of this non-
ADH pathway is increased [39]. Moreover, it has been claimed that the
physiological rate of H2O2 generation largely limits peroxidation by
catalase [37].

The present results, using specific inhibitors for each enzymatic
pathway, pointed toward ADH as the quantitatively most important
pathway for the oxidation of ethanol to acetaldehyde, in the hepato-
cytes obtained from rats subjected to PH. In addition, the relative
contribution of the non-ADH enzyme pathways (catalase and MEOS)
was not modified in these cells (Fig. 3A). Since inhibitors used here can
potentially block more than one enzymatic pathway for ethanol oxi-
dation [40,41], this could complicate assessment of the relative parti-
cipation of the main enzymatic pathways for ethanol oxidation. How-
ever, while a total blockade of ethanol oxidation was achieved when
the main enzymatic systems were inhibited in normal liver cells, a re-
maining 30% of ethanol catabolism seemed to be carried out by a non-
enzymatic mechanism in proliferating liver cells. As regard to the
CYP2E1, this metabolizes and activates many toxicological substrates,
including ethanol, generating in turn, ROS, such as superoxide, hy-
drogen peroxide and even hydroxyl radical [42]. Using Western blot
analysis, it was found a significantly decreased expression of CYP 2El
apoprotein as well as the dependent monooxygenase activities, after PH
in rats [43], or not a significant change on CYP2E1 apoprotein ex-
pression has been also reported [44]. In this context, it is though that a
close relationship between the periodicities of thymidine kinase activity
and a decreased microsomal LP has some role in modulating the cell
division process [27]. Whereas, an enhanced expression of CYP 2R1 and
CYP 26A1 is important in the differentiation of oval cells into hepato-
blast-like cells in the injured mice liver [45], an imputable role of the
CYP 2E1 in the proliferating liver is still unknown.

On the other hand, the putative non-enzymatic pathways, here re-
ported, required the presence of ROS (presumably hydroxyl radicals),
which were readily inhibited by free radical scavengers (Fig. 4A), and
closely correlated with cytoplasmic levels of lipid peroxidation by-
products found in PH-rats (Fig. 5B). This non-enzymatic system has
been previously shown to be functional in vitro and depends on iron
chelation, through the Fenton reaction, which drives a spontaneous
reaction given between the hydroxyl radical and ethanol [32,46]. The
latter could well explain the enhanced ethanol oxidation shown by
regenerating hepatocytes and, in turn, largely contribute to the dele-
terious action of ethanol on the regenerating liver, probably through
perturbations in the cellular redox state and the production of acet-
aldehyde.

Some of the well-recognized effects of ethanol on hepatic metabo-
lism are due to a substantial reduction of cytoplasm NAD (increased
lactate/pyruvate ratio), promoted by a steep decline in pyruvate levels
[47]. Thus, re-oxidation of cytosolic NADH partly limits the rate of
ethanol oxidation and would cause several of the metabolic effects of
ethanol [48]. During ethanol oxidation, fluxes through various dehy-
drogenases are sufficient to equilibrate both hydrogen atoms of

cytosolic NADH [49]. For instance, activity of malate dehydrogenase,
connected via the malate-aspartate shuttle to mitochondria [50], is high
enough to account for the near-equilibrium of the hydrogen atoms of
NADH. The generated cytoplasmic reducing equivalents are transferred
to mitochondria by both the malate-aspartate and α-glycerophosphate
shuttles [51] and, in combination with the activity on the mitochon-
drial respiratory chain, affect ethanol oxidation [18,37].

Using amino-oxyacetate, which inhibits both cytoplasmic and mi-
tochondrial AST activities [52], the rates of gluconeogenesis and ur-
eagenesis, and the oxidation of ethanol by hepatocytes are decreased,
due to limitation of re-oxidation of cytosolic NADH generated by the
ADH reaction [53]. In the same context, rotenone inhibits ethanol
oxidation even in the presence of largely supplemented shuttles for
reducing equivalents transport [54]. In both, normal and regenerating
liver cells (at early times post-surgery), inhibition of the malate-as-
partate shuttle had little effect on the rate of ethanol oxidation, whereas
blocking the mitochondrial electron transport chain (by rotenone) in-
duced an almost complete inhibition of ethanol oxidation (Fig. 4A).
However, hepatocytes taken from PH-rats at later times post-surgery
were more sensitive to the inhibition of the malate-aspartate shuttle
and, surprisingly, a less inhibition was achieved with rotenone. These
data correlated well with the changes previously reported in the liver
cytoplasmic and mitochondrial redox states after PH [10], and found in
hepatocytes obtained from regenerating livers (Fig. 6A and B). Despite
that the activity of the malate-aspartate shuttle was not significantly
modified by PH (Fig. 4B), mitochondrial oxidative capacity seemed to
closely correlate with the ability of regenerating livers to oxidize
ethanol. Indeed, our group reported that mitochondrial function, LP,
and the onset of MPT are tightly regulated during progression of PH-
induced liver regeneration [55].

Despite that acetaldehyde accumulates scarcely during alcohol
oxidation because of its rapid conversion to acetate by aldehyde de-
hydrogenase, a number of ethanol-related complications may be ex-
plained by acetaldehyde production. Decreased mitochondrial NAD/
NADH ratio caused by ethanol oxidation is attributable to acetaldehyde
oxidation [56], as well as increased lipid peroxidation and microtubular
alterations with its adverse effects on various cellular activities, in-
cluding disturbances of cell division [57]. This is particularly important
in view that acetaldehyde produced by the non-ADH pathways is de-
graded more slowly, which would contribute, indeed, to the alcoholic
liver disease [58].

The LP might be the most important reaction involved in alcohol-
induced liver damage [59,60] by the formation of toxic aldehydes, in-
cluding MDA and 4-hydroxynonenal (4-HNE). These products, in a si-
milar fashion to acetaldehyde, are able to react with the DNA to form
exocyclic DNA adducts [61], which could be exacerbated by high
concentrations of lactate during ethanol oxidation. Indeed, data in-
dicated that early alcohol ingestion in rats subjected to PH promotes a
significant change in the PH-induced LP, mainly in the microsomal
fraction, probably suggesting the onset of endoplasmic reticulum stress.

It is well documented that ethanol metabolism impairs the re-
generative capacity of the liver [1,3,4], and an accumulation of acet-
aldehyde and increased mitochondrial NADH/NAD ratio has led to an
important ethanol-induced reduction in cell numbers or growth of a rat
hepatic tumor cell line [19]. In fact, replenishing NAD+ reduces oxi-
dative stress and activates sirtuin-1 PGC-1α-induced mitochondrial
biosynthesis, therefore, protecting against liver lipid accumulation,
mitochondrial dysfunction, and promoting liver regeneration [62].

In conclusion, present results clearly show that regenerating adult
liver cells (after PH) had an enhanced ethanol oxidation, largely attri-
butable to a non-enzymatic mechanism for ethanol oxidation. This
oxidative mechanism for ethanol acted mainly during the first 2 days
after surgery, and involved acetaldehyde production and a consequent
shift of mitochondrial NAD/NADH ratio to a more reduced state, which
was not blocked by 4-MP (Fig. 3). Results suggest that an unusual
ethanol metabolism, by the regenerating liver, could partly be
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responsible for the deleterious actions of ethanol on liver regeneration
induced by PH in rats, especially due to a “desynchronized” LP de-
pendent on subcellular localization and temporal bases. The finding
that an ADH and catalase-independent mechanism is readily oxidizing
ethanol in the regenerating rat liver could have significant clinical
implications.
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Abstract
Objectives: Lung metastasizing leiomyomatosis (LML) is an infrequently diagnosed 
pathology developed after sexual maturation, commonly preceded by uterine myo-
mas. Symptoms can include difficulties to breathe, cough, dyspnea and pain, because 
of mechanical obstruction exerted by expanding local growing leiomyomas. Lung 
leiomyomas are normally detected by imaging studies, but nowadays the precise di-
agnosis demands histological characterization of biopsies obtained from the affected 
tissues. The purpose of the present study was to determine the presence of genomic 
alterations in circulating cells of LML.
Methods: Immunohistochemical characterization of a lung biopsy extracted by 
thoracoscopy was performed. Pathologic proliferative smooth muscle cells were ob-
served in a major lung metastasizing nodule, with a growing pattern similar to a 
uterine myoma. The presence of cellular linages different to smooth muscle cells was 
discarded by testing the presence of a battery of molecular markers. Also, a normal 
karyotype was determine by GTG‐banding cytogenetic study, but a high density mi-
croarray analysis revealed six submicroscopic chromosomal regions displaying 
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1 |  INTRODUCTION

Benign Metastasizing Leiomyomatosis (BML) is character-
ized by abnormal proliferation of smooth muscle cells pre-
sented as secondary neoplasms in women, appearing from 
several months up to 26 years after presenting uterine my-
omas.1 Uterine leiomyomas constitute the most frequent 
neoplasms in women, affecting up to 20%‐30% of the female 
population over 30 years old.2 Infrequently leiomyomatosis 
is detected outside the uterus, this condition is represented 
by peritoneal disseminated, intravenous, parasitic, retroper-
itoneal and BML.3

Among the sites where secondary leiomyomas can grow 
up, lungs are the most frequent organ presenting metasta-
sis, although other tissues, such as mesentery, mediastinum, 
heart, or even dorsal spine and bones can also be affected.4 
In many cases, the lesions are indolent and discovered rather 
incidentally; the clinical signs vary depending on the loca-
tion of metastasizing leiomyomas. When lungs are affected, 
multiple well‐defined pulmonary nodules sizing from milli-
metres to some centimetres in diameter can be detected by 
imaging routine chest examinations.5 The symptoms can in-
clude cough, pain, or dyspnea and sometimes these are asso-
ciated with conditions, such as pneumonia or bronchitis. The 
precise diagnosis of the disease currently demands analysis 
of affected pulmonary nodules by histopathological charac-
terization of a thoracic biopsy.

Metastasizing leiomyomatosis constitutes a big diagnos-
tic challenge; because of their appearance and distribution, 
benign leiomyomas could be misidentified. The most useful 
modalities for detecting extrauterine leiomyomas are ultra-
sonography, computed tomography, magnetic resonance im-
aging and positron emission tomography (PET). Typically, 
X‐ray imaging appearance of pulmonary nodules in BML 
varies from solitary millimetric lesions to multiple lesions.6

Hysterectomy is typically accomplished as a common 
treatment for symptomatic uterine leiomyomatosis‐affected 
patients,7 but several secondary effects, such as urinary 

incontinence, cardiovascular diseases8 or cognitive disorders 
are related to this procedure.9 Hence, less invasive procedures 
as myomectomy or hysteroscopy are effective surgical alter-
natives for benign uterine leiomyomatosis.10,11 The clinical 
course of the pathology inside and outside the uterus is hor-
mone‐dependent, so when surgery is not carried out, recom-
mended pharmacological alternative treatments include the 
aromatase inhibition, selective progesterone‐receptor modu-
lators and GnRH agonists.12

Aetiology and risk factors of BML remain unclear but 
several reports have provided evidences of intravenous leio-
myomatosis dissemination, embolism of benign leiomyoma 
cells from myometrium, or independent and multifocal pro-
liferation of smooth‐muscle cells depending on oestrogenic 
hormones.13,14 Cytogenetic reports of the BML tumours 
are non‐convergent; the clonality between primary and sec-
ondary neoplasms still remains in controversy. The present 
study was focused on the immunohistological characteriza-
tion of uterine and lung leiomyomas which appeared several 
years after first myomas detection and a hormone treatment. 
Additionally, it was investigated the presence of chromo-
somal abnormalities and genomic copy number variations 
(CNVs) in peripheral blood cells.

2 |  MATERIALS AND METHODS

2.1 | Case history
The patient presented menarche at 10 years old, and con-
sumed oral oestrogens between 17 and 24 years old because 
of dysmenorrhea. Uterine leiomyomas and ovarian cysts 
were detected for the first time at 32 years old; they were 
resected. The histological characterization of two excised 
myomas, sizing 8 and 14 cm, showed a smooth muscle 
cellular conformation, so they were diagnosed as benign 
leiomyomas. At the age of 41 years old, with a referred his-
tory as a passive smoker, the patient entered to the hospi-
tal referring shoulder and pleural chest pain, and dyspnea. 

genomic abnormalities: microduplications were detected on chromosomes 4, 14, 17 
and 22; and microdeletions on chromosomes 8 and 10.
Conclusion: This study remarks the relevance of submicroscopic chromosomal anal-
ysis of unusual pathologic conditions such as Benign Metastasizing Leiomyomatosis. 
This propitiate a better understanding of the molecular basis on the development of 
the pathology, in order to reckon on minimally invasive diagnostic methods, and to 
design appropriate treatments.

K E Y W O R D S
benign metastasizing leiomyomatosis, copy number variations, lung metastasizing leiomyomas, uterine 
myomas
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Laboratory studies at the hospitalization moment included 
blood chemistry, tumour markers and hormonal profile; 
all of them reflected normal parameters (CA 15‐3 antigen: 
11.3 U/mL; CA 19‐9 antigen: 12.96 U/mL; CA 125 anti-
gen: 20.6 U/mL; carcinoembryonic antigen: 0.49 ng/mL; 
estradiol: 77 pg/mL; luteinizing hormone: 8.0 mUI/mL; 
gonadotrophin chorionic fraction beta 0.3 mUI/mL; pro-
gesterone: 0.2 ng/mL). She had never been pregnant and 
reported a negative family record of cancer. Imaging stud-
ies were performed for detection of possible abnormalities 
in chest and lungs at the moment of hospitalization, and 
PET was developed after treatment to discard any deriva-
tive abnormality.

2.2 | Immunohistochemistry

Biopsies of lung and uterine nodules were fixed in paraform-
aldehyde solution after resection by surgery, and paraffin 
imbibed for later characterization by immunohistochemical 
assays. Briefly, slices sizing 4 µm in thick were obtained 
from each tissue and deparaffinized in xylene; then, slices 
were hydrated in ethanol decreasing concentration series. 
Tissues‐morphology was tested firstly in hematoxylin‐eosin 
stained sections. Antigen epitopes retrieval was performed by 
boiling citrate‐buffered (pH 6.0) slices in a pressure cooker. 
The endogenous peroxidase activity was blocked by incu-
bating in a 3% H2O2/methanol solution during 10 minutes at 
room temperature, and rinsed in phosphates buffered solu-
tion for 5 minutes. Afterward, tissue sections were incubated 
with the corresponding primary antibody, as specified below, 
for 40 minutes; then, phosphate buffered saline rinses were 
carried out twice followed by incubation with the secondary 
antibody conjugated with peroxidase enzyme for 30 minutes. 
Peroxidase activity was revealed by incubation with diamin-
obenzidine/H2O2 for 5 minutes. Appropriate immunoreactive 
tissue samples were stained in parallel as positive controls 
for each antibody. Slices were subsequently washed in water, 
counterstained with hematoxylin, dehydrated and mounted. 
The primary antibodies employed for the characterization of 
tissue slices were: Bcl‐2 (BioSb, mouse monoclonal; 1:100 
dilution); calretinin (BioSb, rabbit monoclonal; 1:250 dilu-
tion); cytokeratin AE1/AE3 (Cell Marque, mouse monoclo-
nal; 1:200 dilution), desmin (Bio Genex, mouse monoclonal; 
1:200 dilution). Smooth muscle actin (Cell Marque, mouse 
monoclonal; 1:1000 dilution), and S‐100 protein (Cell 
Marque Mouse monoclonal; 1:120 dilution).

2.3 | GTG‐bands and karyotype

A fresh peripheral blood sample was taken from the patient. 
Lymphocytes were isolated, cultured and harvested using 
standard methods. Chromosome preparations were banded 
with Wright‐Giemsa and observed under microscope. To 

determine the karyotype a minimum of 50 metaphases were 
analysed.

2.4 | Microarray CytoScan HD
A fresh peripheral blood sample was centrifuged at 4500 rpm 
during 10 minutes at room temperature. 200 µL of the 
buffy coat fraction was processed to isolate genomic DNA 
(gDNA) using the QIAamp DNA Mini Kit, according to the 
manufacturer’s protocol (Qiagen, Gaithersburg, Maryland). 
Concentration and purity of the extracted DNA was deter-
mined by spectrophotometry in a NanoDrop 1000 (Thermo 
Fisher Scientific, Waltham, Maryland). Then, the DNA was 
processed to determine CNVs and loss of heterozygosity 
(LOH) with an Affymetrix CytoScan HD array (Thermo 
Fisher Scientific), following the manufacturer’s instructions.

Briefly, 250 ng of gDNA were digested with Nsp I. Then, 
DNA fragments were joined to Adaptors using T4 DNA 
ligase. The mix was used as template for DNA amplifica-
tion. The PCR reaction was developed using the Titanium® 
DNA amplification kit (Takara, Clontech. Mountain View, 
California). DNA amplification was corroborated by electro-
phoresis in a 2% agarose gel, where ~150‐2000 bp DNA frag-
ments were observed. Concentration of purified DNA was 
determined by spectrophotometry. Then DNA was enzymati-
cally fragmented using the case reagents. Fragmentation was 
verified by electrophoresis in a 4% agarose gel. Latter, DNA 
was labelled, and then mixed with the hybridization buffer. 
All the thermal varying programs were run in a thermo cy-
cler Gene Amp PCR System 9700 (Applied Biosystems, 
Foster City, California). The DNA was injected into an 
Affymetrix CytoScan HD array. The covered array was in-
cubated into a GeneChip Hybridization Oven 645. The array 
was washed and stained into a Gene Chip Fluidics Station 
450 (Affymetrix), operated by means of the AGCC software 
(Thermo Fisher Scientific). Finally, the array was scanned 
using a GeneChip®3000 Scanner. The corresponding batch 
registration file was created in the Affymetrix GeneChip 
Command Console Portal. The array contains ~2.6 million 
copy number markers. Chromosome Analysis Suite (ChAS) 
software v3.2 (Thermo Fisher Scientific) was used after pro-
cedure for data analysis, where a minimum length of 100 000 
base pairs (bp) was fixed to determine gains and losses; and 
3 Mbp for LOH.

2.5 | Epigenetic in silico analysis
Epigenetic consequences involving deleted genomic re-
gions were analysed based on available data from the Broad 
Institute, ID numbers 30003 and 30004, containing ChIP‐Seq 
mapping of H3K4me1, H3K4me3, H3K27me3, H3K9me3 
and CTCF binding profile in HUVEC cells. Human smooth 
muscle Hi‐C data was loaded and analysed in the 3D genome 
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browser suite (http://promoter.bx.psu.edu/hi-c/) using the 
hg19 human reference sequence.

3 |  RESULTS

3.1 | Imaging
Computed tomography and X‐ray studies showed lungs with 
multiple irregular, bilateral nodular lesions suggesting a 
metastatic disease (Figure 1). Pleural effusion and an acute 
unspecific inflammatory process were noticed. No signs of 
malignancy or infections were detected.

One month after thoracoscopy, a PET of high resolution 
was accomplished to discard the presence of malignant tu-
mours in the whole body of the patient. Intravenous non‐ionic 
iodized contrast and 370 MBq of 18F‐FDG was administrated. 
After 60 minutes of rest, reconstruction images were taken 
from skull to the proximal third of thighs. It was observed a 
minimum focal increase in the glycolytic metabolism in lungs 
with multiple hypodense lesions, one of them with 35 mm 
in the major axis, localized in the lower left lobe. A 19 mm 
cyst was also detected in the same segment, possibly caused 
by postsurgical effects. Two cysts <5 mm were observed in 
segment 4 of liver. No focal lesions were detected in the rest 
of the body.

3.2 | Immunohistochemistry

Immunohistochemical characterization of an open thoracos-
copy biopsy revealed benign proliferative smooth muscle 
fibres in lung nodules (Figure 2). The pathological growing 
pattern of the major lung metastasizing nodule was similar to 
the uterine leiomyoma, as revealed by hematoxylin and eosin 
staining (Figure 2A and H). Positive and specific reactivity 
was detected in the pulmonary nodule for smooth‐muscle actin 
and desmin (Figure 2F and G). The neoplasic nature of the 
tissue was proved by positive staining for Bcl‐2 (Figure 2E).

The negative cytokeratins staining excluded the epithelial 
nature of this neoplasm (Figure 2B); positive expression was 
detected in pneumocytes, as control (not showed). Likewise, 

negative expression for S‐100 protein (Figure 2C), and cal-
retinin (Figure 2D) allowed us to reject the presence of other 
tumour cells linages, such as schwannoma, melanoma or me-
sothelioma. Importantly, only several smooth muscle cells in 
the lung nodule were present as reveled by smooth muscle 
actin staining (Figure 2F), this indicates the migration of 
metastatic cells from uterus into lungs, probably throughout 
lymph vessels.

3.3 | Karyotype and molecular cytogenetics
The conventional GTG‐banding cytogenetic analysis re-
vealed a normal karyotype 46,XX in at least 50 well‐defined 
metaphases.

The submicroscopic copy‐number changes detected 
across the genome in the BML sample were: arr[GRCh37] 
4q22.3(98593089_98768685)x3, 8p11.22(39247097_39386 
952)x1, 10q11.22(46981355_47147301)x1, 14q32.33(106 
207204_106736911)x3, 17q21.31(44212823_44784639)x3, 
22q11.22(23146338_23258369)x3.

The microarray analysis identified six regions displaying 
CNVs: microduplications on chromosomes 4, 14, 17 and 22; 
and microdeletions on chromosomes 8 and 10 (Figure 3).  
Five of these CNVs correspond to rare alterations whose role 
on pathogenicity has not been well established (Table 1).  
Importantly, genes contained in the chromosome 10 (q11.22 
deletion) modulate neurite outgrowth and branching15; as 
well as the gut–brain axis including neural, immune and 
endocrine signalling pathways implicated in anxiety and 
depression.16

The duplication in chromosome 17q21.31 includes the genes 
ARL17A, ARL17B and NSF encoding for molecular elements re-
quired for protein trafficking and intracellular vesicle‐mediated 
transport.17 Interestingly in the same segment, KANSL1 was also 
duplicated; this gene encodes for a nuclear protein that is a sub-
unit of two histone acetyltransferase complexes,18 and therefore 
may be involved in chromatin remodelling and transcription 
regulation of several genes. Segments in chromosomes 14 and 
22 encoding for a long non‐coding RNA (lncRNA), and several 
microRNAs (miRNAs), were also amplified.

F I G U R E  1  Chest radiography (left) 
presenting bilateral nodular lesions in 
lungs, indicated by arrowheads. Computed 
tomography scan (right) showing a well 
distinguished unilateral nodule sizing 
47.20 × 45.60 mm (indicated by arrowhead), 
and several smaller nodules distributed 
bilaterally in lungs

http://promoter.bx.psu.edu/hi-c/
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F I G U R E  2  Immunohistochemical analysis of a lung metastasizing leiomyoma (LML). A, Hematoxylin and eosin staining of an LML 
section revealed proliferative spindle cells in random fascicles pattern; alveolar trapping is indicated with the arrowhead. Immunohistochemistry 
for B, cytokeratin was negative in lesion; positive signal was detected in the alveolar epithelium, as indicated by the arrowhead. No staining was 
observed for C, protein S‐100, and D, calretinin. Positive and strong expression was detected with a diffuse cellular distribution pattern for E, 
Bcl‐2, F, smooth muscle actin, and G, desmin. In H, a section of a uterine leiomyoma stained with hematoxylin and eosin showed similar cellular 
characteristics as the pulmonary lesion. Total magnification for all shown images is 100X

F I G U R E  3  Genomic copy number variations (CNVs) observed in DNA from peripheral blood lymphocytes. ▲ represents 
microduplications, and ▼ represents microdeletions, which are mapped at the corresponding chromosomal band position. In each case, the size of 
the CNV and the gene content are indicated. Data files were generated using GeneChip Command Console Software, version 1.2, and analysed with 
the Chromosome Analysis Suite v3.2 using the human genome assembly GRCh 37/hg19 (July 2017), high resolution parameters, and the built‐in 
reference model
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3.4 | Epigenetic in silico analysis
In addition, we performed an epigenetic in silico analysis 
to detect possible conformation changes that could modify 
the chromatin organization, and therefore, the expression of 
genes which may contribute to the BML development.

To determine whether the deleted region at chromosome 
10 might have a role in chromatin remodelling, an epigenetic 

analysis was performed based on public data sets of ChIP‐
seq for histone marks and the transcription factor CTCF 
(CCCTC‐binding factor). Additionally, the presence of to-
pologically associated domains in this region was analysed 
using Hi‐C public data for smooth muscle cells (Figure 4). 
The fragment where the deletion occurs is enriched by very 
dense histone modifications that mediate gene activation, 
and the lost sequence corresponds to a stable domain that 

T A B L E  1  Copy number variations (CNVs) detected in lung metastasizing leiomyomatosis (LML)

Chromosome Alteration Localization Size (kbp) Genes

4 Gain q22.3 176 STPG2

10 Loss q11.22 166 GPRIN2, NPY4R, CH17‐360D5.1, 
LINC00842, HNRNPA1P33

14 Gain q32.33 530 MIR4507, MIR4538, MIR4537, 
MIR4539, KIAA0125, ADAM6

17 Gain q21.31 572 KANSL1, KANSL1‐AS1, LRRC37A, 
ARL17A, ARL17B, NSFP1, 
LRRC37A2, NSF

22 Gain q11.22 112 MIR650, MIR5571, IGLL5

F I G U R E  4  Epigenetic analysis of the 10q11.22 deleted region. The eliminated region (vertical shadowed‐yellow bar) indicates the deleted 
genes, where dense histone modifications that mediate gene activation are enriched. Furthermore, the sequence contained in this locus corresponds 
to a stable domain (red triangle) that delimitates the region from the transcriptional effect of surrounding chromatin. Analysis was performed 
using available data from the Broad Institute, ID numbers 30003 and 30004, containing ChIP‐Seq mapping of H3K4me1, H3K4me3, H3K27me3, 
H3K9me3 and CTCF binding profile in HUVEC cells. Human smooth muscle Hi‐C data was loaded and analysed in the 3D genome browser suite 
(http://promoter.bx.psu.edu/hi-c/) using the hg19 human reference sequence

http://promoter.bx.psu.edu/hi-c/
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delimitates the region from the transcriptional effect of sur-
rounding chromatin.

4 |  DISCUSSION

BML is a pathology infrequently diagnosed, and normally 
detected by imaging techniques as a consequence of compli-
cations derived from the growing secondary myomas. The 
pathogenesis of the disease is not well defined. In this study, 
we report for the first time, submicroscopic chromosomal 
abnormalities detected in a patient with a history of benign 
uterine leiomyomas metastasized to lungs.

The smooth muscle cellular lineage of the primary and 
secondary neoplasms was determined by immunohistochem-
ical assays. Leiomyomas consisted of spindle‐shaped cells 
growing in a trabecular pattern and creating a whorled ap-
pearance (Figure 2). Conforming the major lung nodule, the 
presence of some smooth muscle cells positive for Bcl‐2 pro-
tein (Figure 2E), suggests the infiltration of metastatic cells 
from uterus into the lungs, probably via lymph vessels as the 
most probable origin for the lung metastasizing leiomyomas.

In this case of BML an apparently normal karyotype was 
firstly observed with standard GTG‐banding cytogenetic 
analysis. Similar results for this kind of alterations have been 
published by other groups,14 however our study shows the 
relevance of chromosomal microarray analysis to identify 
submicroscopic genomic alterations in rare conditions such 
as BML.

Genomic CNVs, either amplifications or deletions, have a 
high impact on predisposition to human diseases.19,20 In this 
study, six chromosomes presented CNVs involving genes en-
coding for proteins, miRNAs (short no‐coding RNAs con-
formed by 20‐25 nucleotides), or lncRNAs (long no‐coding 
RNAs constituted by ~200 nucleotides) involved in the regu-
lation of gene expression. The potential of these both kind of 
RNAs to modulate gene expression is being extensively de-
scribed.21,22 These molecules regulate gene expression finely, 
but their perturbed activity can disturb the normal genome 
behaviour and promote pathological conditions.23

The gain presented at 14q32.33 contains the coding 
sequence for miRNA4507, miRNA4537, miRNA4538, 
miRNA4539 and lncRNA KIAA0125. miRNAs 4538 and 
4539 are over‐expressed in Duchenne Muscular Dystrophy, 
where they could modulate muscular functions such as lo-
comotion and motor motility. miR4539 is over‐expressed in 
both colon and rectal carcinoma; and it has been proposed 
as a molecular tool to differentiate between carcinoma and 
normal mucosa. In highly metastatic gallbladder cancer cells, 
migration and invasion have been inhibited by means of the 
down‐regulation of lncRNA KIAA0125.24

The duplicated DNA segment at chromosome 22q11.22 
harbours the microRNA‐650, whose deregulated activity 

promotes the epithelial‐mesenchymal transition through the 
down‐regulation of tumour suppressor genes conferring an 
invasive and metastasizing phenotype.25,26 Also, there is ex-
perimental evidence showing that miR‐650 is involved in 
lymphatic and distant metastasis in human gastric cancer. 
This miRNA targets the inhibitor of cellular growth 4, so its 
ectopic expression promotes tumourigenesis and prolifera-
tion of gastric cancer cells,27 and modify the biology of mel-
anoma,28 as well as chronic lymphocytic leukaemia.29

The fragment in chromosome 10 where the deletion oc-
curs is enriched by very dense histone modifications that 
mediate gene activation; the lost sequence corresponds to a 
stable domain that delimitates the region from the transcrip-
tional effect of surrounding chromatin (Figure 4).

Therefore, we suggest that the genomic loss at 10q11.22 
region creates a perturbed transcriptional environment that 
may affect other genes in the vicinity, promoting deregulation 
of pathways that could exacerbate the phenotype of BML, as 
occurs in other pathological conditions. A previous report 
showed the presence of the translocation t(10;17)(q22;q21) 
as the sole chromosomal abnormality in a benign retroper-
itoneal smooth muscle tumour detected in a woman.30 The 
translocation produced the fusion gene KAT6B‐KANSL1 that 
could regulate transcription with affinity for chromatin. The 
region in chromosome 17 harbouring KANSL1 was detected 
amplified in the present study, no translocations were de-
tected, but the expression of its normally targeted genes could 
be modified.

Among specialists it is hypothesized that many BML 
cases are underdiagnosed, meanly because the pathology is 
detected only when the metastasizing nodules interfere im-
portantly with physiological functions in the body; neverthe-
less, the symptoms vary in each case, and are linked to the 
affected organ or tissue. In consequence, symptomatology 
cannot be generalized, and specific tests based on histolog-
ical analysis of biopsies could be unviable depending on the 
localization of the metastasizing nodules.

In order to determine if the presence of the submicro-
scopic genomic abnormalities reported here are the same in 
other patients, more studies are needed. Additionally, future 
analysis sampling leiomyomas in uterus comparing to early 
metastatic tumours; as well as metastasizing nodules com-
pared to case‐control samples, would clarify characteristic 
genetic abnormalities and the molecular signs of BML. This 
could bring to light molecular markers useful in the appro-
priated and timely diagnosis of the pathology, as well as the 
identification of molecular targets for safe treatments.
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Introduction

Alcohol is a psychoactive substance with abuse 
rates among the five top risk factors for disease, dis-
ability and death worldwide. A global study re-
vealed that alcohol use disorders (AUDs) represent 
9.6% of mental and substance disorders, which in 
turn are responsible for 7.4% of disability-adjusted 
life years [1]. 

The most frequently studied AUD is alcohol de-
pendence, however, hazardous alcohol consump-
tion (HAC), ‘a pattern of alcohol consumption that 
increases the risk of harmful consequences for the 
user or others’, which is not necessarily accompa-
nied by alcohol dependence [2], is another AUD that 
strongly impacts society. Research has shown that 
HAC is strongly correlated with alcohol-related in-
juries [3,4]. HAC is frequent among college stu-
dents and leads to risky behavior such as drunk-
driving and the use of other substances, as well as 
risky sexual practices [5-7]. 

Quantitative electroencephalography (qEEG) has 
been used to study AUDs. qEEG is an affordable 
and non-invasive technique that allows the study of 

brain electrical activity both at resting state and as-
sociated with cognitive processes [8]. An increase 
in theta [9], and beta absolute power (AP) [10,11] 
are the main resting qEEG correlates consistently 
found in alcohol dependent subjects. Regarding 
delta frequency band in alcohol dependent patients, 
there are reports for both increased and decreased 
delta activity, thus remaining inconclusive at the 
moment [8]. Different reports have addressed alpha 
activity in relation with familiar history of alcohol 
consumption and ethnicity [12,13]. Some reports 
have described a decrease in alpha activity in alco-
holics, but other studies have failed to replicate this 
result [8].

An increase in beta and theta AP has been im-
plicated as a homeostatic imbalance in cortical ex-
citability [8] and as such, it has been proposed that 
subjects with a genetic predisposition towards de-
veloping alcohol dependence present a homeostatic 
imbalance leading to disinhibition/hyperexcitability 
in the central nervous system [8]. Behavioral disin-
hibition is found not only in alcohol dependence, 
but also in other disorders such as HAC [14], im-
plying a deficit in impulse control [15].

Hazardous alcohol consumption and risk of alcohol 
dependence present different neurophysiological correlates
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Introduction. Hazardous alcohol consumption (HAC) is a pattern of alcohol use that may result in harm for the user and/or 
for those around them. Prior research has suggested that HAC and alcohol dependence share some neurophysiological features 
but differ in others. 

Aim. To determine whether HAC and alcohol dependence presented different neurophysiological correlates. 

Subjects and methods. Two hundred subjects were screened for HAC or alcohol dependence. A quantitative electroencephalo-
graphic analysis of delta, theta, alpha and beta absolute power, relative power and mean frequency in subjects with HAC 
but not alcohol dependence, subjects with risk of alcohol dependence and controls was performed. 

Results. One hundred and fourteen subjects met inclusion criteria. The HAC group presented with higher beta absolute 
power and relative power, as well as a lower beta mean frequency than the control group, while the group with risk of 
alcohol dependence presented lower delta absolute power than controls. 

Conclusions. HAC and risk of alcohol dependence present different neurophysiological correlates. There is an important 
effect of the severity of alcohol dependence on neurophysiological correlates of this condition. Our results support the existence 
of two different types of behavioral disinhibition.

Key words. Alcohol dependence. Behavioral disinhibition. Beta activity. Delta activity. Hazardous alcohol consumption. 
Quantitative EEG.
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Prior research on binge drinkers has found defi-
cits in white matter integrity, cortical thickness and 
neurocognitive markers that are similar to that ob-
served in alcoholic patients, suggesting that binge 
drinking may be the predecessor to alcoholism 
[16]. A study addressing basal qEEG activity found 
that binge drinking is associated with high delta 
and fast beta (20-35 Hz) activity in the eyes open 
condition [17]. 

Alcohol dependence produces important plastic 
changes within the central nervous system [18] and 
as such, it is important to rule out alcohol depen-
dence when investigating the neurophysiological 
correlates of patients with HAC. We have previ-
ously reported that subjects with HAC, in the ab-
sence of alcohol dependence, present with a de-
crease in beta mean frequency (MF) in frontal and 
centro-parietal areas, as well as an increase in beta 
AP in centro-parietal areas [19] compared to con-
trols. Previous reports of qEEG analyses in alcohol 
dependent subjects revealed increased beta and 
theta AP [9,11]. Thus, subjects with HAC present 
with some similar neurophysiological correlates 
observed in alcohol dependent subjects (increased 
beta AP) but differ in others. As mentioned earlier, 
both HAC and alcohol dependence are associated 
with behavioral disinhibition. However, alcohol de-
pendence includes neurophysiological mechanisms 
underlying substance dependence, while HAC does 
not share this set of mechanisms. Since it has been 
suggested that beta activity is involved in the regu-
lation of cortical excitability [15,20], it is important 
to determine whether the decrease in beta MF ob-
served in subjects with HAC [19] represents a neu-
rophysiological feature unique to HAC and not 
shared with subjects with alcohol dependence. 
Moreover, since no conclusive results have been 
obtained on delta and alpha activity in AUDs we 
will study these frequency bands in HAC and risk 
of alcohol dependence in the same population.

Subjects and methods

Participants

Participants were first year health sciences students 
and were verbally invited during class to participate 
in the study. All procedures and data management 
were carried out in accordance with the Declara-
tion of Helsinki, and the protocol was approved by 
the Committee of Ethics in Research of the Health 
Sciences Division of the university. All participants 
signed an informed consent.

Clinical evaluation

The Spanish version of the Alcohol Use Disorders 
Identification Test (AUDIT) was used to assess 
HAC and risk of alcohol dependence. The AUDIT 
consists of 10 items that explore the frequency, 
amount of consumption, negative consequences, 
and associated psychosocial problems related to al-
cohol consumption [2]. Different cut-points in the 
AUDIT have been used in college students, but a 
study comparing four different alcohol screening 
tests in adolescents, found that for this age group a 
cut-point of two was optimal for detecting alcohol 
problem use and a cut-point of 3 for identifying risk 
of abuse or dependence [21]. In order to avoid false 
positives we confirmed the results analyzing spe-
cific sections of the AUDIT test. A score of 1 or 
above on items 2 and 3 met criteria for HAC, while 
a score over 0 on items 4, 5 and 6 met criteria for 
risk of alcohol dependence [2]. Subjects rating 3 or 
more in total AUDIT score, but who did not fulfill 
the criteria for the section assessing risk of alcohol 
dependence, were included in the HAC group. 
Thus, subjects rating positive for HAC presented a 
total AUDIT score of 2 or more, a score of 1 or 
above on items 2 and 3, and a score of 0 on items 4, 
5 and 6; while subjects rating positive for risk of al-
cohol dependence presented a total AUDIT score 
of 3 or more, and a score over 0 on items 4, 5 and 6 
of this test. While the AUDIT has been validated in 
different countries such as México, Brazil and Ven-
ezuela [2,22,23], no further clinical evaluation was 
performed for alcohol dependence in this work, 
thus subjects rating positive for alcohol dependence 
are considered as ‘at risk’.

All participants were non-smokers. Consump-
tion of other drugs was not determined for the sub-
jects in this study.

Participants completed a self-reported question-
naire (ASRS v. 1.1) to test for attention deficit hyper-
activity disorder (ADHD) [24,25], and the Plutchick 
Suicide Risk test. These instruments were selected 
based on our previous study [19] and are conditions 
related to AUDs and present in the population [26-
28]. Participants had no current or previous history 
of neurological illness and were not taking any 
medication that could affect EEG activity.

Quantitative electroencephalography

EEG recording
Subjects were comfortably seated in a dimly lit 
room, were awake, and had their eyes closed. EEGs 
were recorded with a 19-channel Medicid Fenix 
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electroencephalograph. Amplifier was set with a 
low frequency filter of 0.5 Hz, a high frequency fil-
ter of 30 Hz, and a 50/60 Hz notch filter. A sam-
pling frequency of 240 Hz, with a 16-bit resolution 
was used. The signal was collected through 19 elec-
trodes from the international 10/20 system (FP1, 
FP2, F7, F8, F3, F4, T3, T4, C3, C4, T5, T6, P3, P4, 
O1, O2, FZ, CZ and PZ), fitted in an electrode cap, 
and linked mastoids were used as references. All 
EEG recordings were rigorously analyzed by a clini-
cal neurophysiologist (E.S.R).

 
Quantitative analysis
Quantitative analysis was performed on EEG seg-
ments of at least 2.56 s. The segments were manu-
ally selected until summing to at least one minute. 
Only segments during which the subject was awake 
and presented alpha activity were included. Seg-
ments with muscular activity and blinking were 
also eliminated.

Quantitative EEG analysis software was used to 
calculate the AP, relative power (RP) and MF for 
delta (1.56-3.52 Hz), theta (3.91-7.42 Hz), alpha 
(7.81-12.5 Hz) and beta (12.89-19.14 Hz) frequency 
bands [29] using a fast Fourier transform algorithm. 
In order to decrease non-physiological variability, 
subtraction of the global scale factor (GSF) was ap-
plied to AP measures in all frequency bands. The 
mathematical model used to obtain GSF can be 
summarized as a logarithmic transformation ap-
plied to the brain electrical signal. This equation is 
Vi (e,t) = γ1β1 (e,t), where the brain electrical activity 
obtained in the EEG may be represented by a ma-
trix where V (e,t), V being the potential recorded at 
electrode e at the moment t. A global factor scale is 
represented by γ. The mathematical model used to 
obtain it is described in detail in the work published 
by Hernández et al [30]. The subtraction of GSF has 
been incorporated into some EEG software analy-
sis, such as the one used in this study, and many pa-
pers have been published since then. EEG record-
ings were reformatted to the average reference for 
quantitative analysis [31].

Statistical analysis

For the analysis of AUDIT, suicide risk and ADHD 
raw scores, as well as age, we performed ANOVA’s 
tests followed by Bonferroni’s post hoc test.

For qEEG analysis a mixed design analysis of 
variance (mixed ANOVA) with electrode as a with-
in-subject variable and group as between-subject 
variable was performed. Greenhouse-Geisser cor-
rected degrees of freedom were used to assess the 

significance of the corresponding F-value when 
necessary. Partial eta squared (η2

p) was used to de-
termine effect size. The AP, RP and MF for delta, 
theta, alpha and beta frequency bands were ana-
lyzed through separated mixed ANOVAs. Where 
an effect of group was found, pairwise comparison 
revealed specific inter-group differences, and an 
ANOVA test was carried out to determine in which 
electrodes this effect was found. P-values were ad-
justed for multiple comparisons using a Bonferroni 
correction (Table I).

Results

A total of 200 students participated in the study 
(106 females, age 19.6 ± 0.25, and 94 males, age 19.8 
± 0.35). Subjects older than 22 years, with a present 
or previous history of neurological disorders, and 
those in which EEG visual analysis revealed abnor-
malities were excluded from the analysis. 

Only 114 subjects were included in the statistical 
analysis. Of the 114 subjects, 48 subjects scored 
negatively for all clinical conditions evaluated 
(HAC, risk of alcohol dependence, suicide risk and 
ADHD) and were included in the control group; 45 
subjects scored positive for HAC but negatively for 
risk of alcohol dependence, as well as negative for 
all other tests (suicide risk, ADHD) and were in-
cluded in the HAC group; and 21 subjects scored 
positively for risk of alcohol dependence and were 
included in the risk of alcohol dependence group 
(DEP). The majority of subjects within the DEP 
group presented comorbidities; 18 rated positive 
for HAC, 6 rated positive for suicide risk and 8 rat-
ed positive for ADHD. Age and gender composition 
of each group is depicted in table II.

Table I. Outcomes of mixed ANOVAs performed for absolute power, relative power and mean frequency 
values of delta, theta, alpha and beta frequency bands. Specification of the groups differing is indicated 
in those measures where an effect of group was found.

Absolute power Relative power Mean frequency

Delta DEP < control (p < 0.05) Non-significant Non-significant

Theta Non-significant Non-significant Non-significant

Alpha Non-significant Non-significant Non-significant

Beta HAC > control (p < 0.01) HAC > control (p < 0.01) HAC < control (p < 0.05)

DEP: risk of alcohol dependence; HAC: hazardous alcohol consumption.
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There was no difference in age between groups. 
ANOVA performed on raw scores for the tests ap-
plied revealed a difference in total scores for ADHD 
(F2,111 = 11.59; p < 0.0001) and suicide risk (F2,111 = 
16.49; p < 0.0001) tests. For suicide risk, DEP group 
presented higher scores than control (DEP 4.434 ± 0.6; 
control 2.0 ± 0.17; p < 0.0001) and HAC (2.33 ± 0.21; 
p < 0.0001) groups, while in the ADHD test DEP 
group scored higher than control (DEP 2.67 ± 0.37; 
control 1.39 ± 0.16; p < 0.01) and HAC (0.18 ± 0.15; 
p < 0.0001). The three groups also differed in AUDIT 
total score (F2,111 = 57.11; p < 0.0001), as well as in the 
score analyzed for HAC (F2,111 = 240.66; p < 0.0001) 
and DEP (F2,111 = 70.86; p < 0.0001). In AUDIT total 
score DEP group presented higher scores than HAC 
(DEP 5.24 ± 0.62; HAC 2.89 ± 0.33; p < 0.0001) and 
control (control 0.208 ± 0.09; p < 0.0001) groups, 
while HAC presented a higher score than control 
group (p < 0.0001). In the AUDIT section analyzed for 
HAC, Bonferroni’s post hoc test revealed that con-
trol group presented lower scores than HAC (control 
0.0 ± 0.0; HAC 1.11 ± 0.47; p < 0.0001) and DEP (DEP 
0.86 ± 0.078; p < 0.0001) groups, while DEP and HAC 
also differed from each other (p < 0.01). In the sec-
tion evaluated to determine risk of alcohol depen-
dence, Bonferroni’s post hoc test showed that DEP 
group presented higher scores than HAC (DEP 1.48 
± 0.26; HAC 0.0 ± 0.0; p < 0.0001) and control (con-
trol 0.0 ± 0.0; p < 0.0001) groups, while no difference 
was found between control and HAC groups. 

Delta activity

There was an effect of the electrode studied on delta 

AP (F4.71, 522.35 = 57.98; p < 0.001; η2
p = 0.343), as 

well as an effect of group (F2, 111 = 3.25; p < 0.05; η2
p 

= 0.055). Pairwise comparison revealed a difference 
between control and DEP groups (p < 0.05). ANO-
VA revealed an effect of group at Fp2 (F2,11 = 3.12; 
p < 0.05) (Fig. 1).

There was an effect of electrode on delta RP 
(F7.45, 827.84 = 153.91; p < 0.001; η2

p = 0.581) and MF 
(F10.67, 1185.15 = 28.83; p < 0.001; η2

p = 0.206). No ef-
fect of group or electrode × group interaction was 
found for these measures.

Theta activity

There was an effect of the electrode on theta AP 
(F5.08, 563.4 = 50.99; p < 0.001; η2

p = 0.315), RP (F8.6, 

954.38 = 92.58; p < 0.001; η2
p = 0.455) and MF (F8.97, 

995.58 = 32.95; p < 0.001; η2
p = 0.229). There was no 

effect of group or electrode × group interaction on 
any measure of theta activity.

Alpha activity

Mixed ANOVA revealed an effect of electrode on 
alpha AP (F3.73, 374.42 = 90.35; p < 0.001; η2

p = 0.449), 
RP (F70.9, 787.19 = 149.73; p < 0.001; η2

p = 0.574) and 
MF (F7.72, 856.61 = 28.39; p < 0.001; η2

p = 0.204). 
However, no effect of group or electrode × group 
interaction was found for any of them.

Beta activity

Mixed ANOVA on beta AP values revealed an ef-
fect of electrode (F6.89, 764.42 = 60.59; p < 0.001; η2

p = 
0.353) and an effect of group (F2,111 = 5.81; p = 
0.004; η2

p = 0.095). There was no electrode × group 
interaction. Pairwise comparison revealed a differ-
ence between control and HAC groups (p = 0.003). 
Figure 2 shows the sites in which a difference be-
tween these groups was found.

There was an effect of electrode (F60.3, 669.2 = 29.78; 
p < 0.001; η2

p = 0.212) and an effect of group (F2,111 

Table II. Age and gender composition of control, hazardous alcohol 
consumption (HAC) and risk of alcohol dependence (DEP) groups.

Female (mean age) Male (mean age)

Control 26 (19.15 ± 0.21 years) 22 (19.08 ± 0.13 years)

HAC 17 (19.11 ± 0.21 years) 28 (19.30 ± 0.19 years)

DEP 16 (19.05 ± 0.23 years) 5 (18.90 ± 0.18 years)

Figure 1. Site where ANOVA revealed an effect of group on delta AP (mean ± standard error). Differences 
revealed by Bonferroni post hoc test are shown. a p < 0.05 (DEP vs control). Electrode in grey indicate 
lower value in DEP when compared with controls. HAC: hazardous alcohol consumption; DEP: risk of 
alcohol dependence.
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= 6.08; p = 0.003; η2
p = 0.099) on beta RP. There was 

no electrode × group interaction. Pairwise compar-
ison showed a difference between control and HAC 
groups (p = 0.002). Figure 3 shows the sites in which 
a difference between these groups was found.

There was an effect of electrode (F8.18, 908.19 = 
27.34; p < 0.001, η2

p = 0.198) and an effect of group 
(F2,111 = 4.26; p = 0.017; η2

p = 0.071) on beta MF. 
However, there was no electrode × group interac-
tion. Pairwise comparison showed a difference be-
tween control and HAC groups (p = 0.004). Figure 4 
shows the sites in which a difference between these 
groups was found.

Discussion

The current study explored qEEG activity between 
subjects with HAC and risk of alcohol dependence 
along with a control population without an alcohol-
related disorder. Subjects with HAC presented high-
er beta AP, higher beta RP, and lower beta MF when 
compared with controls. Subjects with risk of alco-
hol dependence presented lower delta AP when com-
pared with controls. 

Beta activity has been linked with activity of cor-
tical GABAergic interneurons, and as such has been 
related to inhibition/excitability homeostasis in the 
cortex. Changes in beta activity have therefore been 
associated with a homeostatic imbalance leading to 

central nervous system disinhibition/hyperexcit-
ability [8], and this association has been supported 
by electrophysiological and genetic analyses [15]. 
Both HAC and alcohol dependence are manifesta-
tions of behavioral disinhibition [8,14,15], and prior 
research has proposed that behavioral and central 
nervous system disinhibition share common neuro-
physiological markers [8,15]. Thus, the higher beta 
AP and RP, as well as the lower beta MF present in 
the HAC group suggest an imbalance in central ner-
vous system disinhibition/hyperexcitability.

As mentioned earlier, available data on delta ac-
tivity in alcoholics is non-conclusive, while earlier 
works point to an increase in delta activity, more 
recent works reveal an decrease in delta activity in 
these patients [8]. A very interesting study performed 
on alcohol dependent subjects identified two differ-
ent profiles within the same population based on 
qEEG analysis, one with increased delta and theta 
activity, and another with decreased delta and theta 
activity. Both groups presented a delay in P300 and 
impairments in attention and memory, although 
these effects were stronger in the first group (in-
creased delta and theta activity). Authors suggest 
that this could be reflecting different stages of alco-
hol dependence [32], although other factors (differ-
ent types of alcohol dependence, ethnic influence, 
etc.) cannot be discarded. 

Thus, decreased delta AP is present only in some 
patients with alcohol dependence. We believe that 

Figure 2. Sites where ANOVA revealed an effect of group on beta AP (mean ± standard error). Differences revealed by Bonferroni post hoc test are 
shown. a p < 0.05; b p < 0.01. Electrodes in grey indicate higher values in HAC when compared with controls. HAC: hazardous alcohol consump-
tion; DEP: risk of alcohol dependence.
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this might represent variations in the type of alco-
hol dependence. One of the studies showing a de-
crease in delta activity in alcohol dependent pa-
tients shed some light about the possible relevance 
of this finding, since decreased slow-wave activity 
(decreased delta and theta activity) correlated with 
cortical atrophy and onset age of alcohol consump-
tion below 20 years [33]. While cortical atrophy and 
decreased delta activity might be the result of pro-
longed alcohol abuse, it might also be possible that 
decreased delta activity be found primarily in sub-
jects beginning alcohol consumption at an early 
age, which would also be the case of our study. The 
implications of this requires further studies charac-
terizing the two subtypes of alcohol dependent sub-
jects, since variation in delta activity probably is not 
the only neurophysiological difference.

In this work we found statistically significant dif-
ferences revealed by the ANOVA, but small effect 
sizes. It is noteworthy that effect size and statistical 
significance serve different purposes, while statisti-
cal significance test reveals the probability of ob-
taining the between groups difference by chance, 
effect size provides information about the magni-
tude of that difference and its possible practical im-

plications [34]. Different works have assessed the 
importance of small changes on qEEG activity. For 
example, carbamazepine treatment produces im-
pairment in neuropsychological performance in 
those patients whose alpha mean frequency in the 
occipital region slows 0.5-0.6 Hz after treatment, 
and has been used to determine possible outcome 
of different antiepileptic drugs [35]. Even though 
effect size is not always reported along with statisti-
cal significance in qEEG studies, previous reports 
have revealed important findings in studies of alco-
hol use disorders with small (but significant) differ-
ences between groups in different qEEG parameters 
such as P300 [32,36,37], AP [38] and event related 
oscillations [39,40].

Gender composition was not equal in all groups, 
particularly in the DEP group we had a small num-
ber of males. Previous reports addressing possible 
gender differences in neurophysiological correlates 
of alcohol dependence have found that males pres-
ent with higher theta AP at central and parietal re-
gions, while females present with higher theta AP 
at parietal regions only [9]. Another study found 
that both males and females with alcohol depen-
dence had an increase in beta AP, although for fe-

Figure 3. Sites where ANOVA revealed an effect of group on beta RP (mean ± standard error). Differences revealed by Bonferroni post hoc test 
are shown. a p < 0.05; b p < 0.01; c p < 0.0001 (HAC vs control); d p < 0.01 (HAC vs DEP). Electrodes in grey indicate higher values in HAC when 
compared with controls. HAC: hazardous alcohol consumption; DEP: risk of alcohol dependence.
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males this increase did not reach statistical signifi-
cance [11]. However, a more recent study per-
formed on only women with alcohol use disorders 
found that alcohol dependent women presented a 
significant increase in beta AP and RP [10]. Thus, 
previous studies addressing gender influence on the 
neurophysiological correlates of alcohol use disor-
ders suggest a mild influence, mostly in regard to 
the particular distribution of qEEG changes in both 
genders. However, further studies are warranted to 
fully confirm the precise influence of gender.

The majority of studies on the neurophysiologi-
cal correlates of alcohol dependence to date have 
been carried out in adult populations of medically 
treated alcohol dependent subjects, which by defi-
nition have a more severe alcoholism than the pop-
ulation in the current study. However, studies per-
formed with adult treatment-naïve alcohol depen-
dent subjects have revealed a mild non-significant 
(p = 0.05) decrease in P300 [37], and treatment-
naïve adolescents with alcohol dependence do not 
present any reduction in P300 [41], while studies 
on adult treated population revealed a significant 
decrease in P300 amplitude [8]. P300 signifies brain 
activity during cognitive functioning, and as such, 

it is a very different type of neurophysiological 
marker than the resting EEG activity reported here-
in. However, taken together the results allow us to 
have a better understanding of the differences in 
brain electrical activity in subjects with early and 
more severe alcohol dependence.

Although the subjects in the current study pre-
sented with alcohol use disorders, they had not yet 
sought medical treatment, and therefore, it is not 
surprising that our neurophysiological results differ 
from those that studied participants with a more 
severe alcoholism who had sought treatment or 
were already in treatment [37,41]. The results from 
resting qEEGs of subjects with risk of alcohol de-
pendence in the current study were inconsistent 
with features previously described in alcoholic pa-
tients, namely, increased theta and beta AP [9-11]. 
The participants in the current study were young 
(age 17 to 22 years old) and treatment-naïve, mean-
ing that their alcohol use disorder was not yet se-
vere enough to seek for medical help. All subjects 
were first-year university students, and attended 
classes and other academic activities on a regular 
basis. Therefore, the risk of alcohol dependence had 
not yet caused a serious impairment in daily activi-

Figure 4. Sites where ANOVA revealed an effect of group on beta MF (mean ± standard error). Differences revealed by Bonferroni post hoc test 
are shown. a p < 0.05; b p < 0.01 (HAC vs control). Electrodes in grey indicate lower values in HAC when compared with controls. HAC: hazardous 
alcohol consumption; DEP: risk of alcohol dependence.
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ties, suggesting an early stage of alcohol addiction 
[42]. Thus, we believe that a low addiction severity 
may account for the lack of differences in theta and 
beta activity between subjects with risk of alcohol 
dependence and control subjects in the current 
study. However, we found a lower delta AP, signifi-
cant at Fp2, in the group with risk of alcohol depen-
dence when compared versus controls, indicating a 
differential qEEG activity associated with risk of al-
cohol dependence. Moreover, in this work we did 
not analyze other EEG parameters reported to be 
altered in association with alcohol dependence such 
as event related potentials, thus differences in these 
measures cannot be ruled out.

Despite the fact that most of the subjects with 
risk of alcohol dependence in the current study also 
presented with HAC (82.6%); high beta AP and RP, 
as well as low beta MF, were found only in subjects 
with HAC, but not alcohol dependence. One possi-
ble interpretation suggests the existence of a differ-
ent etiology for HAC in the two groups (HAC only 
and DEP). 

There is some controversy on whether HAC is a 
prelude of alcohol dependence or if HAC and alco-
hol dependence are two separate conditions [16]. If 
these two conditions are not linked, then alcohol 
dependence is not a ‘higher level’ of HAC, allowing 
the existence of neurophysiological correlates ex-
clusive to HAC, as may be the case for the lower 
beta MF. However, the question remains as to why 
differences in neurophysiological correlates differ 
between the HAC and DEP groups when most of 
the DEP group also presents with HAC. 

HAC can be present in an individual with or 
without alcohol dependence [2] since alcohol de-
pendence includes factors associated with addic-
tion. The possibility exists that HAC that is associ-
ated with alcohol dependence has a different etiol-
ogy than HAC not associated with addiction. Inter-
estingly, a previous study among cocaine abusers 
with and without comorbid personality disorders, 
found that subjects with cocaine dependence and 
comorbid personality disorders reported higher be-
havioral disinhibition than those without comorbid 
personality disorders and this disinhibition was 
present prior to the development of cocaine depen-
dence. Comparatively, while cocaine dependent sub-
jects without comorbidities also presented increased 
disinhibition, this behavior developed along with 
cocaine dependence, suggesting a difference in dis-
inhibition trajectory between these two groups [43]. 
These results suggest the existence of at least two 
subtypes of disinhibition: one resulting from the de-
velopment of addiction and another that precedes 

addictive behavior. The current results suggest that 
these two types of disinhibition may have different 
neurophysiological correlates. Applied to our re-
sults, this theory implies that HAC observed in in-
dividuals in the DEP group would be secondary to 
an addiction process, while in the HAC group this 
condition would not be related with the develop-
ment of alcohol dependence. 

While HAC and DEP are manifestation of be-
havioral disinhibition [8,14,15], it is reasonable that 
they differ in their neurophysiological correlates, 
since alcohol dependence implies neurophysiologi-
cal mechanisms associated with addiction. Howev-
er, if higher beta activity is related with cortical and 
behavioral disinhibition [8], why is it present only 
in the HAC group, and not in the DEP group? In 
the work of Albein-Urios et al [43] they report two 
different types of disinhibition, one preceding ad-
diction and the other developing along with addic-
tion. We believe that our subjects in the HAC group 
have the first type and our subjects in the DEP 
group the second. According to this, and given that 
we are observing the first stages of alcohol depen-
dence, the increase in beta activity associated with 
disinhibition would be under development in these 
subjects. In agreement with this proposal we can 
observe that, although DEP group does not differ 
from controls in beta AP, RP and MF, it does not 
differ from the HAC group either in most of the 
cases observed in this study. However, further stud-
ies on subjects with more advanced alcohol depen-
dence are necessary in order to prove this idea.
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El consumo de riesgo de alcohol y el riesgo de dependencia al alcohol presentan correlatos neurofisiológicos 
diferentes

Introducción. El consumo de riesgo de alcohol (CRA) es un patrón de consumo que puede resultar dañino para el usuario 
o para los demás. Investigaciones previas sugieren que el CRA y la dependencia al alcohol comparten algunas característi-
cas neurofisiológicas, pero difieren en otras. 

Objetivo. Determinar si el CRA y la dependencia al alcohol presentan correlatos neurofisiológicos diferentes. 

Sujetos y métodos. Doscientos sujetos realizaron la prueba de detección de CRA y riesgo de dependencia al alcohol (DEP). 
Se realizó un estudio de electroencefalografía cuantitativa para determinar la potencia absoluta, la potencia relativa y la 
frecuencia media de las bandas delta, theta, alfa y beta en sujetos con CRA, con DEP y controles. 

Resultados. Un total de 114 sujetos cumplió los criterios de inclusión. El grupo con CRA presentó mayor potencia absoluta, 
mayor potencia relativa y menor frecuencia media de la banda beta en comparación con los controles, mientras que el 
grupo con DEP presentó menor potencia absoluta de la banda delta que los controles. 

Conclusiones. El DEP y el CRA presentan diferentes correlatos neurofisiológicos. Hay un efecto importante de la gravedad 
de la dependencia al alcohol sobre sus correlatos neurofisiológicos. Nuestros resultados apoyan la existencia de dos tipos 
distintos de desinhibición conductual.

Palabras clave. Actividad beta. Actividad delta. Consumo de riesgo de alcohol. Dependencia al alcohol. Desinhibición con-
ductual. EEG cuantitativo.
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Abstract The suprachiasmatic nucleus (SCN) is the main brain clock that regu-
lates circadian rhythms in mammals. The SCN synchronizes to the LD cycle 
through the retinohypothalamic tract (RHT), which projects to ventral SCN 
neurons via glutamatergic synapses. Released glutamate activates N-methyl-D-
aspartate (NMDA) receptors, which play a critical role in the activation of sig-
naling cascades to enable phase shifts. Previous evidence indicates that 
presynaptic changes during postnatal development consist of an increase in 
RHT fibers impinging on SCN neurons between postnatal day (P) 1 to 4 and 
P15. The aim of this study was to evaluate postsynaptic developmental changes 
in the NR2 subunits that determine the pharmacological and biophysical prop-
erties of the neuronal NMDA receptors in the ventral SCN. To identify the 
expression of NR2 subtypes, we utilized RT-PCR, immunohistochemical fluo-
rescence, and electrophysiological recordings of synaptic activity. We identified 
development-dependent changes in NR2A, C, and D subtypes in mRNA and 
protein expression, whereas NR2B protein was equally present at all analyzed 
postnatal ages. The NR2A antagonist PEAQX (100 nM) reduced the frequency 
of NMDA excitatory postsynaptic currents (EPSCs) at P8 significantly more 
than at P34, but the antagonists for NR2B (3 μM Ro 25-6981) and NR2C/D (150 
nM PPDA) did not influence NMDA EPSCs differently at the 2 analyzed post-
natal ages. Our results point to P8 as the earliest analyzed postnatal age that 
shows mRNA and protein expression similar to those found at the juvenile 
stage P34. Taken together, our findings indicate that postsynaptic develop-
ment-dependent modifications in the NR2 subtypes of the NMDA receptor 
could be important for the synchronization of ventral SCN neurons to the LD 
cycle at adult stages.
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The hypothalamic suprachiasmatic nucleus (SCN) 
is the main clock responsible for the regulation of cir-
cadian rhythms. The SCN synchronizes with the envi-
ronmental LD cycle through the retinohypothalamic 
tract (RHT). Ablation of the RHT abolishes the syn-
chronization of circadian rhythms to the LD cycle, 
allowing its free-running expression (Johnson et  al., 
1988). The RHT originates from a population of mela-
nopsin-containing photosensitive ganglion cells in the 
retina (Hankins et al., 2008) and projects its fibers to 
various hypothalamic nuclei, including the SCN. The 
RHT releases glutamate and the pituitary adenylate 
cyclase-activating polypeptide (Hannibal, 2006; You 
et al., 2012) to the ventrolateral part of the SCN, which 
receives its principal innervation from the retina 
(Abrahamson and Moore, 2001). Glutamate released 
from the RHT activates ionotropic glutamatergic  
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA)/kainate and N-methyl-D-Aspartate 
(NMDA) receptors (Kim and Dudek, 1991). Activation 
of NMDA receptors is a crucial step in phase shifts 
induced by light (Colwell and Menaker, 1992), which 
subsequently activate signaling pathways to achieve 
phase advances or delays (Ding et  al., 1994; Ding 
et al., 1997).

The NMDA receptor is a heteromeric protein prin-
cipally composed of 2 NR1 and 2 NR2 subunits. The 
4 known types of subunits are termed NR2A to 
NR2D. The 2 NR2 subunits of the NMDA receptor 
can comprise the same or different types, thus pro-
viding diversity to the biophysical and pharmacolog-
ical properties of NMDA receptors (see Cull-Candy 
and Leszkiewicz, 2004). Several reports indicate that 
the NR2B subtype plays an important role in the syn-
chronization to light. In SCN neurons, Clark and 
Kofuji (2010) found that the NMDA current is reduced 
to about 50% by the NR2B antagonist ifenprodil. It 
was furthermore shown in mice that ifenprodil micro-
injected into the SCN region significantly reduces 
light-induced phase shifts in wheel running activity 
and that the phosphorylated form of this NR2 sub-
type varies in the ventral SCN according to circadian 
rhythms (Wang et al., 2008).

When NR2A and NR2C are individually knocked 
out in the whole animal, they do not seem to play a 
role in the synchronization of SCN neurons to light, 
even though there is biophysical and pharmacologi-
cal evidence of their presence in NMDA currents of 
SCN neurons. Clark and Kofuji (2010) showed that 
the remaining NMDA current after NR2B inhibition 
with ifenprodil presents pharmacological character-
istics of the NR2A subtype, even though they exhibit 
a Mg2+ sensitivity similar to that of NR2C and 
NR2D subunits. Thus, these authors suggest that a 
subpopulation of NMDA receptors in SCN neurons 

consists of NR2A and NR2C/D heteromers. Moriya 
and colleagues (2000) showed that synchronization 
to light was slower in NR2A-knockout animals 
under low-intensity light conditions, indicating that 
NR2A indeed plays a role in synchronization. 
However, no effects were found in NR2C-knockout 
animals, and the role of the NR2D subunit in the 
synchronization of SCN neurons to light has not 
been reported yet.

Pre- and postsynaptic changes during develop-
ment are critical for all sensory systems to prepare 
them for an optimal performance at adult stages, 
and the photic circadian system is no exception. It 
has been reported that RHT fibers start the SCN 
innervation at an early stage, i.e., postnatal days (P) 
1 to 4 (Mason et  al., 1977; Munoz Llamosas et  al., 
2000; Speh and Moore, 1993; Stanfield and Cowan, 
1976); although, functional Fos immunoreactivity is 
already found at P0 (Hannibal and Fahrenkrug, 
2004; Sekaran et  al., 2005). The RHT achieves an 
adult appearance at P10 to P15 (Frost et  al., 1979; 
Guldner, 1978; Mason et al., 1977; Munoz Llamosas 
et  al., 2000; Speh and Moore, 1993). At the behav-
ioral level, neonatal rats synchronize to LD cycles by 
P7 (Duncan et  al., 1986), when the maternal influ-
ence wanes (Reppert and Schwartz, 1986) and the 
RHT synaptic terminals innervate the SCN neurons. 
Anatomical and behavioral evidence of the matura-
tion in RHT - SCN connections may imply pre- and 
postsynaptic changes during this development that 
help to prepare the circadian system to correctly 
synchronize to light. To further understand these 
processes, this study was aimed to determine the 
postsynaptic changes in NR2 subunit expression 
(both at the mRNA and protein levels) in rats during 
development and determine their influence on syn-
aptic activity.

MATERIAlS AND METHODS

All studies were performed in accordance with the 
Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health 
(NIH Publication No. 85-23, revised 1996). All proce-
dures were approved by the Institutional Bioethics 
Committee of the University Center for Biomedical 
Research of the University of Colima. Experiments 
were carried out in Wistar rat pups (n = 111) bred in 
our animal facilities from parents supplied by Harlan 
(Mexico). We analyzed postnatal developmental 
changes in the ventral SCN of animals at the ages of 
P4, P8, P12, and P34. For tissue sampling, animals 
were euthanized (between ZT 3 and 6) with sodium 
pentobarbital (125 mg/kg, i.p.).
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RNA Extraction and Quantitative Real-Time PCR 
Analysis

Coronal brain slices (300 µm) containing the hypo-
thalamus were obtained with a VT1000 microtome 
(Leica Microsystems; Wetzlar, Germany). Brain slices 
were maintained in artificial cerebrospinal fluid 
(ACSF) containing 124 mM NaCl, 1 mM MgSO4, 5 
mM KCl, 1.25 mM KH2PO4, 10 mM dextrose, 26 mM 
NaHCO3, 2 mM CaCl2; bubbled with 95% O2/5% 
CO2; pH 7.4. Tissue from the SCN was microdis-
sected from 8 animals belonging to each of the above-
mentioned postnatal ages (Fig. 1A). Total RNA was 
extracted from the pool (20 mg) of SCN samples 
using the Aurum Total RNA Mini Kit (Bio-Rad; 
Hercules, CA). RNA (500 ng) was reverse transcribed 
using an iScript cDNA Synthesis Kit (Bio-Rad). The 
cDNA was used as a template for real-time PCR 
experiments using the iQ SYBR Green Supermix 
(Bio-Rad) with the primers for the following genes 
that code for the different NR2 subtypes Grin2a 
(NR2A), Grin2b (NR2B), Grin2c (NR2C), and Grin2d 
(NR2D) in addition to the housekeeping genes Gapdh 
(glyceraldehyde-3-phosphate dehydrogenase) and 
Actb (β-actin) (Table 1). Specific primers were pur-
chased from Invitrogen (Carlsbad, CA). Real-time 
PCR was performed using a CFX96 detection system 
(Bio-Rad). The thermal cycling parameters were 
95°C for 3 min, 40 cycles of 95°C for 15 s, followed by 

60°C for 1 min. The experiment for each postnatal 
age was run in triplicate and normalized to Gapdh 
and Actb mRNA levels. We used Actb as an addi-
tional housekeeping gene because it has been shown 
that the mRNA levels remain very steady through-
out the development of the whole brain in Wistar 
rats (Fedoseeva et al., 2014). Three replicates of mea-
surements from the same pool were then averaged, 
and the fold induction was determined in a ∆∆CT-
based fold-change calculation. Furthermore, raw 
data (not normalized to P4) were obtained with the 
∆CT method (Schmittgen and Livak, 2008). A melting 
curve analysis was performed to confirm the speci-
ficity of the PCR products.

Immunohistochemistry

A total of 47 rat pups were used at different 
postnatal ages: 15 animals for P4, 14 animals for 
P8, 11 for P12, and 7 for P34. After the animals 
were euthanized with sodium pentobarbital (125 
mg/kg), the brain was perfused transcardially 
with 0.1 M phosphate-buffered saline (PBS; pH 
7.4), followed by cold (4°C) 4% paraformaldehyde 
diluted in 0.1 M phosphate buffer (PB; pH 7.4). 
Thereafter, the brain was extracted and post-fixed 
in 4% paraformaldehyde for 1 h before being trans-
ferred to 10% sucrose (overnight), 20% sucrose (24 h), 

Figure 1. Coronal brain slices containing the SCN used in the different methodological approaches of this study. (A) Slice correspond-
ing to a P12 animal, illustrating the sectioned area where RT-PCR assays were performed. (B) Ventral and medial SCN examined for 
immunofluorescence experiments. Coronal slice of a P8 animal imaged with transmitted light containing the ventral SCN and reference 
structures such as the third ventricle (3V) and optic chiasm (OX). Circles indicate the ventral parts of the SCN analyzed in confocal 
microscopy. Scale bar, 150 µm.

Table 1. Primers used to identify genes that code for NR2 subtypes and housekeeping genes.

Gene Forward Reverse

Grin2a 5’-ACACCACCTGAGGACGTTTG-3’ 5’-TGGAAGAACGTGGATGTCGG-3’
Grin2b 5’-AATACAGTCCCGTGCCAGAA-3’ 5’-CACCGATCATGCCATTCCAG-3’
Grin2c 5’-CCCTACCTCCCGTTATTCCC-3’ 5’-CAGAGGGTTGGATCGAGTGA-3’
Grin2d 5’-CCACCTCTGAAGTTTGGCAC-3’ 5’-GATGAAGGCGTCCAGTTTCC-3’
Gapdh 5’-AGTCTACTGGCGTCTTCACC-3’ 5’-CCACGATGCCAAAGTTGTCA-3’
Actb 5’-CCGCGAGTACAACCTTCTTG-3’ 5’-CAGTTGGTGACAATGCCGTG-3’



42 JOURNAL OF BIOLOGICAL RHYTHMS / February 2019

and finally 30% sucrose (48 h). Consecutive frozen 
coronal sections (40 µm) containing the hypothala-
mus were obtained with an SM2010R microtome 
(Leica) and collected into 0.1 M PBS. Brain sections 
belonging to the different postnatal ages were stained 
for the antibodies listed below and imaged at the 
same time for consistency between runs. On average, 
4 consecutive sections (per brain) were carefully cho-
sen with the help of a stereomicroscope (MicroscoSB; 
Commack, NY). They contained the medial SCN and 
were immunostained for protein pairs consisting of 1 
of the 4 NR2 subunit subtypes of the NMDA receptor 
(A to D) and the scaffolding protein PSD-95; i.e., 
NR2A and PSD-95, NR2B and PSD-95, NR2C and 
PSD-95, NR2D and PSD-95. Immunofluorescence 
labeling was performed with free-floating sections at 
4°C for 72 h in 1% normal donkey serum and 0.03% 
Triton X-100 in 0.1 M PBS (PBSDT). Secondary anti-
bodies were incubated in PBSDT for 2 h at room tem-
perature in black tubes protected from light. Slices 
were then washed in PBS (3 times, 10 min each), 
mounted, and coverslipped with 97% 2,2’-thiodietha-
nol (Staudt et al., 2007).

Antibodies

All antibodies used in this study (Table 2) were 
tested and characterized by the supplier companies. 
Negative control experiments were performed by 
incubation with only the secondary antibody, and 
no unspecific immunolabeling was observed 
(Suppl. Fig. S1A). Dilution-fluorescence curves 
were carried out for primary antibodies (Table 2, 
Suppl. Fig. S1B). Secondary antibodies (anti-rabbit 
Alexa Fluor 488 and anti-mouse Alexa Fluor 647; 
both from Abcam, Cambridge, UK) were used at a 
1:500 dilution.

Image Acquisition and Analysis

SCNs were imaged with an LSM-700 confocal 
microscope (Carl Zeiss; Oberkochen, Baden-
Württemberg, Germany). The best mounted and 
coverslipped brain slices containing the medial SCN 
were chosen for imaging by confocal microscopy (1 
or 2 slices were selected from each animal at every 
stage of postnatal development) using the Zen soft-
ware (Carl Zeiss) for image acquisition. A 10× objec-
tive (NA 0.3) was used to obtain a panoramic view of 
the SCN and adjacent structures. Then, 40× (NA 1.3) 
and 63× (NA 1.4) objectives were used to visualize 
the ventral SCN (Abrahamson and Moore, 2001) 
(Fig. 1B), and optical slices were obtained at 1 µm 
steps (on average, we obtained more than 20 optical 
slices per image). Two images (medial and lateral) 
were taken for each ventral SCN (left and right) for a 
total of 4 images for each slice. For intensity fluores-
cence measurements, PMT gain, laser intensity, and 
all other parameters (e.g., acquisition and exposure 
time) were adjusted for each age to show the highest 
brightness without saturation and were maintained 
constant for all subsequent images obtained within 
the same run.

Images were 3D blind deconvoluted using the 
AutoQuant X3 (Media Cybernetics Inc., Rockville, 
MD) and then analyzed using the ImageJ software 
(National Institutes of Health, Bethesda, MD). The 
signals were separated into 2 channels, and the mean 
pixel immunofluorescence intensity was measured in 
the entire image, i.e., the stack of optical slices (at least 
20). A stack of optical slices was obtained with the 
maximum intensity projection function of the Zen 
software. Immunofluorescence intensity measure-
ment obtained from medial and lateral images were 
pooled. Co-localization was analyzed on the entire 
image using the Zen software, and this co-localization 

Table 2. Specifications of antibodies used in this research.

Antigen Immunogen
Manufacturer, Species, Type, 

Catalog number, Test performed
Dilution

Tested (Used •) Reference

NR2A Synthetic peptide within Human 
NMDA2A aa 850-900.

Abcam, rabbit, polyclonal, # 
ab203197, IHC.

1:50 1:100• 1:200 -

NR2B (phospho Y1252) Synthetic peptide conjugated to 
LKH derived from within residues 
1200-1300 of mouse NMDAR2B.

Abcam, rabbit, polyclonal, # 
ab18532, IHC.

1:50 1:100• 1:200 Delint et al., (2010)

NR2C Antibody raised against 21-100 
amino acids mapping near the 
human N-terminus of NMDAR2C.

Santa Cruz Biotechnology (Dallas, 
TX, USA), rabbit, polyclonal, # 
sc-50437, IHC.

1:50 1:250•
1:500

Liu and Wong-
Riley (2010)

NR2D Synthetic peptide corresponding to 
661-710 amino acids of NMDAR2D 
of human.

Thermo Fisher Scientific (Rockford, 
IL, USA), rabbit, polyclonal, # 
PA5-36539, IHC.

1:50, 1:100• 1:200 -

PSD-95 Recombinant full length protein 
corresponding to PSD-95

Abcam, mouse, monoclonal, # 
ab2723, IHC.

1:1000
1:2000
1:3000
1:4000•

Zhao et al., (2016)
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analysis was performed on a pixel by pixel basis. Each 
pixel was plotted in a scatter diagram based on its 
intensity level from each channel. Thereafter, the 
Pearson correlation coefficient was calculated with a 
value of 1 indicating a perfect co-localization.

Electrophysiological Recordings

Spontaneous postsynaptic currents from ventral 
SCN neurons of slices obtained at P8 and P34 were 
recorded at room temperature (22°C to 24°C) in the 
whole-cell configuration of the patch-clamp tech-
nique using an Axopatch 200B amplifier (Molecular 
Devices; Sunnyvale, CA). Neurons were visualized 
with an upright Axioexaminer A1 microscope (Carl 
Zeiss). Data acquisition and command potentials 
were carried out with a Digidata 1322A interface 
controlled by the pClamp 8.2 software (Molecular 
Devices). Recording electrodes of 2 to 4 MΩ were 
made in a P97 puller (Sutter Instrument Co., Novato, 
CA) and filled with intracellular solution contain-
ing 64 mM D-gluconic acid, 64 mM CsOH, 11 mM 
EGTA, 56 mM CsCl, 1 mM MgCl2, 1 mM CaCl2, 10 
mM HEPES, and 5 mM QX-314. Series resistance 
was compensated (~80%), and the seal was moni-
tored throughout the whole experiment. ACSF 
Mg2+-free solution (124 mM NaCl, 1 mM K2SO4, 5 
mM KCl, 1.25 mM KH2PO4, 10 mM dextrose, 26 mM 
NaHCO3, 2 mM CaCl2; bubbled with 95% O2/5% 
CO2; pH 7.4) was used as the external recording 
solution. Cells were discarded if the input resis-
tance was less than 150 MΩ or the access resistance 
greater than 15 MΩ, or changed more than 15%. 
Currents were low-pass filtered at 2 kHz and sam-
pled at 10 kHz.

Contribution of NR2 Subtypes to the Frequency 
and Amplitude of NMDA EPSCs

To analyze the contribution of NR2 subtypes to iso-
lated spontaneous NMDA excitatory postsynaptic cur-
rents (EPSCs), 50 µM picrotoxin (a GABA-A receptor 
antagonist) and 5 µM 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, an antagonist of AMPA/kainate 
receptors) were added to the external recording solu-
tion (ACSF Mg2+-free solution). After 5 min of record-
ing basal NMDA isolated currents, each of the selective 
NR2 subtype antagonists were applied in a random 
sequence; for NR2A, 100 nM [[[(1S)-1-(4-Bromophenyl) 
ethyl]amino] (1,2,3,4-tetrahydro-2,3-dioxo-5-quinox-
alinyl)methyl] phosphonic acid tetrasodium salt 
(PEAQX); for NR2B, 3 µM (αR,βS)-α-(4-Hy-
droxyphenyl)-β-methyl-4-(phenylmethyl)-1-
piperidinepropanol maleate (Ro 25-6981); or for 

NR2C/D, 150 nM (2S*,3R*)-1-(Phenanthren-2-car-
bonyl)piperazine-2,3-dicarboxylic acid (PPDA). PEAQX 
has an IC50 of 8 nM on NMDA receptors containing the 
NR2A subunit. PEAQX is over 100-fold more selective 
to NR2A than NR2B subunits (Auberson et al., 2002). 
Thus, we chose a concentration of 100 nM, according 
to previous reports demonstrating the highest specific-
ity for NR2A (Tackenberg et al., 2013). By contrast, Ro 
25-6981 exhibits a higher affinity for NR2B over the 
NR2A subtype, since its IC50 values are 0.009 and 52 
µM, respectively (Fischer et al., 1997). Hence, we used 
3 µM Ro 25-6981 to detect the presence of NR2B sub-
units, which agrees with previous studies (Alamilla 
and Gillespie, 2011). Likewise, PPDA exhibits a Ki of 
0.096, 0.125, 0.31, and 0.55 µM for the NR2C, D, B, and 
A subtypes, respectively (Morley et al., 2005). Based on 
this information, we assumed that 150 nM would be 
sufficient to distinguish between NR2C/D and 
NR2B/A subunits. The effects of these NR2 subtype 
blockers on the frequency and amplitude of NMDA 
EPSCs were analyzed, and the percentages of NR2A, 
NR2B, and NR2C/D subunit contributions were cal-
culated for each recorded neuron.

Drugs and Reagents

Picrotoxin, CNQX, PEAQX, PPDA, and Ro 25-6981 
were obtained from Tocris Bioscience (Ellisville, MO), 
and all other reagents were purchased from Sigma-
Aldrich (St. Louis, MO).

Data Analysis

Data are reported as the mean ± SEM. GraphPad 
Prism 5 (GraphPad Software; La Jolla, CA) was used 
to perform statistical analyses. Where appropriate, 
the unpaired t-test or one-way ANOVA with 
Dunnett’s post-hoc test were used to evaluate statisti-
cal differences. The non-parametric Kruskal–Wallis 
test with Dunn’s post-hoc test was used to analyze 
the fold-change in mRNA expression (Hoang et  al., 
2009). A two-tailed alpha value of 0.05 (P < 0.05) was 
considered statistically significant.

RESUlTS

mRNA Expression of NR2 Subunits during 
Postnatal Development in the SCN

As mRNA expression of NR2 subtypes must be 
normalized to that of housekeeping genes accord-
ing to the ΔΔCT method, we first sought to validate 
that the mRNA levels of the housekeeping genes 
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displayed no development-dependent variation. 
Although there was a statistically significant Gapdh 
variation between P8 and P12, we did not find a 
significant difference in CT between the control age 
P4 and any other analyzed age (Suppl. Fig. S2). 
Likewise, Actb did not show a development-depen-
dent variation in CT at all analyzed ages (Suppl. 
Fig. S2).

Next, the mRNA expression levels of NMDAR2 
subtypes in the SCN were analyzed at different post-
natal ages (Fig. 1A), using P4 as a reference (Fig. 2). 
Normalized to both housekeeping genes, Grin2a 
(NR2A subtype) mRNA expression levels only 
peaked at P8 (Fig. 2A). When normalized to Gapdh, 
Grin2b (NR2B) showed a decrease in mRNA expres-
sion at P12 and P34, whereas when normalized to 
Actb, mRNA levels significantly increased at P8 (Fig. 
2B). The mRNA levels of Grin2c (NR2C) were ele-
vated at P34 with respect to those at P4 (Fig. 2C) with 
a similar result for Grin2d (NR2D), which also dis-
played a significant increase in mRNA expression at 
P34 (Fig. 2D). Similar tendencies were found when 
data were not normalized to P4 (ΔCT) (Suppl. Fig. S3). 
These results indicate that mRNA levels of NR2 sub-
types in SCN neurons are differentially expressed 
during postnatal development.

Developmental Expression of NR2 Subtypes  
and Scaffolding Protein PSD-95 in the  
Ventral SCN

Immunofluorescence intensities of NR2 subtypes 
were analyzed at different ages of postnatal develop-
ment (Figs. 3A, 4A, 5A, and 6A). For NR2A, a higher 
fluorescence intensity was observed at P8 (79 ± 7 
arbitrary units [a.u.]) and P34 (72 ± 8 a.u.) compared 
with P4 (49 ± 4 a.u.; F[3,56] = 5, P = 0.010; Fig. 3B). No 
significant differences in immunofluorescence were 
found for the NR2B subtype among all postnatal 
ages investigated (54 ± 6 a.u., 68 ± 13 a.u., 68 ± 15 
a.u., and 63.4 ± 10 a.u. at P4, P8, P12, and P34, respec-
tively; F[3,56] = 0.34, P = 0.8; Fig. 4B). The immuno-
fluorescence intensities of the NR2C subunit were 
significantly increased at all time points (70 ± 5 a.u., 
64 ± 3 a.u., and 69 ± 3 a.u. at P8, P12, and P34, 
respectively) compared with P4 (52 ± 3 a.u.; F[3,50] = 
6.0, P = 0.0013; Fig. 5B). For the NR2D subtype, the 
immunofluorescence intensities were increased at all 
analyzed ages compared with that at P4 (47 ± 3 a.u., 
71 ± 4 a.u., 67 ± 3 a.u., and 67 ± 2 a.u. at P4, P8, P12, 
and P34, respectively; F[3,60] = 3.7, P = 0.017; Fig. 6B). 
Similarly, the protein PSD-95 showed a develop-
ment-dependent expression that was significantly 

Figure 2. mRNA expression relative (RE) to P4 of the different NR2 subunits during the postnatal development of the rat. mRNA of 
Grin2a that encodes for NR2A (A), Grin2b for NR2B (B), Grin2c for NR2C (C), and Grin2d for NR2D (D) at postnatal ages 4, 8, 12, and 34. 
Data correspond to triplicate experiments of the same mRNA pool from 8 animals belonging to each analyzed postnatal age. *P < 0.05, 
**P < 0.01 vs. P4 normalized to Gapdh; #P < 0.05 normalized to Actb.
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higher at P8 and P12; although, the mean intensity at 
P34 did not differ compared with that at P4 (66 ± 4 
a.u., 97 ± 4 a.u., 113 ± 8 a.u., and 78 ± 5 a.u. at P4, P8, 
P12, and P34, respectively; F[3,150] = 12, P < 0.0001; 
Fig. 7). Overall, these results suggest a differential 

developmental pattern of the protein expression of 
NMDA-NR2 subtypes as well as that of the NMDA 
scaffolding protein PSD-95.

Co-localization of NR2 Subunits and PSD-95 
Protein

PSD-95 functions as a platform for NMDA recep-
tors, and it is therefore expected that NR2 subtypes 
and PSD-95 are co-localized. We analyzed the degree 

Figure 3. Developmental expression of the NR2A subtype. (A) 
For this and subsequent graphs in A panels from Figs. 3-6: green 
channel (first column) shows NR2 expression, NR2A in this case; 
red channel (second column) gives evidence for its correspond-
ing PSD-95 immunoreactivity and the third column illustrates 
the merge of the two mentioned channels. A white letter N 
indicates a putative neuronal soma, and arrowheads depict co-
localization dots of the NR2 subtype with PSD-95. Scale bars, 
10 μm. (B) Fluorescence intensity (Fluor. int) in arbitrary units 
(a.u.) of the NR2A subtype at the 4 examined postnatal ages. (C) 
Co-localization of NR2A and PSD-95 denoted by Pearson’s coef-
ficient. *P < 0.05, **P < 0.01 vs. P4.

Figure 4. Expression of the NR2B subtype during postnatal 
development. (A) Similar micrographs as described for Fig. 3A 
(scale bars, 10 μm). (B) The fluorescence intensity of the NR2B 
subtype does not exhibit developmental changes at the analyzed 
postnatal ages. (C) Data from co-localization analyses of NR2B 
with the PSD-95 protein.
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of this co-localization, and our results revealed high 
co-localization between NR2 subtypes and PSD-95 
(0.6 Pearson’s coefficient on average; Figs. 3-6, merge 
panels). Particularly, NR2A and PSD-95 showed an 
increased co-localization index at P8 and P12 
(Pearson’s coefficient of 0.57 ± 0.02 and 0.59 ± 0.03, 
respectively) compared with that at P4 (0.48 ± 0.02) 
(Fig. 3C). NR2B showed a reduction at P34 (0.45 ± 
0.02) compared with P4 (0.6 ± 0.04), whereas NR2C 

increased at P12 (0.67 ± 0.01) relative to P4 (0.51 ± 
0.02). Similarly, co-localization of NR2D and PSD-95 
was larger at all studied postnatal ages (0.63 ± 0.01, 
0.64 ± 0.01, and 0.61 ± 0.01 at P8, P12, and P34, 
respectively) compared with P4 (0.54 ± 0.01) (Fig. 
6C). These results suggest that NR2 subunits co-local-
ize with PSD-95 in the developing ventral SCN, and 
the higher co-localization index at specific postnatal 
ages may imply that NR2 subtypes are recruited into 
postsynaptic densities.

Figure 5. Development-dependent expression of the NR2C 
subtype. (A) Similar micrographs as described for Fig. 3A (scale 
bars, 10 μm). (B) Significant increase in NR2C immunofluores-
cence intensity at P8, P12, and P34. (C) Significantly augmented 
co-localization of NR2C and PSD-95 at P12. *P < 0.05, **P < 0.01, 
***P < 0.001 vs. P4.

Figure 6. NR2D subtype expression during postnatal develop-
ment. (A) Similar micrographs as described for Fig. 3A (scale 
bars, 10 μm). Immunofluorescence intensity is significantly 
increased after P8 (B), and similar situation in co-localization 
analyses (C). *P < 0.05, **P < 0.01 vs. P4.
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Electrophysiological Changes of NR2 Subtypes 
during Development

Because we found developmental changes in 
mRNA and protein expression of the diverse NR2 
subtypes, we hypothesized that these changes have 
an impact on the physiology of SCN ventral neurons 
receiving glutamatergic RHT inputs. Consequently, 
we analyzed the effects of a selective antagonist for 
the different NR2 subtypes and determined their con-
tributions to the frequency and amplitude of sponta-
neous NMDA EPSCs recorded in ventral SCN neurons 
at the 2 developmental ages, P8 and P34. We selected 
these 2 postnatal ages because we wanted to elucidate 
if there are changes in the physiology of NMDA recep-
tors between the age where the initial synchronization 
to light starts (P8) (Duncan et al., 1986) and an older 
juvenile age (P34). The NR2A subtype had a larger 
contribution at P8 compared with that at P34, with 
reductions in EPSC frequencies by PEAQX of 57% ± 
11% and 18% ± 10%, respectively (t = 2.6, df = 15,  
P = 0.01, unpaired t-test) (Fig. 8A). No statistically sig-
nificant differences in antagonist-induced changes 
were found in the frequencies of NMDA EPSCs attrib-
utable to the NR2B subunit at the 2 analyzed ages. The 
reductions in EPSC frequencies by Ro 25-6981 were 
33% ± 11% and 51% ± 12% at P8 and P34, respec-
tively (t = 1, df = 15, P = 0.3, unpaired t-test) (Fig. 8B). 
Similar results were found in NMDA EPSC frequen-
cies attainable to the NR2C/D subtype participation 
because the PPDA-induced reductions in EPSC fre-
quencies were 19% ± 10% at P8 and 34% ± 10% at P34 
(t = 1, df = 12, P = 0.1, unpaired t-test; Fig. 8C).

The analysis of the NMDA EPSC amplitudes indi-
cated no developmental changes in NR2 subtype 
contributions at the examined time points P8 and P34 
(Table 3). NR2A showed a similar participation at the 
2 analyzed ages (30% ± 6% and 41% ± 14% at P8 and 
P34, respectively; t = 1.2, P = 0.11, unpaired t-test) 
(Table 3). The NR2B subtype displayed an age- 
independent performance (22% ± 7% and 31% ± 7% 
at P8 and P34, respectively; t = 0.9, P = 0.2, unpaired 
t-test; Table 3). Comparable results were also obtained 
for the NR2C/D subtypes (25% ± 11% and 24% ± 7% 
at P8 and P34, respectively; t = 0.1, P = 0.44, unpaired 
t-test; Table 3).

To investigate the effects of the 2 variables (drug 
administration and developmental ages) on NMDA 
EPSCs, a 2-way ANOVA test was carried out to ana-
lyze the contribution of NR2 subtypes on the fre-
quency and amplitude of NMDA EPSCs. The 
interaction test indicated that the participation of 
NR2 subtypes on the reduction in EPSC frequency 
was dependent on age (P8 vs. P34; F[2, 90] = 4.6, p = 
0.01; data not shown). Regarding the amplitude of 
EPSCs, the interaction test showed that the contribu-
tion of NR2 subtypes did not depend on the develop-
mental age (F[2,90] = 0.43, p = 0.64; data not shown).

Taken together, our results indicate that NR2 sub-
types, at least NR2A, exhibit a development-depen-
dent contribution to the EPSC frequency of SCN 
neurons at P8 and P34.

DISCUSSION

The main result of this study is that we found 
developmental changes in the expression of the NR2 
subtypes of glutamatergic NMDA receptors both in 
mRNA content and protein expression, which were 
consistent with the findings in experiments measur-
ing the postsynaptic electrical activity. To our knowl-
edge, this is the first study focused on an investigation 
of postsynaptic changes in SCN neurons related to 
light synchronization that occurs at adult stages. 
Previous studies were aimed at analyzing presynap-
tic changes by examining the innervations connecting 
the retina with SCN neurons during postnatal devel-
opment (Speh and Moore, 1993).

In the current study, we found that the NR2A sub-
type had a stronger influence on the frequency of 
NMDA EPSCs at P8, just when the pup starts synchro-
nizing to light via its RHT, whereas the NR2A contri-
bution is decreased afterwards at age P34. Behavioral 
studies performed in adult animals implicate the 
NR2A subtype in the synchronization to light, with 
knockout animals taking longer to synchronize to 
damped light conditions (Moriya et  al., 2000). The 
NR2B subtype did not show developmental changes 

Figure 7. Postnatal expression of PSD-95. Significant changes in 
this scaffolding protein at P8 and P12. PSD-95 expression (illus-
trated in the middle columns of Figs. 3A, 4A, 5A, and 6A) supports a 
development-dependent expression. **P < 0.01, ***P < 0.001 vs. P4.
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in protein expression at all of the examined postnatal 
ages; although, its mRNA expression progressively 
decreased with age when normalized to Gapdh. 
However, it peaked at P8 when normalized to Actb. 
The latter result is probably more reliable since the 
levels of this housekeeping gene remain very steady 
throughout development. The data regarding the 
expression of the NR2B protein and its co-localization 
with PSD-95 are consistent with our electrophysio-
logical results. Several lines of evidence indicate that 
the NR2B subunit is already present at pre- and early 
postnatal ages (see Cull-Candy et  al., 2001). NR2B 
plays an important role in the synaptic communica-
tion of the RHT–SCN pathway at adult stages (Clark 
and Kofuji, 2010). We believe that the presence of 
NR2B at all analyzed ages supports the notion of the 
main influence of this subtype on RHT–SCN synaptic 
transmission, from early postnatal ages until a young 
stage. Wang and colleagues (2008) elicited phase-shift 
reductions in animals by ifenprodil administration 
but not their complete abolition, which indicates that 
other NR2 subtypes could participate in the synchro-
nization of SCN neurons to light.

As shown in knockout animals, the NR2C subtype 
does not seem to be involved in the synchronization 

to light at adult ages (Moriya et al., 2000). In the pres-
ent study, we found larger mRNA levels and protein 
expression of NR2C at juvenile ages; i.e., P34, in 
which synchronization to light is completed. Similar 
results (major mRNA content and protein expression) 
were obtained for the NR2D subtype at the same age. 
The electrophysiological experiments measuring the 
EPSC frequencies did not show developmental 
changes between P8 and P34 according to the effects 
of an NR2C/D antagonist, which is in agreement 
with the immunohistochemical experiments because 
the protein expression of the NR2D subtype was 
increased at P8 and afterwards. To date, there are no 
specific antagonists for NR2C and NR2D subtypes, 
and thus there are no functional studies focused on 
the contribution of the NR2D subtype to the light 
synchronization of SCN neurons. Although there are 
reports indicating that NR2D is not present at the 
synapses (in a diheteromeric form) (see Cull-Candy, 
2001), our co-localization analyses of NR2D and PSD-
95 suggest that this subtype is present in the postsyn-
aptic membrane. Clark and Kofuji (2010) proposed 
that, in SCN neurons, there is a subpopulation of tri-
heteromeric NMDA receptors formed by NR2A and 
NR2C/D proteins, because the NMDA current 
remaining after application of the NR2B antagonist 
ifenprodil shows pharmacological properties of the 
NR2A subtype with a Mg2+ sensitivity more similar 
to that of the NR2C/D than the NR2A subtype.

Even though the developmental expression of NR2 
subtypes in the brain indicates that NR2B/C and D 
are mainly expressed at early postnatal ages (P0-P12) 
while NR2A predominates at later developmental 
stages (Monyer et al., 1994), our results indicate that 
the NR2 subtypes of the NMDA receptors in ventral 
SCN neurons do not follow this pattern. In fact, the 
functional performance of NR2A showed a reduction 

Figure 8. Contribution of the different NR2 subtypes on EPSC frequency (Freq) at 2 postnatal ages (P8 and P34). NMDA EPSCs recorded 
before (Control = Picro + CNQX) and after application of the NR2A antagonist PEAQX (A), the NR2B antagonist Ro 25-6981 (B), and the 
NR2C/D antagonist PPDA (C) at the 2 analyzed developmental ages. Scale bars: 40 pA, 200 ms. Bar graphs show the reduction in NMDA 
EPSC frequency induced by the respective NR2 antagonist. *P < 0.05.

Table 3. Amplitude of spontaneous NMDA EPSCs after the 
addition of selective antagonists for the different NR2 subtypes.

P8 P34

Control PEAQX n Control PEAQX n

13.5 ± 1 pA 9.4 ± 1 pA 10 23.7 ± 3 pA 14 ± 1 pA 6
Control Ro-25 n Control Ro-25 n
15.5 ± 2 pA 12 ± 1 pA 7 19 ± 2 pA 13 ± 1 pA 9
Control PPDA n Control PPDA n
17 ± 1 pA 12.7 ± 2 pA 6 23.7 ± 3 pA 18 ± 1 pA 7
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at later postnatal ages, NR2B did not present any 
developmental modification regarding electrophysi-
ology and protein expression, and NR2C and D 
expressions were not reduced but rather increased at 
more advanced developmental stages compared with 
the earlier postnatal age, P4.

PSD-95 has been described as a scaffolding pro-
tein for NMDA receptors, localized specifically at 
the postsynaptic membrane of glutamatergic syn-
apses (Hunt et al., 1996). The increased number of 
synapses could explain the increase in PSD-95 
expression that we found at P8 and P12. Moore and 
Bernstein (1989) have shown an increase in synapto-
genesis between P6 and P10, which is in accordance 
with our results. Additionally, our analysis of the 
PSD-95 co-localization with the NR2 subtypes 
resulted in values higher than 0.5, suggesting that at 
least half of the immunofluorescence signal is found 
in the postsynaptic membrane, whereas the remain-
ing fluorescence could be due to NR2 subtypes pres-
ent in the presynaptic membrane or other cellular 
structures, such as glial cells (Bouvier et  al., 2015; 
Steinhäuser and Gallo, 1996).

Moreover, our results point to P8 as the developmen-
tal stage where NMDA receptors, specifically the NR2 
subunit, have reached an adequate level of maturation 
to allow SCN neuron synchronization to light, which is 
consistent with a pioneering study that shows that 
around P7 the rat pup is able to synchronize to the LD 
cycle without maternal influence (Duncan et al., 1986).

In conclusion, our results indicate that ventral 
SCN neurons present a development-dependent 
change in the mRNA content, protein expression, and 
postsynaptic electrical activity of NR2 subtypes of 
glutamatergic NMDA receptors that may be impor-
tant for the synchronization to light at adult stages.
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ABSTRACT: The molecular determinants of substrate specificity and
selectivity in the proprotein convertase (PC) family of proteases are
poorly understood. Here we demonstrate that the natural serpin family
inhibitor, serpin B8, is a specific and selective inhibitor of furin relative to
the other PCs of the constitutive protein secretion pathway, PC4, PC5,
PACE4, and PC7 (PC4−PC7, respectively), and identify reactive-site
(P6−P5′ residues) and exosite elements of the serpin that contribute to
this specificity and selectivity through studies of chimeras of serpin B8
and α1PDX, an engineered serpin inhibitor of furin. Kinetic studies
revealed that the specificity and selectivity of the serpin chimeras for
inhibiting PCs were determined by P6−P5 and P3−P2 residue-
dependent recognition of the P4Arg-X-X-P1Arg PC consensus sequence
and exosite-dependent recognition of the reactive loop P2′ residue of the
chimeras by the PCs. Both productive and nonproductive binding of the
chimeras to PC4−PC7 but not to furin contributed to a decreased specificity for inhibiting PC4−PC7 and an increased
selectivity for inhibiting furin. Molecular dynamics simulations suggested that nonproductive binding of the chimeras to the PCs
was correlated with a greater conformational variability of the catalytic sites of PC4−PC7 relative to that of furin. Our findings
suggest a new approach for designing selective inhibitors of PCs using α1PDX as a scaffold, as evidenced by our ability to
engineer highly specific and selective inhibitors of furin and PC4−PC7.

Proprotein convertases (PCs) are ubiquitous calcium-
dependent serine proteases of the subtilisin fold. In

mammals, PCs are complex multidomain proteins that carry
out the proteolytic posttranslational modification of many
secreted peptides and proteins and regulate central cellular
processes like growth and proliferation.1,2 The PCs of the
Kexin-like subtype, furin, PC4, PC5, PACE4, and PC7, localize
to the trans-Golgi network and endosomes of the constitutive
protein secretion pathway and cleave precursors of a large
diversity of proteins at polybasic sites consisting of the general
P4Arg-X-X-P1Arg PC substrate specificity motif. Many
important viral and bacterial pathogens exploit these PCs to
promote and regulate their own growth. For this reason,
specific PC inhibitors are sought as potential therapeutic
agents.3

Furin reactivity is regulated by changes in pH and calcium
concentration to impact enzymatic activity and autocatalytic
activation.4,5 Protein crystallography and molecular dynamics
simulations (MDS) revealed that the furin catalytic site is in
equilibrium between active and inactive conformations.6,7

Given the similarities at the catalytic site among PCs,8 it is
predictable that furin shares with PC4, PC5, PACE4 (PC6),

and PC7 (PC4−PC7, respectively) similar mechanisms for
regulating reactivity.
The assignment of natural substrates to individual PCs has

been speculative due to the great deal of cross-reactivity among
these proteases, and substrate preferences have been assumed
to depend mainly on differences in expression and cell-type
distribution among PCs. Efforts to identify amino acid residue
preferences at the substrate cleavage site by individual PCs
have been attempted with the use of peptide libraries with
limited success.9 We developed a more robust approach in
which the serpin-type protease inhibitor, α1-antitrypsin, was
used as a model PC substrate to engineer changes in its
reactive center loop (RCL) site of cleavage.10 The validity of
this approach is supported by the fact that serpin B8 is the only
mammalian natural furin inhibitor known so far, and PCs from
a variety of organisms are regulated by serpins.10−14 Here, we
found that serpin B8 is a selective furin inhibitor and used the
serpin α1-antitrypsin as a scaffold to graft serpin B8 RCL and
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exosite amino acid residues to elucidate the basis for this
selectivity. α1-Antitrypsin is known to inhibit furin efficiently
when arginine residues are engineered at its RCL P4 and P1
positions (α1PDX).15,16 This approach is supported by our
previous study showing that RCL and exosite determinants of
serpin B8 reactivity, when substituted into their homologous
regions in α1-antitrypsin, regulate reactivity with furin.10 The
same approach was here extended to the other PCs of the
constitutive secretion pathway to identify the serpin B8
determinants responsible for the specific and selective
inhibition of furin compared to PC4−PC7. Knowledge of
these determinants enabled us to engineer α1PDX derivatives
that were highly specific and selective inhibitors of furin and
PC4−PC7.

■ MATERIALS AND METHODS
Production of PCs. Recombinant proprotein convertases

were produced in truncated form as described for furin.10 They
included the first 579 residues of furin (UniProtKB entry
P09958), 584 of PC4 (UniProtKB entry Q6UW60), 605 of
PC5 (UniProtKB entry Q92824), 638 of PACE4 (UniProtKB
entry P29122), and 621 of PC7 (UniProtKB entry Q16549),
up to the end of their P domains. The gene constructs were
synthesized (Integrated DNA Technologies) with a 10-His tag
extension at the C-terminus. The proteins were expressed for
24 h in 1 L of Hi5 or sf9 insect cells using the baculovirus
expression system. The PCs were purified from secreted
proteins to homogeneity using nickel-affinity and size exclusion
chromatography as shown previously for furin.10 Protein yields
were between 100 μg and 1 mg of purified protein. PC4−PC7
were expressed less abundantly than furin, especially PC7.
Production and Engineering of α1-Antitrypsin Mu-

tants. The serpin α1-antitrypsin (UniProtKB entry P01009)
was expressed in bacteria, refolded from inclusion bodies, and
purified by ion exchange chromatography as described
previously.10 Mutagenesis of the serpin was achieved by
polymerase chain reaction using specifically designed oligonu-
cleotides (Integrated DNA Technologies) and Pfu Ultra II HF
DNA polymerases (Agilent Technologies).
Production of Serpin B8. Recombinant serpin B8

(UniProtKB entry P50452) was produced in insect cells
using the baculovirus system as described previously.10 Five of
its cysteine residues were mutated into serine and five into
alanine (serpin B8-5S5A) to improve stability.
Protease Activity Assay. Protease activity assays and

determinations of Michaelis−Menten enzyme kinetic param-
eters (Km and kcat) with the fluorogenic substrates, Boc-Arg-
Val-Arg-Arg-7-amido-methylcoumarin and pyr-Arg-Thr-Lys-
Arg-amido-methylcoumarin (Bachem), were performed in
100 mM Hepes (pH 7.5), 1 mM CaCl2, 1 mM β-
mercaptoethanol, 0.5% Triton X-100, and 0.1% polyethylene
glycol 8000 at 25 °C employing the same methodology as
described previously for furin.10 The same conditions were
used with all PCs to compare their activities.
Protease Active-Site Titrations. Concentrations of active

enzymes and turnover numbers were determined from
titrations of fixed enzyme concentrations with the inhibitor
dec-Arg-Val-Lys-Arg-chloromethyl ketone (Bachem) to reach
end points of zero activity at pH 5.5, as described previously.10

The stoichiometric inhibition of PCs can be achieved only
under acidic conditions. At the commonly used neutral pH of
the enzyme activity assay, the competing hydrolysis of the
inhibitor results in a curved line instead of a straight line,

stoichiometric titrations, due to depletion of the inhibitor.
Specific activity values of 6.4, 1.9, 1.8, 1.3, and 1.5 ΔF min−1

(nM PC)−1 were measured for furin, PC4, PC5, PACE4, and
PC7, respectively, with 10 μM pyr-Arg-Thr-Lys-Arg-amido-
methylcoumarin under protease activity assay conditions and
used to calculate the concentration of the enzyme from
changes in fluorescence.

Protease Inhibition Assays. The second-order associa-
tion rate constant (ka) values for the reaction of PCs with
serpin B8 and α1-antitrypsin variants were determined from
the kinetics of protease inhibition by the serpins as described
previously.10 All reactions were performed under protease
activity assay conditions and under pseudo-first-order reaction
conditions in which the inhibitor concentrations exceeded that
of the enzyme by at least 10-fold. Measurements of fast
reactions (ka in the range of 105−107 M−1 s−1) were obtained
from the continuous exponential loss of enzyme activity
observed under protease assay conditions that consumed
minimal amounts of the 10 μM fluorogenic substrate pyr-Arg-
Thr-Lys-Arg-amido-methylcoumarin present in the assay. The
observed first-order rate constants (kobs) were obtained by
fitting the time-dependent increase in the observed fluo-
rescence (ΔFobs) in reaction progress curves to the exponential
rise equation ΔF = ΔFmax[1 − exp(−kobst)], where ΔFmax is the
maximum fluorescence change at the end point. Apparent
association rate constant values were derived from slopes of the
linear dependency of the kobs values versus inhibitor
concentrations that were corrected for the competitive effect
of the substrate by dividing by the factor 1 + [S]o/Km. For
slower reactions (ka values of <10

5 M−1 s−1), longer time assays
of discontinuous protease inhibition were performed and
residual activities determined from aliquots removed from the
inhibition reaction mixtures. Plots of time-dependent residual
protease activity (Aobs) were fitted to exponential decay
equation Aobs = Ao × exp(−kobst) to obtain kobs values.
Apparent association rate constant values were derived from
slopes of the linear dependency of the kobs values on inhibitor
concentration. For those reactions in which the initial
Michaelis encounter complex was formed rapidly and the
subsequent chemical step was comparatively slow, association
rate constant (ka) values were determined from kcat/Kd ratios
(equal to kcat/Km), where kcat = kobs/(fractional occupation of
the Michaelis complex). Apparent association rate constant
values were corrected by factoring the stoichiometry of
protease inhibition (SI) to yield the true association rate
constant (ka) value. The stoichiometry for protease inhibition
was determined under protease assay conditions as the
serpin:protease molar ratio that yielded zero enzyme activity
and was obtained from the linear decrease in enzyme activity as
a function of the increasing inhibitor concentration.

PC−Serpin Binding Affinity. The reaction of some of the
α1-antitrypsin variants with PCs yielded fast enzyme activity
decreases that were dependent on the concentration of the
inhibitor in a manner that reflected equilibrium formation of
the Michaelis complex. The rapid loss of reactivity was
followed by a slower loss of the remaining activity that
reflected acylation of the Michaelis complex to form the
conformationally trapped covalent serpin−enzyme complex.
Equilibrium binding dissociation constants for the Michaelis
complex (Kd) were determined from nonlinear least-squares
computer fits of plots of the dependency of residual PC
activity, calculated from the initial linear segment of residual
activity, to inhibitor concentration to the tight binding
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quadratic equation of Morrison, [E]/[E]o = 1 − {[E]o + [I]o +
Kd − [([E]o + [I]o + Kd)

2 − 4[E]o[I]o]
0.5}/(2[E]o), where [E]

and [E]o are the residual active and total PC concentrations,
respectively, and [I]o is the total inhibitor concentration.21

Inhibitor concentrations were corrected for the competitive
effect of the substrate by dividing by the factor 1 + [S]o/Km.
Molecular Dynamic Simulations. Principal component

analyses on two furin crystal structures and models of the

catalytic domain of PC4−PC7 were carried out as described
previously.7 MDS were performed using the GROMACS
(version 5.0.3) molecular simulation package as described
previously.7 Models of the catalytic domain of PC4, PC5,
PACE4, and PC7 were obtained using the SWISS-MODEL
tool for protein homology modeling and on the basis of the X-
ray crystal structures of the ligand-free form (Protein Data

Table 1. Michaelis−Menten Kinetic Constant Values for the Hydrolysis of Two Tetrapeptide Fluorogenic Substrates by PCsa

Boc-Arg-Val-Arg-Arg-AMC pyr-Arg-Thr-Lys-Arg-AMC

Km kcat (s
−1) kcat/Km (M−1 s−1) Km (μM) kcat (s

−1) kcat/Km (M−1 s−1)

furin 28 ± 1 0.27 ± 0.01 (9.2 ± 1.0) × 103 4.7 ± 0.5 0.16 ± 0.00 (3.4 ± 0.7) × 104

PC4 51 ± 4 0.040 ± 0.001 (7.9 ± 1.0) × 102 2.6 ± 0.2 0.041 ± 0.00 (1.6 ± 0.1) × 104

PC5 40 ± 2 0.031 ± 0.001 (7.6 ± 0.5) × 102 2.0 ± 0.1 0.038 ± 0.001 (1.9 ± 0.1) × 104

PACE4 45 ± 3 0.021 ± 0.001 (4.6 ± 0.4) × 102 2.6 ± 0.2 0.028 ± 0.001 (1.1 ± 0.1) × 104

PC7 27 ± 3 0.018 ± 0.001 (6.8 ± 1.0) × 102 2.2 ± 0.3 0.032 ± 0.002 (1.5 ± 0.3) × 104

aMichaelis−Menten constant (Km and kcat) values were determined from initial velocities of product formation from the catalyzed hydrolysis of two
fluorogenic peptide substrates. Reactions were carried out under protease activity assay conditions as described in Materials and Methods. Errors
represent the standard error from linear regression fits of data. Fixed concentrations of active-site-titrated PCs were used in reactions with substrate
concentrations ranging from 0.2 to 5 times the Km values. Parameters defining the dependence of initial velocities on substrate concentrations were
obtained from fits of data to the Michaelis−Menten equation.

Table 2. Rate Constant Values for the Reaction of PCs with Serpin B8 and α1PDXa

serpin B8 α1PDX

ka (M
−1 s−1) SI ka (M

−1 s−1) SI

furin (2.3 ± 0.2) × 105 2.2 ± 0.1 (1.1 ± 0.1) × 106 1.1 ± 0.1
PC4 (1.4 ± 0.2) × 104 1.2 ± 0.1 (1.6 ± 0.3) × 106 1.2 ± 0.2
PC5 (1.1 ± 0.2) × 104 0.9 ± 0.1 (2.0 ± 0.1) × 106 1.3 ± 0.1
PACE4 (1.1 ± 0.3) × 104 0.9 ± 0.1 (1.2 ± 0.3) × 106 1.0 ± 0.2
PC7 (1.2 ± 0.2) × 104 1.0 ± 0.1 (2.3 ± 0.8) × 106 1.4 ± 0.2

aSecond-order association rate constant (ka) values for the reaction of PCs with serpin B8 and α1PDX and their stoichiometry of inhibition (SI)
were measured under protease activity assay conditions as described in Materials and Methods. SI measures the partition between the inhibitory
and substrate pathways of the serpin mechanism of protease inhibition. A value of 1 corresponds to an efficient inhibition (Figure S1). Errors
represent the standard error from linear regression fits of data. The ka and SI values for furin were taken from ref 10.

Figure 1. Amino acid residue sequences at the RCL of α1-antitrypsin derivatives and serpin B8. The amino acid residue sequences from the RCL of
α1-antitrypsin variants and of serpin B8 were aligned on the basis of the location of the protease cleavage site between residues P1 and P1′. A
natural mutant of α1-antitrypsin, the Pittsburgh variant, has an arginine substitution at the P1 residue that changes the serpin specificity to inhibit
trypsin-type proteases.20 The α1-antitrypsin Portland variant (α1PDX) was engineered with arginine residues at the P4 and P1 positions to inhibit
furin.15,16 The serpin B8-5S5A variant is a stabilized form of serpin B8 in which cysteine residues were mutated, five to serine and five to alanine,
including the one at the P1′ position.10 The α1PDX−serpin B8 P6−P5′ chimera is now designated the Chicago 1 derivative (α1ORD) due to its
high furin selectivity. The α1PDX+YE exosite variant is now designated the Chicago 2 derivative (α1MDW) due to its high selectivity for PC4,
PC5, PACE4, and PC7 over furin.
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Bank entry 5JXG) and the ligand-bound form (Protein Data
Bank entry 5JXH) of human furin as templates.

■ RESULTS

Furin Hydrolyzes Two Small Peptide Substrates at a
Chemical Conversion Rate That Is Faster Than Those of
PC4, PC5, PACE4, and PC7. Recombinant furin, PC4, PC5,
PACE4, and PC7, consisting of only their catalytic and P
domains, were produced in a fully active and highly purified
form.10 To determine the relative specificity and selectivity of
these PCs for two of the most commonly used PC substrates,
we measured the Michaelis−Menten kinetic parameters for the
PC-catalyzed hydrolysis of the substrates (Table 1). This
comparative study showed that furin is 2−20-fold more
reactive than PC4−PC7 primarily because of the faster
chemical conversion step (kcat).
Serpin B8 Is a Specific and Selective Furin Inhibitor.

We have previously determined that serpin B8 inhibits furin at
a physiologically relevant rate.10 If serpin B8 is a specific and
selective natural furin inhibitor, then it should react much
more rapidly with furin than with PC4−PC7. To test this
hypothesis, the rate of inhibition of PC4, PC5, PACE4, and
PC7 by serpin B8 was measured using our stabilized
recombinant form of serpin B8 that we previously described,10

in which five external or internal cysteine residues were
mutated to serine or alanine, respectively (Table 2). Serpin B8
reacted ∼20-fold slower with PC4−PC7 (ka = 1 × 104 M−1

s−1) than with furin (ka = 2 × 105 M−1 s−1). Serpin B8 is thus
significantly more selective for inhibiting furin over PC4−PC7.
The Serpin B8 P6−P5′ RCL Segment Confers Greater

Furin Selectivity in α1PDX Than in Serpin B8. We
previously determined that the primed and nonprimed regions
of the serpin B8 RCL, when grafted onto the RCL of the serpin
α1PDX, play critical roles in influencing reactivity with furin.10

The same analysis was applied here to investigate the role that
these two serpin B8 RCL regions play in determining the
differential reactivity between furin and PC4−PC7. Serpins
share the same general structure and a suicide substrate
mechanism of inhibition of proteases that results in the
formation of a conformationally trapped serpin−protease
covalent complex (Figure S1).17 α1PDX is a derivative of
the serpin α1-antitrypsin that was developed as a specific furin
inhibitor by grafting the P4Arg-X-X-P1Arg PC recognition

sequence onto the RCL.18 We found that α1PDX is equally
reactive with furin, PC4, PC5, PACE4, and PC7, all of the PCs
being inhibited efficiently by α1PDX at similar rates (106 M−1

s−1) and with stoichiometries of inhibition of 1:1 (Table 2). A
previous report16 found differences in α1PDX reactivity with
some of these PCs based on an erroneous characterization of
serpin reactivity by Ki values instead of ka values.

19 The serpin
B8 RCL P6−P5′ segment (Figure 1), when placed at its
homologous location in the RCL of α1PDX, resulted in a
chimera that reacted with furin 10-fold slower (105 M−1 s−1)
than α1PDX, similar to serpin B8 (Table 3). However, the
P6−P5′ chimera reacted with PC4−PC7 much slower than
serpin B8 and in a biphasic manner distinct from the
monophasic reaction with furin (Figure 2A). The P6−P5′
chimera thus caused an immediate inhibition of a fraction of
the protease activity followed by a slower exponential
inhibition of the remaining activity (Figure 2C). This behavior
suggested that an initial rapid equilibrium binding of the serpin
and protease to form a Michaelis complex was kinetically
separated from the slower acylation of the Michaelis complex
to form the conformationally trapped serpin−protease covalent
complex. Indeed, the serpin concentration dependence of the
initial rapid inhibition phase was consistent with Kd values of
∼1 μM for formation of the Michaelis complex (Figure 2B and
Table 4), whereas the subsequent exponential reaction phase
indicated first-order rates of acylation of the Michaelis complex
(kobs ∼ 10−4 s−1) that were ∼100-fold slower than kcat values
measured for the hydrolysis of the tetrapeptide fluorogenic
substrates by PC4−PC7 (Table 5). Because of the kinetic
separation, the contributions to overall reactivity (ka = kcat/Km)
by the binding (Km) and chemical (kcat) steps can be calculated
separately. The Km equals the Kd for the rapid equilibrium
formation of the Michaelis complex, and the kcat can be
calculated by dividing kobs for formation of the covalent
complex by the fractional saturation of the Michaelis complex
(Figure 2C and Table 5). Values of ka calculated from kcat/Kd
ratios (102 M−1 s−1) were several thousand-fold lower than ka
values for reactions of α1PDX with PC4−PC7 (Table 3). The
serpin B8 P6−P5′ segment when grafted onto α1PDX thus
amplified the differences in reactivity observed for serpin B8
with furin and PC4−PC7.

The Serpin B8 P6−P1 RCL Segment Determines PC
Selectivity. To define the origin of the large difference in

Table 3. Rate Constant Values for the Reaction of PCs with α1PDX−Serpin B8 RCL Chimerasa

second-order association rate, ka (M
−1 s−1)

α1PDX−serpin B8 RCL chimera furin PC4 PC5 PACE4 PC7

α1PDX (1.1 ± 0.1) × 106 (1.6 ± 0.3) × 106 (2.0 ± 0.1) × 106 (1.2 ± 0.3) × 106 (2.3 ± 0.8) × 106

P6−P5′b (1.1 ± 0.1) × 105 (7.1 ± 1.0) × 102 (6.0 ± 0.2) × 102 (2.9 ± 0.1) × 102 (7.7 ± 2.2) × 102

P6−P1b (2.5 ± 0.3) × 106 <103 <103 (7.5 ± 0.8) × 103 (1.5 ± 0.2) × 103

P6−P5b (2.2 ± 0.2) × 106 (7.9 ± 1.8) × 105 (2.0 ± 0.3) × 106 (4.7 ± 0.8) × 105 (3.3 ± 1.2) × 106

P3−P2 (1.3 ± 0.1) × 105 >2 × 103c >2 × 103c >9 × 102c >4 × 102c

P1′−P5′ (5.5 ± 0.8) × 104 (3.1 ± 0.9) × 104 (4.9 ± 1.3) × 104 (1.5 ± 0.3) × 104 (4.8 ± 2.0) × 104

P2′ (6.4 ± 0.8) × 104 (2.5 ± 0.6) × 104 (3.3 ± 0.6) × 104 (1.0 ± 0.2) × 104 (2.4 ± 0.3) × 104

P3′ (4.7 ± 0.2) × 106 (3.8 ± 0.5) × 106 (1.8 ± 0.4) × 106 (8.6 ± 1.3) × 105 (4.8 ± 2.4) × 106

P4′ (7.9 ± 0.5) × 105 (3.9 ± 0.6) × 105 (5.8 ± 0.6) × 105 (1.9 ± 0.5) × 105 (4.0 ± 0.1) × 105

aAmino acid sequences in the RCL of α1PDX were substituted with the homologous sequences from the RCL of serpin B8. Second-order
association rate constant (ka) values for the reaction of PCs with α1PDX−serpin B8 chimeras were determined as described in Materials and
Methods. Errors represent the standard error from linear regression fits of data. The ka values for the reaction of furin with α1PDX and the P6−P5′,
P6−P1, and P1′−P5′ chimeras were taken from ref 10. bka values for PC4−PC7 were determined from kcat/Kd ratios as described in Materials and
Methods. The reactions with furin were monophasic; therefore, the effects of Kd and kcat on reactivity were not separated. cUnstable covalent
complexes prevented the SI from being determined, so the rate constant values are larger than those reported here.
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reactivity between furin and PC4−PC7 observed with the P6−
P5′ chimera, the serpin B8 P6−P1 segment was alone grafted
onto the RCL of α1PDX. In contrast to the P6−P5′ segment,
the P6−P1 segment resulted in a 2-fold increase in reactivity
with furin (2 × 106 M−1 s−1) (Table 3). However, the P6−P1
chimera reacted with PC4−PC7 like the P6−P5′ chimera did,
i.e., with a greatly reduced overall reactivity relative to α1PDX
and biphasic kinetics of inhibition (Figure 3A). Surprisingly,
the chimera formed Michaelis complexes in an initial rapid
equilibrium binding step that exhibited affinities ∼100-fold
stronger than those of the P6−P5′ chimera (Kd values of 7−15

nM) (Figure 3B and Table 4). Moreover, the subsequent
slower exponential phase reflecting conversion of the non-
covalent Michaelis complex to the covalent inhibitory complex
(Figure 3C) exhibited kcat values minimally 10-fold slower than
those observed with the P6−P5′ chimera (≤10−5 s−1) (Table
5). This slow reactivity was confirmed by electrophoresis
analysis of the serpin chimera−PC reaction that showed
minimal reaction of the serpin to form a covalent complex or
to be cleaved as a substrate over the time frame in which
covalent complexes formed with the P6−P5′ chimera.
Calculated ka values for PACE4 and PC7, for which kcat values
were measurable, were determined from the kcat/Kd ratios (10

3

M−1 s−1) to be 100−1000-fold lower than those for the
reaction of α1PDX with PC4−PC7 (Table 3).
Further reducing the size of the grafted serpin B8 RCL to

only the P6−P5 segment produced a chimera with PC
reactivity that resembled that of the P6−P1 chimera. This
chimera thus increased the reactivity with furin 2-fold and
reduced the reactivity with PC4−PC7 relative to α1PDX
(Figure 4A). Moreover, the kinetics of PC inhibition was
monophasic for furin and biphasic for PC4−PC7. However,
unlike the immediate equilibrium formation of the Michaelis
complex observed for the P6−P1 chimera reaction, the P6−P5
chimera showed a slower approach to the Michaelis complex
binding equilibrium (Figure 4A). Notably, Michaelis complex
affinities for the interaction of the P6−P5 chimera with PC4−
PC7 were 10−30-fold greater than those for the P6−P1
chimera (Kd values of 0.4−1 nM) (Figure 4B and Table 4).
Moreover, the conversion of the Michaelis complex to the
covalent complex in the subsequent slow exponential phase
indicated that kcat values were 3−12-fold faster for the P6−P5
chimera than for the P6−P1 chimera (1−3 × 10−4 s−1) (Figure
4C and Table 5). As a result, ka values calculated from kcat/Kd
ratios were larger for the P6−P5 chimera than for the P6−P1
chimera (105−106 M−1 s−1) and approached those for the
reactions of α1PDX with PC4−PC7 (Table 3). Like the P6−
P5′ and P6−P1 chimeras, the serpin B8 P6−P5 substitution in
α1PDX thus resulted in the formation of stable high-affinity
Michaelis complexes with PC4−PC7 that were poorly reactive
in forming a conformationally trapped covalent complex.
The grafting of the serpin B8 RCL P3−P2 segment led to

losses of α1PDX reactivity of ∼10-fold with furin (105 M−1

s−1) and ∼1000-fold with PC4−PC7 (∼103 M−1 s−1) (Table
3). In contrast to the reaction of the P6−P5 chimera, the
reaction of the P3−P2 chimera with PC4−PC7 showed an
initial equilibrium binding of low affinity that was not
measurable at the inhibitor concentrations used. The serpin
B8 P3−P2 segment thus decreased the reactivity of α1PDX
with all PCs, but especially with PC4−PC7.
Together, these results suggest that the RCL P6−P1

segment contributes to the enhanced substrate selectivity

Figure 2. Reaction of the α1PDX−serpin B8 P6−P5′ chimera with
PACE4. (A) Plots of PACE4 residual activity at increasing
concentrations of the α1PDX−serpin B8 P6−P5′ chimera. Pro-
gressive reactions of 2 nM PACE4 activity with 10 μM fluorogenic
substrate pyr-Arg-Thr-Lys-Arg-amido-methylcoumarin under protease
activity assay conditions were performed as described in Materials and
Methods. (B) Fitted plot of the dependence of residual PACE4
activity on increasing concentrations of the serpin chimera that were
corrected for the fluorogenic substrate concentration [S]. The plot
was fitted to the quadratic tight binding equation of Morrison.21

Similar results were obtained with PC4, PC5, and PC7, and Kd values
are listed in Table 4. (C) Plot of residual PACE4 activity for the
inhibition of 50 nM PACE4 by 1.4 μM serpin chimera. The initial
decrease in activity reflects the fast equilibrium binding for the
formation of the Michaelis complex that precedes slow covalent
complex formation.

Table 4. Dissociation Constant Values for the Binding of PCs to α1PDX−Serpin B8 RCL Chimerasa

equilibrium binding dissociation constant, Kd (nM)

α1PDX−serpin B8 chimera furin PC4 PC5 PACE4 PC7

P6−P5′ − ∼1400 ∼1000 ∼800 ∼1500
P6−P1 − 13 ± 1 7.8 ± 0.8 9.1 ± 0.7 15 ± 0.9
P6−P5 − 0.52 ± 0.01 0.62 ± 0.01 1.0 ± 0.1 0.41 ± 0.06

aEquilibrium binding dissociation constant (Kd) values were determined from the fittings of plots of the dependence of residual PC activity on
inhibitor concentration described in panels B of Figures 2−4. Errors represent the standard error from linear regression fits of data.
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between furin and PC4−PC7 observed with the P6−P5′
chimera.
The P2′ Residue Determines PC Reaction Specificity.

In contrast to the effect of the P6−P1 segment, the serpin B8
RCL P1′−P5′ segment decreased α1PDX reactivity with furin,
20-fold, and PC4−PC7, 40−80 fold (104 M−1 s−1) (Table 3).
No kinetic separation of the formation of the Michaelis and
covalent complexes was observed for this chimera. Single-

residue substitutions within the P2′−P4′ region identified the
P2′ substitution as the most detrimental to reactivity as it
reduced α1PDX reactivity 17-fold with furin and 60−120-fold
with PC4−PC7 (104 M−1 s−1), similar to the effect produced
by substituting the full P1′−P5′ region (Table 3). The effect of
the P3′ and P4′ serpin B8 residue substitutions on α1PDX
reactivity with all PCs was comparatively modest (105−106
M−1 s−1). The lack of importance of the P1′ residue in terms of
PC substrate specificity and selectivity was shown by a serine

Table 5. Rate Constant Values for the Catalytic Chemical Step in the Reaction of PCs with α1PDX−Serpin B8 RCL Chimeras
and Tetrapeptide Substratesa

chemical reaction step, kcat (s
−1)

furin PC4 PC5 PACE4 PC7

peptide substrates 0.27−0.16 0.040−0.041 0.031−0.038 0.021−0.028 0.018−0.032
P6−P5′ − 0.00029 0.00029 0.00022 0.00034
P6−P1 − nonmeasurable nonmeasurable 0.000068 0.000023
P6−P5 − 0.00011 0.00035 0.00024 0.00029

aComparison of kcat values for the catalyzed hydrolysis of two tetrapeptide fluorogenic substrates by PCs (taken from Table 1) against the kcat
values obtained from the reaction of PCs with three α1PDX−serpin B8 RCL chimeras. These reactions, which are described in Figures 2−4, occur
on the basis of initial rapid formation of high-affinity Michaelis complexes followed by slower chemical step reactivity leading to covalent complex
formation. The kcat values for the chemical step were obtained from the equation kobs = kcat × fractional occupation. The reactions of furin with
serpins were monophasic; therefore, the value of kcat could not be determined.

Figure 3. Reaction of the α1PDX−serpin B8 P6−P1 chimera with
PACE4. (A) Plots of PACE4 residual activity at increasing
concentrations of the α1PDX−serpin B8 P6−P1 chimera. Progressive
reactions of 5 nM PACE4 were performed as described in the legend
of Figure 2. (B) Fitted plot of the dependence of residual PACE4
activity on increasing concentrations of the serpin chimera as
described in the legend of Figure 2. Similar results were obtained
with PC4, PC5, and PC7, and Kd values are listed in Table 4. (C) Plot
of residual PACE4 activity for the time course of inhibition of 50 nM
PACE4 by 1.0 μM chimera. The large initial decrease in activity
reflects the fast equilibrium binding for the formation of the Michaelis
complex that precedes slow covalent complex formation.

Figure 4. Reaction of the α1PDX−serpin B8 P6−P5 chimera with
PACE4. (A) Plots of PACE4 residual activity at increasing
concentrations of the α1PDX−serpin B8 P6−P5 chimera. Progressive
reactions of 3 nM PACE4 were performed as described in the legend
to Figure 2. (B) Fitted plot of the dependence of residual PACE4
activity on increasing concentrations of the serpin chimera as
described in the legend of Figure 2. Similar results were obtained
with PC4, PC5, and PC7, and Kd values are listed in Table 4. (C) Plot
of residual PACE4 activity for the time course of inhibition of 2 nM
PACE4 by 50 nM chimera. The large initial decrease in activity
reflects the fast equilibrium binding for the formation of the Michaelis
complex that precedes slow covalent complex formation.
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to aspartic acid mutation that had a <10-fold detrimental effect
on α1PDX reactivity with all PCs (Table 6).
Exosites Selectively Regulate Reactivity with PCs. We

have previously shown that the homologous grafting of the
serpin B8 strand 3C exosite residues onto α1PDX or the
α1PDX−serpin B8 P6−P5′ chimera leads to losses of reactivity
with furin of 5-fold (105 M−1 s−1) or 70-fold (103 M−1 s−1),
respectively.10 In stark contrast, the serpin B8 exosite residues
increased α1PDX reactivity with PC4−PC7 by 3−9-fold
(106−107 M−1 s−1) but reduced reactivity of the α1PDX−
serpin B8 P6−P5′ chimera with PC4−PC7 by 8−30-fold (10
M−1 s−1) (Table 7).
The Catalytic-Site Conformations of Furin and PC4−

PC7 Differ. Protein crystallography and MDS studies have
shown that the catalytic site of furin adopts active and inactive
conformations and have suggested that substrates preferentially
bind to the active conformation through conformational
selection or induced fit binding mechanisms.7,8 The kinetic
studies described above show that unlike furin, the catalytic
site of PC4−PC7 may adopt inactive conformations that
preferentially bind substrate nonproductively. To investigate
the basis for such differences, we compared the catalytic-site
conformations of furin and PC4−PC7 by MDS. Homology
models of the whole catalytic domain for PC4−PC7 were built
on the basis of the X-ray crystal structures of the ligand-free
and ligand-bound forms of furin. Although the amino acid
sequence is 50−65% conserved between furin and PC4−PC7,
the structures are expected to be highly conserved.8 MDS were
performed on 10 simulated systems of five proteins and two
different conditions: (1) ligand-free form associated with active
and inactive configurations and (2) ligand-bound form
associated with only active configurations. A principal
component analysis (PCA), constructed on a common
structural core of 313 Cα atoms in the catalytic domain, was

performed employing MDS trajectories for a global evaluation
of the structures (Figure 5A). The analysis showed well-
resolved and distinct active and inactive furin conformations in
agreement with previous studies.7 PC4−PC7 showed the most
pronounced differences in PACE4 and, especially, in PC7 for
the ligand-free forms. The ligand-bound forms were more
consistent with furin, except for PC7. A second PCA was
performed on five Cα atoms located in the catalytic site. Again,
furin produced two clearly distinguishable sets of conforma-
tions corresponding to active and inactive states (Figure 5B).
In agreement, PC4−PC7 also produced clearly differentiated
active and inactive conformations. Only the ligand-free
conformations of PC4−PC7 showed more variability com-
pared to furin, especially that of PC7.

■ DISCUSSION

Despite the large body of information regarding how PCs
regulate the growth, proliferation, and differentiation of cells in
numerous physiological and pathological processes, a molec-
ular understanding of how PCs perform their specific
regulatory functions has remained elusive.22 Because PCs are
co-expressed and overlap at their cellular location, significant
cross-reactivity seems to be unavoidable, and the significance
of the redundant targeting of substrates by PCs is unclear.
However, examples of PCs with opposite regulatory effects
imply that PCs should be able to target their substrates
selectively.23 A recurrent theme is that of furin and PC4−PC7
playing opposite roles by targeting the same protein but in a
selective manner involving different recognition sites.24,25 The
basis for this PC selectivity has not been well characterized. In
this study, serpin B8 was demonstrated to react with furin
selectively on the basis of a 20-fold faster reactivity with furin
than with PC4, PC5, PACE4, and PC7 (Table 2). In addition,
it was shown that furin catalyzes the hydrolysis of two

Table 6. Second-Order Association Rate Constant Values for the Reaction of PCs with α1PDX RCL Non-Serpin B8
Substitutionsa

second-order association rate, ka (M
−1 s−1)

α1PDX variant furin PC4 PC5 PACE4 PC7

P4A (Pittsburgh) (3.2 ± 0.1) × 10 (6.7 ± 0.1) × 10 not determined (6.7 ± 0.2) × 10 not determined
P3E (1.5 ± 0.2) × 104 (4.6 ± 0.3) × 102 (4.6 ± 0.7) × 102 (5.6 ± 0.3) × 102 (2.2 ± 0.5) × 102

P2G (1.5 ± 0.3) × 106 >4 × 103b (1.2 ± 0.3) × 105 (5.3 ± 0.4) × 104 >7 × 103b

P1′D (2.3 ± 0.6) × 105 (4.5 ± 1.0) × 105 (3.4 ± 0.5) × 105 (9.5 ± 3.1) × 104 (2.8 ± 0.4) × 105

aThe amino acid sequence in the RCL of α1PDX was mutated at single amino acid positions to nonserpin B8 residues. Second order association
rate constant (ka) values for the reaction of PCs with α1PDX mutants were determined as described in Table 3. Errors represent the standard error
from linear regression fits of data. bUnstable covalent complexes prevented the SI from being determined, so the rate values are larger than here
reported.

Table 7. Effect of the YE Exosite Residues on PC Reactivity with α1PDX and the α1PDX−Serpin B8 RCL P6−P5′ Chimeraa

second-order association rate, ka (M
−1 s−1)

α1PDX-Serpin B8 chimera furin PC4 PC5 PACE4 PC7

P6−P5′ (1.1 ± 0.1) × 105 (7.1 ± 1.0) × 102 (6.0 ± 0.2) × 102 (2.9 ± 0.1) × 102 (7.7 ± 2.2) × 102

P6−P5′+YE exosites (1.5 ± 0.2) × 103 (9.1 ± 0.1) × 10 (6.9 ± 0.4) × 10 (8.1 ± 0.2) × 10 (2.2 ± 0.1) × 10
α1PDX (1.1 ± 0.1) × 106 (1.6 ± 0.3) × 106 (2.0 ± 0.1) × 106 (1.2 ± 0.3) × 106 (2.3 ± 0.8) × 106

α1PDX+YE exosites (2.1 ± 0.3) × 105 (1.4 ± 0.4) × 107 (8.6 ± 2.9) × 106 (4.4 ± 1.0) × 106 (6.7 ± 2.0) × 106

aThe tyrosine (Y) and glutamic acid (E) exosite residues were grafted at their homologous location in strand 3 of sheet C of α1PDX and the P6−
P5′ chimera. Serpin B8 has the conserved residue phenylalanine at the position of the tyrosine residue. Second-order association rate constant (ka)
values for the reaction of PCs with the chimeras α1PDX+YE exosites and the α1PDX−serpin B8 RCL P6−P5′+YE exosites were determined as
described in Table 3. Errors represent the standard error from linear regression fits of data. The ka values for the reaction of furin with both
chimeras were taken from ref 10. The ka values for the reaction of α1PDX and the P6−P5′ chimera with all PCs were taken from Tables 2 and 3
and included for comparison.
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tetrapeptide substrates at a faster catalytic rate, especially with
the substrate Boc-Arg-Val-Arg-Arg-AMC (20-fold), than
PC4−PC7 (Table 1). These observations suggested that
furin and PC4−PC7 differ in substrate specificity and
selectivity. Following the same rationale that we used to
study the reactive-site and exosite elements of serpin B8 that
determine reactivity with furin,10 we used α1PDX as a model
substrate to determine the basis for the differences in serpin B8
reactivity between furin and PC4−PC7 by the homologous
transferring of RCL and exosite amino acid residues from
serpin B8 to α1PDX.
Notably, the serpin B8 P6−P5′ RCL segment induced a

difference in reactivity between furin and PC4−PC7 that was
significantly larger within α1PDX (140−400-fold) than within
serpin B8 (20-fold) (Tables 2 and 3). This disparity argues
that the conformation that the serpin B8 RCL P6−P5′
segment adopts in the α1PDX context accentuates the
difference in reactivity between furin and PC4−PC7.
Unexpectedly, the α1PDX−serpin B8 P6−P5′ chimera reacted
with furin with monophasic kinetics but reacted with PC4−
PC7 with biphasic kinetics. The serpin thus bound rapidly to
PC4−PC7 to form a Michaelis complex in the first kinetic
phase, and this complex then slowly underwent acylation to
form the trapped covalent serpin−enzyme complex in the
second phase. The marked reduction in the rate of the second
catalytic step therefore accounted for the biphasic kinetics and
large reduction in overall reactivity of the chimera with PC4−

PC7. The chimera thus by binding to the more variable
catalytic site of PC4−PC7 than furin, as shown by the MDS
experiments (Figure 5), may be favoring nonproductive
conformations of the catalytic site.
The grafting of smaller segments of the RCL showed the

P6−P1 segment and, in particular, the P6−P5 residues were
responsible for the marked difference in reactivity between
furin and PC4−PC7. By contrast, the serpin B8 P3−P2
residues did not produce biphasic reaction kinetics with PC4−
PC7 but did result in marked reductions in reactivity with both
furin (10-fold) and PC4−PC7 (1000-fold). The effects of
other mutations of the P3 and P2 residues in α1PDX are also
consistent with such mutations affecting reactivity more with
PC4−PC7 than with furin (Table 6).
The major effects of the P6−P5 and P3−P2 residues, which

flank the P4 Arg residue, on the reactivity of the P6−P1
chimera with PC4−PC7 suggest that the conformation of the
P6−P1 segment plays a key role in regulating the productive
insertion of the P4 arginine side chain into the S4 pocket of the
enzyme catalytic site. Consistent with this idea, the level of PC
reactivity of the P6−P1 chimera (10−102 M−1 s−1) is
comparable to that of α1-antitrypsin Pittsburgh (10 M−1 s−1)
(Table 6), a natural mutant of α1-antitrypsin,20 which has an
arginine for methionine substitution at the P1 position but
lacks the P4 arginine (Figure 1).
The P1′−P5′ chimera led to significant losses of reactivity

with all PCs (Table 3). The finding that the P2′ chimera

Figure 5.Molecular dynamics simulation analysis of the structure of PCs. The configuration of amino acid residues in the catalytic domain of furin,
PC4, PC5, PACE4, and PC7 was simulated employing furin crystal structures and molecular models of the catalytic domain of PC4−PC7 based on
the X-ray crystal structure of the ligand-free and ligand-bound furin, as described in Materials and Methods. Two different starting structure
conditions were employed: (i) ligand-free form, which is associated with active and inactive configurations, and (ii) ligand-bound form, which is
associated with only active configurations. Shown are molecular dynamics trajectories from the simulated systems projected on the first two
principal components (nanometers). These projections are presented as heat maps where blue represents highly populated states. The maps
derived from scenario i are labeled as APO, and the ones from scenario ii as LIG. The arrows pointing down correspond to the starting frame,
which is the furin crystal structure. The arrows pointing upward correspond to the last frame of the analysis. (A) Comparative MDS analysis of the
PC catalytic domain. PCA performed over 313 Cα atoms of amino acid residues. (B) Comparative MDS analysis of the PC catalytic site. PCA
performed over five Cα atoms of catalytic-site amino acid residues (Asp153, His194, Gly255, Asn295, and Ser368).
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largely accounted for the losses in reactivity indicated that the
P2′ residue was principally responsible for the detrimental
effect of the serpin B8 primed region on α1PDX reactivity.
Like α1PDX, the P1′−P5′ and P2′ α1PDX chimeras showed
little selectivity in their reaction with furin and PC4−PC7.
This region thus contributes to general PC specificity but not
to selectivity.
The contribution of the primed region of the RCL to PC

reactivity was also shown to be influenced by exosite
interactions. In our previous study of furin reactivity, we
showed that of the four furin active-site loops, only the 298−
300 loop is involved in the exosite regulation of furin
reactivity.10 We also demonstrated that the 298−300 furin
loop, of which Arg298 forms part of the S2′ pocket in the
catalytic site,8 mediates the interactions of the exosite residues
in strand 3C of the serpin with the primed region of the RCL
(Figure S2). In this study, we further advanced this notion by
establishing that the exosite residues selectively affected PC
reactivity depending on the RCL primed region amino acid
sequence. While the serpin B8 exosite residues were
detrimental to reactivity with all of the PCs in the presence
of the serpin B8 primed region, they negatively affected furin
reactivity but promoted reactivity with PC4−PC7 in the
context of the α1PDX primed region (Table 7). These
observations strongly suggest that the exosite residues
modulate the insertion of the P2′ residue into the S2′ pocket
and can regulate substrate selectivity between furin and PC4−
PC7. Thus, the P1′−P5′ segment serves as a determinant of
general PC substrate specificity that can be modulated by
exosites.10,25

Our demonstration of differences in substrate specificity and
selectivity between furin and PC4−PC7 significantly advances
our understanding of the molecular determinants of specificity
and selectivity in the PC family of proteases. Our findings thus
clearly establish the ability of PCs to differentiate target
substrates on the basis of the recognition of different preferred
substrate cleavage sequences. Moreover, our findings under-
score the importance of the structural context of such
recognition sequences and the ability of exosites to influence
this context.26 Finally, they establish that substrate recognition
can be favored or disfavored by differential abilities of furin and
PC4−PC7 to bind their substrates productively versus
nonproductively, due to differences in catalytic-site conforma-
tional states of PCs. Interestingly, such differences may be
exploited to engineer selective inhibitors of PC4−PC7 as
shown by the nanomolar Michaelis complex affinities observed
for P6−P1 and P6−P5 chimera interactions with these PCs
(Table 4).
Serpins are the only known natural PC inhibitors.10−14

Protein-based inhibitors have an advantage over small
molecule inhibitors in that they can be expressed by the
targeted cell and directed to specific subcellular locations.18,27

We have demonstrated that serpin B8 is a specific and selective
furin inhibitor and shown that introducing serpin B8 reactivity
determinants into the engineered general PC inhibitor,
α1PDX, results in added selectivity for furin or for PC4−
PC7 (Figure 1). The P6−P5′ chimera (now named α1ORD)
achieves a 140−400-fold higher reactivity with furin than with
PC4−PC7 (Table 3). Although this chimera forms inhibitory
Michaelis complexes with PC4−PC7, the binding affinity is
weak (Kd = 1 μM) and minimal inhibition is expected at
concentrations of <1 μM. The α1PDX+YE derivative (now
named α1MDW) is selective for PC4−PC7 with 20−60-fold

higher reactivity with these PCs than with furin (Table 7).
These inhibitors, and their future improved derivatives, should
become useful tools in efforts to understand the regulatory role
of PCs and to discover new therapeutic drugs.
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Abstract
For more than three decades it has been known, that striatal neurons become hyper-
active after the loss of dopamine input, but the involvement of dopamine (DA) D1‐ 
or D2‐receptor‐expressing neurons has only been demonstrated indirectly. By 
recording neuronal activity using fluorescent calcium indicators in D1 or D2 eGFP‐
expressing mice, we showed that following dopamine depletion, both types of stri-
atal output neurons are involved in the large increase in neuronal activity generating 
a characteristic cell assembly of particular neurons that dominate the pattern. When 
we expressed channelrhodopsin in all the output neurons, light activation in freely 
moving animals, caused turning like that following dopamine loss. However, if the 
light stimulation was patterned in pulses the animals circled in the other direction. To 
explore the neuronal participation during this stimulation we infected normal mice 
with channelrhodopsin and calcium indicator in striatal output neurons. In slices 
made from these animals, continuous light stimulation for 15 s induced many cells to 
be active together and a particular dominant group of neurons, whereas light in pat-
terned pulses activated fewer cells in more variable groups. These results suggest 
that the simultaneous activity of a large dominant group of striatal output neurons is 
intimately associated with parkinsonian symptoms.
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1 |  INTRODUCTION
Since pioneering work in the 1970s we know that unilat-
eral destruction of dopamine (DA) neurons in the rodent 
mesencephalon induces unilateral hypokinesia, deviated 
posture, and spontaneous circling or turning behavior 
toward the lesion side (Ungerstedt & Arbuthnott, 1970). 
This experimental model of Parkinson's disease (PD) was 
initially useful in pharmacological studies and it is still 
useful in the characterization of function of basal ganglia 
outputs (Greco et al., 2008). However, one of the most 
striking initial findings using this model is that unilateral 
destruction of striatal DA input is accompanied by an in-
crease in activity of striatal neuronal activity on the ip-
silateral side (Arbuthnott, 1974; Hull, Levine, Buchwald, 
Heller, & Browning, 1974; Ohye, Bouchard, Boucher, 
& Poirier, 1970; Schultz, 1982; Schultz & Ungerstedt, 
1978).

It is characteristic of striatal projection neurons (SPNs), 
in anaesthetized animals, that in spite of a correlation be-
tween cortical rhythmic activity and membrane potential 
fluctuations (up and down states) they do not fire rhyth-
mically or synchronously in the presence of DA. However, 
in the absence of DA, the cortically induced rhythmicity is 
dramatically increased from less than 1 burst/min to more 
than 2.5 bursts/min as seen in anesthetized (Arbuthnott, 
1974; Nisenbaum, Stricker, Zigmond, & Berger, 1986; 
Schultz & Ungerstedt, 1978) and awake animals (Chen, 
Morales, Woodward, Hoffer, & Janak, 2001; Kish, Palmer, 
& Gerhardt, 1999; Ohye et al., 1970) as well as in vitro 
(Calabresi, Mercuri, Sancesario, & Bernardi, 1993; 
Galarraga, Bargas, Martinez‐Fong, & Aceves, 1987). 
Rhythmic bursting of SPN output targets in the absence 
DA is a consistent finding (Bergman, Wichmann, Karmon, 
& DeLong, 1994; MacLeod, Ryman, & Arbuthnott, 1990; 
Murer, Riquelme, Tseng, & Pazo, 1997; Murer, Tseng, 
Kasanetz, Belluscio, & Riquelme, 2002; Ni, Bouali‐
Benazzouz, Gao, Benabid, & Benazzouz, 2000; Nini, 
Feingold, Slovin, & Bergman, 1995; Pan & Walters, 1988; 
Rohlfs et al., 1997; Sanderson, Mavoungou, & Albe‐
Fessard, 1986; Wichmann et al., 1999).

Concurrent pharmacological blockade of DA receptor 
1 (D1) and DA receptor 2 (D2) SPNs produces an akinesia 
(often mischaracterized as catalepsy) similar to a DA lesion, 
but specific blockade of D1 or D2 SPNs indicates that syn-
chronous activity is affected in greater extent by D1 com-
pared to D2 receptor antagonists (Burkhardt, Jin, & Costa, 
2009).

In order to understand the role of DA in specific sub-
populations of SPNs we used calcium imaging of individ-
ual D1‐ or D2‐expressing enhanced eGFP to visualize their 
activity and study their characteristic patterns of activation 
in cell assemblies. Moreover, we used calcium imaging and 
optogenetics to illustrate the specific contribution of both 

D1 and D2 microcircuits in the generation of the patholog-
ical circling behavior characteristic of the animal model of 
PD.

2 |  MATERIAL AND METHODS

2.1 | Ethical standards
We used a total of 64 of 78 (14 discarded as failures in 
procedure or stereotaxic coordinates) Swiss Webster bac-
terial artificial chromosome (BAC) transgenic mice D1‐ en-
hanced fluorescent protein (eGFP) and D2‐eGFP (postnatal 
21–25 days, males) or C57BL/6J control mice were used. 
Animals were bred in the university's animal facilities. In 
general, we adjust the number of animals in our experiments 
according to the mortality rates after surgeries, the success 
rate of stereotaxic placement of viral injections and the gen-
eral success of the experiments considering the expertise 
of trainees. Our experiments complied with the Guide for 
the care and use of laboratory animals of the US National 
Institutes of Health; the Society for Neuroscience Policy 
on the Use of Animals in Neuroscience Research and the 
Guiding Policies and Principles for Experimental Procedures 
endorsed by the government of Japan and supervised by the 
local Animal Care and Use Committee, approved protocol 
number 2018‐212‐2.

2.2 | Stereotaxic surgeries
Surgeries were performed under aseptic conditions in a 
small animal stereotaxic instrument (Leica Angle Two, 
Leica Biosystems, Wetzlar, Germany). Isoflorane inhala-
tion (IsoFlo, Abbot, 1.0%–1.5% in medical O2) was used as 
anesthetic and the respiratory rate, heart rate, and hindpaw 
withdrawal reflexes were monitored throughout the proce-
dure to maintain an adequate anesthetic level as stably as 
possible. Animals were fixed with atraumatic earbars, the 
cornea protected with mycochlorin ointment 2% and the skin 
rubbed with anesthetic gel (10% ketoprofen and lidocaine). 
Post‐operative care measures to control hypothermia, de-
hydration and pain included keeping mice warm until they 
came out of anesthesia (<15 min) by placing them on a dis-
posable heating pad, administering sterile saline (0.5 ml, s.c.) 
immediately after surgery and leaving available, during the 
first 72 hr after surgery, a can of diet gel with carprofen (e.g., 
MediGel CPF, Portland, ME, USA). One‐to‐two weeks after 
surgery, animals were tested or the brain extracted.

For the intracerebral unilateral administration of the neu-
rotoxin 6‐hydroxydopamine (6‐OHDA, Sigma), mice were 
premedicated 1 hr before surgery with desipramine HCl 
(25 mg/kg base, in 0.9% sterile saline, subcutaneous). The 6‐
OHDA (0.5 μl of 4 mg/ml in 0.9% NaCl and 0.5% ascorbate) 
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was slowly injected (0.01 μl/min) at stereotaxic coordinates 
(Franklin & Paxinos, 2008) aimed to the left substantia nigra 
pars compacta (bregma: AP, −2.3 mm; L, 0.7 mm and from 
dura: V, −4.3 mm). These animals were challenged with apo-
morphine (Sigma, 0.01 mg/kg, subcutaneous) 1 week after 
surgery and turning behavior was automatically evaluated by 
protocols written under Ethovision XT 11 animal tracking 
system (Noldus, Wageningen, The Netherlands). Behavioral 
measurements were counted for 5 min after being placed in 
the recording environment. Only animals showing robust 
turning (>5 turns/min) were considered to have adequate DA 
depletion.

To induce viral infection in SPNs, adeno‐associated vi-
ruses (AAV) were intracerebrally delivered D1‐eGFP and 
D2‐eGFP BAC mice. The AAV10 under the human origin 
elongation factor‐1 alpha (EF1a) promoter was used to drive 
expression of channelrhodopsin variant 2 (ChR2) and the 
fluorescent protein 2mCherry. The AAV1 under the human 
promoter of synapsin 1 (hSyn) was used for the expression of 
the genetically engineered red calcium indicator (RCaMP1h, 
Penn Vector Core, AV‐1‐PV3010). Either a single AAV 
(0.3 μl) or a combination of both (0.15 μl each) was unilater-
ally injected in the left dorsal striatum of D1‐eGFP and D2‐
eGFP BAC mice (AP, 0.98 mm; L, 1.89 mm; V −3.45 mm) 
(Franklin & Paxinos, 2008).

Animals that received AAV1 RCaMP1h were left for at 
least 2 weeks to recover and allow viral expression before in 
vitro recording experiments. Animals that received AAV‐10 
ChR2‐2mCherry injection had a longer surgery since a 3 mm 
stainless steel guide cannula (25 gauge) was inserted above 
the injection site and fixed to the skull with a small amount of 
dental cement (Super‐Bond C&B, Sun Medical) followed by 
a 5‐mm‐long optic fiber (diameter: 260 μm, length 5.45 mm, 
Teleopto, Nagoya, Japan) placement into the injection site. A 
device containing the optic fiber, the high‐intensity light‐emit-
ting diode (LED; 470 nm) and a connector to plug the wireless 
receiver was also fixed to the skull with more dental cement.

2.3 | Behavioral observations
To allow viral expression, animals were housed for at least 
2 weeks before any recording or behavioral observation was 
performed. A couple of days before the experiments, ani-
mals were first trained for 20 min to carry a mock receiver 
(12 × 18 × 7 mm, 2 g) plugged to the wireless stimulation 
system in their home cage. On the experiment day, the infra-
red receiver (Teleopto, Nagoya, Japan) with the same dimen-
sions and weight, replaced the mock receiver and animals 
were placed in a rectangular (45 × 20 × 15 cm) or circular 
(15 cm diameter × 20 cm high) testing chamber.

The stimulation device (Teleopto, Nagoya, Japan) trig-
gered a LED of 470 nm (blue light) with intensity at the tip 
of 1.0 mW. Behavioral procedures consisted of a period of 

habituation (≈5 min) followed by a sequence of three periods 
repeated 10 times: 20 s pre‐stimulation, 15 s of light stim-
ulation either delivered continuously or in patterned pulses 
(6 ms pulses at 14 Hz) and a 30–60 s post‐stimulation period. 
Turning behavior was measured and evaluated automatically 
by protocols written under Ethovision XT 11 animal tracking 
system (Noldus, Wageningen, The Netherlands).

2.4 | Corticostriatal slice preparation
Mice were anesthetized with isoflorane inhalation and per-
fused transcardially using cold saline containing (in mM): 
124 choline chloride, 2.5 KCL, 1.3 MgCl2, 26 NaHCO3, 1.2 
NaH2PO4–H2O, 1 CaCl2 and 10 glucose saturated with 95% 
O2 and 5% CO2, pH = 7.4, 298 mOsm/L. Sagittal corticostri-
atal slices (200–250 μm) were cut (Leica VT1200S, Nussloch, 
Germany) and transferred to regular artificial cerebral spinal 
fluid containing the following in mM: 123 NaCl, 3.5 KCl, 1 
MgCl2, 1 CaCl2, 26 NaHCO3, and 11 glucose, saturated with 
95% O2 and 5% CO2, where they remained at room tempera-
ture (21–25°C) for at least 1 hr before recording.

2.5 | In vitro recordings of neuronal activity
For recordings of neuronal calcium activity Fluo‐4 or 
RCaMP1h, corticostriatal slices (210–250 μm) of D1‐eGFP 
or D2‐eGFP BAC mice were visualized using an upright mi-
croscope (Olympus BX51W1F, Japan, 100W halogen lamp) 
fitted with brightfield (UM Plan FL 10×) and water immer-
sion (10× Olympus) objective. The microscope was also 
equipped with a cooled charge‐coupled device (CCD) cam-
era (PCO.EDGE, Kelheim, Germany) with a field view of 
800 × 600 μm; acquisition of images was set to 5–6 images/s. 
At the beginning of each experiment coordinates and land-
marks of the displayed image were stored for reference and 
subsequent analysis. Experimental data were recorded using 
the CCD camera with acquisition protocols written in cam-
ware software. Short movies (180 s, 50–100 ms exposure, 
250–500 ms/frames) were taken at time intervals of 5–20 min 
during 1–2 hr). At the end of the experiment potassium de-
polarization (mM): 50 KCl, 120 NaCl, 10 HEPES‐Na, and 2 
CaCl2 pH7.4, was applied for 5 s to validate slice integrity, 
slices with small numbers of responsive cells (<10) were dis-
carded from the analysis.

When a cell‐permeant calcium indicator was used, slices 
were incubated in the dark at 38°C for 20–30 min with Fluo‐4 
(Fluo‐5AM in few occasions) in 0.1% dimethyl sulfoxide di-
luted to a final concentration of 10 μM, pH 7.4 (95%O2 and 
5%CO2). Once loaded with the calcium indicator, slices were 
transferred back to the microscope's recording chamber per-
fused with artificial cerebrospinal fluid.

The pair ChR2 and RCaMP provided independent ad-
dressable spectral channels. For neuronal activation with 
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ChR2 and imaging via the genetically encoded red calcium 
indicator RCaMP1h and RCaMP1 h activation was achieved 
using excitation pulses at 580 nm delivered by a xenon‐arc 
lamp of (Lambda LS Sutter Instruments) and a bandpass fil-
ter (FB580‐10, ThorLabs, Newton, NJ, USA). A combined 
non‐overlapping calcium imaging/optogenetics was possible 
since light of 580 nm—the peak activation for RCaMP1h—
does not activate ChR2 (Glock, Nagpal, & Gottschalk, 2015). 
The emitted RCaMP1h fluorescence was passed through a 
long pass filter (550 nm, FEL0550, ThorLabs, Newton, NJ, 
USA) (Akerboom et al., 2013). Optogenetic stimulation 
(488 nm) was achieved using a fiber‐coupled LED light 
source (DC2100, OGKR2 Thorlabs. Newton, NJ, USA). The 
same optogenetic stimulation parameters (continuous or in 
14 Hz pulses) were used in slices and behaving animals.

For depolarization block assessment electrical neuronal 
activity of ChR2‐/RCaMp1h‐ expressing neurons was re-
corded during 30 s of continuous light stimulation emitted 
from the fiber‐coupled LED with the same intensity at the tip 
than the in vivo configuration (1 mW). Electrical neuronal 
activity was recorded using borosilicate glass micropipettes 
(Harvard Apparatus 30‐0057, Holliston, MA, USA) heat 
polished to obtain direct current resistances of ∼4–6 MΩ. 
Micropipettes were filled with an internal solution containing 
in mM: 115 KH2PO4, 2 MgCl2, 10 HEPES, 0.5 EGTA, 0.2 
Na2ATP, and 0.2 Na3GTP. The recordings were made with 
a microelectrode amplifier with bridge and voltage clamp 
modes of operation (BVC‐700A, Dagan Co, Minneapolis, 
MN, USA). Conventional characterization of neurons was 
made in voltage and current clamp configurations. Access 
resistances were continuously monitored to be less than 
20 MΩ, experiments with changes over 20% were interrupted 
and terminated. Software designed in LabVIEW environment 
(National Instruments, Austin, Texas, USA) was used for data 
acquisition and we performed analysis with Origin (version 
8.6, Microcal, Northampton, MA, USA).

During recordings of calcium or electrical activity, slices 
received a constant flow of artificial cerebral spinal fluid of 
2.5 ml/min.

2.6 | Processing of neuronal calcium images
For this processing we used the methods previously de-
scribed (Carrillo‐Reid et al., 2008; Jaidar et al., 2010). 
Briefly, Image J (v.1.45s, National Institutes of Health, 
WA), MATLAB (Math‐Works, Inc., Natick, MA, USA) 
and programs written in IDL (Exelis‐Harris software ver-
sion 8.2) (Cossart, Aronov, & Yuste, 2003; Mao, Hamzei‐
Sichani, Aronov, Froemke, & Yuste, 2001; Schwartz et al., 
1998) were used to analyze the movies acquired during 
the recordings (see above). For each movie frame neu-
rons were identified, their contours defined and the mean 
fluorescence measured as a function of time. Changes 

in fluorescence were computed as (Fi–Fo)/Fo, where 
Fi = fluorescence intensity and Fo = resting fluorescence, 
that is, median fluorescence of the first four frames of the 
movie. The calcium signals elicited by action potentials 
were detected based on a threshold value given by their 
first derivative over time (2.5× standard deviation of the 
noise). Images were inspected one by one to remove ar-
tifacts and slow calcium transients, most likely from glial 
cells (Carrillo‐Reid et al., 2008; Cossart et al., 2003; Jaidar 
et al., 2010; Sasaki, Matsuki, & Ikegaya, 2007). As pre-
viously described (Miller, Ayzenshtat, Carrillo‐Reid, & 
Yuste, 2014) to determine whether peaks of synchrony 
were significant (number of coactive neurons per peak), 
binary activity from recorded calcium imaging (calcium 
spikes) were shuffled 1,000 times by randomly transposing 
intervals of activity within each cell. We then set a thresh-
old corresponding to a significance level of p < 0.05 for 
peak detection.

2.7 | Visualization of network states
The vectorization of all recorded activity was performed 
to express network activity as a function of time. Active 
and inactive elements were therefore represented within a 
250 ms time bin. With this analysis, association of bursting 
activity of synchronized cells occurring at a particular time 
can be easily identified (Carrillo‐Reid et al., 2008, 2009; 
Sasaki, Kimura, Tsukamoto, Matsuki, & Ikegaya, 2006; 
Sasaki et al., 2007). The inner product of all possible vec-
tor pairs (equivalent to the cosine of the angle between the 
vectors) was used to construct a similarity matrix of all neu-
rons firing in synchrony. This process graphically reveals 
whether vectors have same or similar components (Sasaki 
et al., 2006, 2007). To follow network dynamics within the 
neuronal microcircuits and determine how neuronal activ-
ity travels among the different network states in the field of 
observation, we analyzed the data using multidimensional 
reduction techniques previously described (Carrillo‐Reid 
et al., 2008, 2009; Jaidar et al., 2010). Briefly, (a) To reduce 
the dimensionality of population vectors representing net-
work states, we applied locally linear embedding (LLE), a 
technique that preserves the structure of nonlinear multidi-
mensional data (Brown, Joseph, & Stopfer, 2005; Carrillo‐
Reid et al., 2008; Roweis & Saul, 2000). (b) To choose the 
optimal number of network states, we used hard and fuzzy 
clustering algorithms and the Dunn's index as a validity 
function (Bezdek & Pal, 1998; Carrillo‐Reid et al., 2008, 
2009; Sasaki et al., 2007). (c) To visualize clusters of data 
points representing similar population vectors (i.e., net-
work states) following activity sequences or closed cycles 
we projected vectors into a two‐dimensional space (Jaidar 
et al., 2010; Liu, Khalil, & Oweiss, 2011; Sasaki et al., 
2007; Schreiber, Fellous, Whitmer, Tiesinga, & Sejnowski, 
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2003). (d) The position of all cells involved in each state 
was plotted onto the original image of the slice containing 
the defined neuronal contours (see previous paragraph).

2.8 | Statistical analyses
Experimental and control sample size was chosen based on 
previous literature (Lee et al., 2016). The Shapiro–Wilk test 
was applied to all original data to assess normality in data 
distribution. Data withdrawn from a normal distribution were 
analyzed with the parametric statistical significance test one‐
way ANOVA followed by post hoc Tukey honestly signifi-
cant difference (HSD). When necessary, a paired‐t test was 
also used. Results were expressed as M = mean, SD = stand-
ard deviation and n = number of cases; statistical probabil-
ity values were expressed in the results and figure legends. 
A simple randomization (i.e., heads‐continuous; tail‐pulses) 
was applied when the same slices were activated with pulsed 
or continuous light.

2.9 | Histology
Following a brief rinse in phosphate buffer 0.01 M, mice were 
perfused with 4% paraformaldehyde and 14% picric acid; 
brains were post‐fixed for at least 2 hr and then cryoprotected 
in a 50/50 mixture of fixative and 20% sucrose in 0.01 M 
phosphate‐buffered saline (PBS) for at least 24 hr. Sections 
were cut at 60 μm on a sledge microtome with a freezing 
stage (Yamato REM‐710 electrofreeze MC‐802A), washed 
in PBS and incubated in 20% normal goat serum. Primary an-
tibodies to tyrosine hydroxylase (rabbit polyclonal 1:5,000, 
Enzo Life Sciences) or glial fibrillary acid protein (GFAP, 
rabbit polyclonal, Dako; 1:500) were incubated overnight 
at 4°C and stained with secondary goat antirabbit antibod-
ies (Life Technologies; 1:200). At least 2 hr were allowed 
for binding before rinsing in PBS. Sections were mounted 
on slides; Vectamount AQ (Vector) or occasionally Santa 
Cruz mountant with DAPI was used to fix the coverslips. A 
spinning disk confocal microscope (Olympus BX‐DSU) was 
used and pictures were taken using Neurolucida software and 
a Hammatsu (EM‐CCD C91) camera.

3 |  RESULTS

3.1 | Spontaneous calcium activity in 
corticostriatal slices of intact or DA‐depleted 
mice
The proposed involvement of DA in the generation of stri-
atal neuronal assemblies (Burke, Rotstein, & Alvarez, 
2017; Nicola, Surmeier, & Malenka, 2000; O'Donnell, 
2003) became testable through calcium imaging that al-
lows simultaneous measurement of many individual neurons 

(Carrillo‐Reid et al., 2008; Jaidar et al., 2010). With the 
use of population calcium imaging that allows the indirect 
measurement of neuronal spiking in striatal networks in vitro 
(Carrillo‐Reid et al., 2008; Jaidar et al., 2010; Lopez‐Huerta 
et al., 2013) we characterized the population activity of SPNs 
in slices obtained from naïve controls and mice depleted of 
DA for at least 9 days. Examples of simultaneous record-
ings of fluo‐4 calcium signals and analysis of large numbers 
of D1eGFP+ and D2eGFP+ SPNs are shown for naïve and 
DA‐depleted mice in Figure 1 and Supporting Information 
Video S1. Spontaneous activity of both D1 and D2 SPNs 
from non‐lesioned mice slices is characterized by sparse 
events without significant coactivity episodes (Figure 1a), 
and following DA depletion, a significant increase in the 
number of D1 and D2 active SPNs relative to controls is ob-
served (one‐way ANOVA (3,28) = 27.12, p < 0.0001), ac-
companied by the presence of significant coactivity peaks 
absent in non‐lesioned controls (Figure 1b). As indicated in 
the graphs of coactive cells (Figure 1c), we counted calcium 
fluorescent signals not only on eGFP‐positive neurons (D1‐
green dots‐ or D2‐red dots‐) but also in SPNs with negative 
eGFP expression (black dots) that represent the other half of 
SPNs (D1 or D2) and the interneurons. Group analyses of 
the number of active SPNs and the number of calcium events 
of DA‐depleted and control slices revealed as that slices 
from DA‐depleted slices showed increases of active SPNs 
for D1eGFP+‐ and D2eGFP+‐expressing groups, D1 (green): 
M = 37.7, SD = 5.33, n = 11 mice, and D2 (red): M = 30.18, 
SD = 7.01, n = 11 mice, whereas control animals exhibited 
very few active D1 or D2 neurons for the duration of the 
measurements (3 min), D1: M = 4.8, SD = 1.3, n = 5 mice 
and D2: M = 4.4, SD = 1.94, n = 5 mice. The coactivity his-
tograms (Figure 1d) are consistent with an increase in activ-
ity in both populations (green and red boxes), and also with 
significant increases in cell activity and peaks of coactivity 
in the eGFP‐negative neurons (gray boxes). This is a cor-
roboration that most SPNs and possibly interneurons become 
active in the absence of DA.

Similar results were obtained from neurons with negative 
eGFP expression (black dots) (Figure 1b1): a low number of 
active neurons in the control group (Figure 1a) (D1: M = 11.8, 
SD = 4.96, n = 5 mice and D2: M = 9.6, SD = 4.03, n = 5 
mice) and high number of active neurons in the DA‐depleted 
slices (Figure 1b) (D1: M = 59.6, SD = 5.33, n = 11 mice 
and D2: M = 30.18, SD = 7.01, n = 11 mice). The increase 
in the number of active neurons was statistically significant 
when compared to controls (Figure 1d). DA depletion was 
corroborated with immunohistochemistry (Figure 2) and 
turning behavior (see Section 3). Animals depleted of DA 
displayed spontaneous turning toward the side of the lesion 
(M = 1.77 turns/15 s, SD = 1.35, n = 11 mice) (Figure 1d).

To continue with the analysis of cell activity and peaks of 
coactivity as illustrated in Figure 1c, we compared network 
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responses induced by DA depletion (Figure 3) using multi-
dimensional reduction techniques as described (see Section 
2.7). A previous description of the striatal microcircuit of un-
identified SPNs of rats deprived of DA, was characterized by 

a dominant network state (Jaidar et al., 2010). Similarly, as 
previously observed in rats (Jaidar et al., 2010) we observed 
that D1‐ or D2‐eGFP‐expressing neurons formed three 
sets that generated sequential activity states. Moreover, as 

F I G U R E  1  SPNs of the direct or indirect output pathways (D1‐dSPN or D2‐iSPN) contribute to the synchronized network activity after DA 
depletion. Data are displayed in raster plots where every dot at any given time along the x axis represents an active neuron identified by its unique 
number in the Y axis. (a) Representative raster plots of spontaneous striatal activity from D1eGFP (left) and D2 eGFP (right) unlesioned mice. (b) 
Representative raster plots (top) of D1eGFP (left) and D2eGFP (right) from DA‐depleted animals. (b1) Raster plots of eGPP‐negative neurons, that 
is, interneurons and the unlabeled SPNs (black dots), (b2) Raster plots of eGPP‐positive neurons of D1 (green) and D2 (red) mice. The increment 
of neuronal activity after DA depletion compared to controls was statistically significant (one‐way ANOVA (3,28) = 27.12, p < 0.0001). (c) Plots 
of coincidently firing cells (identified by colors: black: eGFP− negative; green: D1eGFP positive; red: D2eGFPpositive; blue: all recorded neurons, 
that is, eGFP positive and eGFP negative− together). (d) Box plots of total number of spontaneous active neurons recorded in periods of 180s. (e) 
Box plot of spontaneous mean rotations recorded on separate experiments. Rotation was toward the side depleted of DA (M = 1.77 turns/15 s, SD 
1.35, n = 10 mice). For later comparisons with turns obtained with optogenetic stimulation, turns in DA‐depleted mice were also recorded for 15 s 
after a 5–10 min period. A contour detection snapshot of a recorded mouse illustrates the deviated posture typical of an ipsilateral DA depletion
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observed in rats (Jaidar et al., 2010), one state that comprised 
the largest number of active neurons became dominant (refer 
to Figure 3a,b,d,e orange dots). Importantly, the dominant 
state was formed by SPNs belonging to both striatal output 
pathways as illustrated by the presence and absence of the 
plus sign in active neurons (Figure 3c,f).

3.2 | Simultaneous photoactivation of 
direct and indirect pathway SPNs
Consistent with the coordinated synchronous activation of 
indirect and direct SPNs necessary for the selection, ini-
tiation and performance of a particular movement, it has 
been reported that when the animal is not moving, SPNs 
remain inactive, but become coactive during movement 
initiation (Cui et al., 2013; Klaus et al., 2017). With the 
increase in the number of active cells and peaks of syn-
chrony observed in DA‐depleted tissue, we hypothesized 
that in the absence of DA, the observed increase in syn-
chronous activation of large sets of striatal neurons could 
be responsible for the animal's motor impairments, such 
as deviated posture and persistent spontaneous turning 
(Costall, Marsden, Naylor, & Pycock, 1976; Dunnett & 
Iversen, 1982), Figure 1e.

To examine the relationship between the increment of 
neuronal activity and behavior, animals expressing AAV10 
ChR2‐mCherry (EF‐1promoter) were used for the unilateral 
optogenetic activation through an optic probe implanted into 
the dorsolateral striatum (Figure 4a). We delivered to our 
behaving animals stimulation at the same intensity (470 nm; 
1.0 mW at the tip) for 15 s in two modes as reported by oth-
ers, for example, a single continuous 15 s pulse (Kravitz 
et al., 2010) or patterned pulses at 14 Hz (210 pulses of 6 ms 
each: (Jin, Tecuapetla, & Costa, 2014). When stimulation was 
delivered in pulses (14 Hz, 6 ms) it induced turning toward 
the opposite side characteristic of the activation of striatal 
cell assemblies (Ossowska & Wolfarth, 1995) (M 1.73 turns, 
SD 0.99, n = 7 mice) (Figure 4b right panel and Supporting 
Information Video S3). Interestingly, when light was deliv-
ered continuously in control animals, behavior changed dras-
tically, mice turned toward the stimulated side (M 1.92 turns, 
SD 0.35, n = 9; Figure 4b, left panel). This turning behav-
ior is compelling since it is similar to the one observed in 
DA‐depleted animals (M = 1.77 turns, SD = 1.35, n = 11; 
Figure 1e). Optogenetically induced turning to the two types 
of stimulation was statistically significantly different (one‐
tail ANOVA F(3,28) = 97.14, p < 0.001, n = 9, 7 continuous 
vs. patterned pulses), Figure 4b.

Our results demonstrate that in the absence of DA, spon-
taneous synchronous patterns of SPN activation are observed 
in both D1 and D2 SPNs, and that when similar large syn-
chronous patterns of activity are induced in both D1 or D2 
SPNs by continuous optogenetic stimulation, normal mice 
turn in circles as do animals with a DA depletion.

3.3 | Visualization in vitro of striatal 
dynamics under optogenetic stimulation
To further visualize how the striatal network elements be-
haved under optogenetic stimulations we used electrophysi-
ology, calcium imaging, and optogenetics (Figure 5). We 
combined AAV10 ChR2‐mCherry (EF‐1promoter) with 
genetically encoded calcium indicator RCaMP1h (hSyn pro-
moter) delivered by AAV1 viral infection. It is relevant to 
mention that AAV10 ChR2‐mCherry labels the majority of 
SPNs, but excludes the population of SPN contained in the 
striosomes (less than 20%) (Lopez‐Huerta et al., 2016).

Neuronal calcium responses were recorded and their am-
plitude of the responsive cells was normalized by consider-
ing the brightest recorded neuronal fluorescence as 100% 
for each tissue slice. This analysis showed that the normal-
ized calcium response amplitude elicited with continuous 
stimulation (M = 0.77, ∆F/F, SD = 0.1, n = 17 slices) was 
significantly larger than the response observed with stimula-
tion in patterned pulses (M = 0.37, ∆F/F, SD = 0.1, n = 17 
slices; paired t (16) = 16.22, p = 2.33504−11; Figure 5 and 
Supporting Information Video S2).

F I G U R E  2  Immunohistochemistry of control and dopamine‐
depleted brains. Coronal brain slices of intact and DA‐depleted 
D1eGFP+ and D2eGFP+ mice illustrate DA neurons and axons 
by tyrosine hydroxylase (TH) staining (red); positive expression of 
fluorescent protein (green) and the presence of cell bodies stained 
with 4,6‐diamidino‐2phenylindole, dihydrochloride (DAPI) (blue). 
GPe: external globus pallidus; Scale bars: 1 mm; Str: striatum; SNr: 
substantia nigra pars reticulata
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Similarly, when the same tissue slices from 11 animals 
were activated with stimulation delivered at random either 
continuously or in patterned pulses, the total number of neu-
rons activated by continuous stimulation was significantly 
larger (M = 108 active neurons, SD = 32.63, n = 11) than the 
number of neurons activated by patterned pulses (M = 61.54 
active neurons, SD = 29.65, n = 11; paired t (20) = 3.5, 
p = 0.005, Figure 5d).

Since prolonged electrical stimulation often induces adap-
tation of SPN discharge (Kita, Kita, & Kitai, 1985) and strong 
(10–40 mW/mm2) prolonged light activation of ChR‐2 can 
silence instead of activating neurons by depolarization block, 
particularly interneurons (Herman, Huang, Murphey, Garcia, 
& Arenkiel, 2014), we first determined in vitro, the firing 
characteristics of our ChR2‐RCaMP1h‐expressing neurons 

by stimulating with 470 nm (blue light), 1.0 mW at the tip, 
for 30 s (see Section 3). A total of 14 SPNs (n = 7 for each D1 
or D2 neurons) responded in similar proportions of activation/
adaptation. During depolarization block assessment neurons 
were exposed to a continuous light pulse for 30 s, the dura-
tion of response of activated neurons before undergoing to 
depolarization block was: D1: M = 17.5 s, SD = 6.38, n = 3 
and D2: M = 18.25s, SD = 11.02, n = 4. The other neurons 
continued firing for the whole exposure time. To our behaving 
animals stimulation at the same intensity (470 nm; 1.0 mW 
at the tip) for 15 s in two modes as reported by others, for 
example, (Jin et al., 2014; Kravitz et al., 2010): a single con-
tinuous 15s pulse or patterned pulses at 14 Hz (210 pulses of 
6 ms each), all the experimental stimulations were therefore 
shorter than the average time to cease firing in both groups of 

F I G U R E  3  D1 or D2eGFP 
expressing neurons formed three sets that 
generated sequential activity states with 
one predominant set. (a and d) Analyses 
of coactive cells with significant peaks of 
synchrony (above the dotted line) also seen 
in Figure 1c were used for multidimensional 
reduction (see 2.7). (b and e). The network 
states reconstructed from the raster plots 
show that D1 or D2SPNs generate three 
sequential activity states (one color per 
state). The numbers indicate the percentage 
of transitions between states in the direction 
of the arrows. The “orange” state clearly 
dominates. (c and f). Superimposed onto the 
ROI or map of all observed active neurons, 
the spatial location of active SPNs can be 
observed for each one of the states. Colored 
circles represent active neurons that belong 
to the same state, circles with no color 
represent active neurons that do not belong 
to that particular state, and the plus sign 
inside the colored circles represents positive 
eGFPs, that is, represented as red green dots 
in the raster plots of Figure 1
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cells. Although depolarization block is likely induced in up to 
half the stimulated cells, the obtained pattern of activation of 
larger calcium transients was indication that most of the stria-
tal cells were not blocked from firing impulses. The activation 
was clearly sufficient to induce behavioral changes, in vivo, 
suggesting that the cells excited did influence behavior and so 
a large recruitment of output neurons is the likeliest explana-
tion of the outcome of the optogenetic stimulation.

We studied striatal responses from both direct and indi-
rect pathway (D1eGFP and D2eGFP mice) from the same 
slices (Figure 6). Light stimulation induced synchronous ac-
tivation in similar proportions, in both positive and negative 
eGFP neurons regardless of stimulation delivered continu-
ously or in patterned pulses (D1–D2: range 47–54 synchro-
nous neurons; one‐way ANOVA F(7,36) = 1.2, p = 0.32, 
n = 5,6; Figure 5a–e), however, it is important to underline 
that continuous stimulation activated a larger number of both 
direct and indirect SPNs, whereas patterned pulsed stimula-
tion recruited a smaller number of neurons (continuous D1–
D2: M = 54.0, SD = 27.8, n = 24; M = 82.6, SD = 28.47, 
n = 24; patterned pulses D1–D2: M = 19.79, SD = 10.13, 
n = 24; M = 26.3, SD = 11.43, n = 24; one‐way ANOVA 
F(3,92) = 43.56, p ≤ 0.0001, n = 24; Figure 6a–d,f).

To visualize the differences in population activity evoked 
by continuous or patterned optogenetic stimulation we cre-
ated similarity maps (Carrillo‐Reid, Hernandez‐Lopez, 
Tapia, Galarraga, & Bargas, 2011; Carrillo‐Reid et al., 2008, 
2009; Jaidar et al., 2010) (Figure 7a,b). We found that simi-
larity index between synchronized neurons was significantly 
higher with continuous stimulation compared to responses 
following patterned pulses, in other words, continuous stim-
ulation not only activates a larger population of neurons, but 
it has the tendency of recruit the same neurons across stimuli, 
whereas patterned pulses recruits fewer and more alternated 
neurons. Network dynamic between DA‐depleted and phar-
macological‐activated striatal cell assemblies, were mimicked 
by the two forms of light stimulation. That is, pathologically 
engaged under continuous stimulation and flexible or alter-
nating under patterned stimulation (continuous: M = 0.52, 
SD = 0.19 n = 12 mice; pulsed: M = 0.4, SD = 0.23 n = 12; 
paired t (11) = 4.24, p < 0.001; Figure 7c).

DA modulates short and long‐term SPN function (Gerfen 
& Surmeier, 2011; Wickens, 2009), modulates its own re-
lease (Shen, Flajolet, Greengard, & Surmeier, 2008), pre‐
synaptically modulates GABA release at recurrent collateral 
synapses (Guzmaan et al., 2003; Tecuapetla, Carrillo‐Reid, 
Bargas, & Galarraga, 2007; Tecuapetla, Koos, Tepper, 
Kabbani, & Yeckel, 2009), tonically inhibits D2‐SPNs and 
possibly interneurons too all variables that affect SPN exi-
tability. (Flores‐Barrera, Vizcarra‐Chacon, Tapia, Bargas, & 
Galarraga, 2010). However, in the unilateral absence of DA, 
striatal neurons increase their activity and animals display 
persistent spontaneous ipsilateral turning.

4 |  DISCUSSION

Early studies of striatal cells after DA damage were unani-
mous in finding the striatal cells more active in anaesthetized 
animals for example (Arbuthnott, 1974; Hull et al., 1974; 
Ohye et al., 1970; Schultz, 1982; Schultz & Ungerstedt, 
1978). Then came the formulation that made a clear predic-
tion that in PD the direct pathway SPNs should be less ac-
tive, whereas the indirect pathway SPNs were more active 
(Albin, Young, & Penney, 1989). This formulation had its 
origin in changes in genetic activity in the two groups of cells 
(Gerfen & Young, 1988; Gerfen et al., 1990). The idea was 
very powerful and led to new therapies including globus pal-
lidus lesions (Laitinen, Bergenheim, & Hariz, 1992), then 
to subthalamic nucleus deep brain stimulation (Bergman, 
Wichmann, & DeLong, 1990) and thence to deep brain 
stimulation (Polack et al., 2007). However, there were dif-
ficulties in relating this success to the electrophysiology of 
individual cells of the two types once they became identifi-
able by transgenesis. Some laboratories did find differences 
in the expected direction (Flores‐Barrera, Vizcarra‐Chacon, 

F I G U R E  4  Photostimulation. (a) Photomicrograph illustrating 
the location of the stimulation optic fiber fixed in the dorsolateral 
striatum as delineated by dashed white line. (b) Box plots summarizing 
all behavioral sessions during optostimulation. With continuous light 
(15 s) (left) animals displayed turning behavior similar to 6‐OHDA 
treated animals, that is, toward the side stimulated. With stimulation in 
patterned pulses (14 Hz) animals displayed turning behavior opposite 
to the stimulated side (right). Behavioral sessions lasted approximately 
10–15 min divided as follows: a period of habituation (≈5 min) 
followed by three sequences repeated 10 times: 1–20 s pre‐stimulation, 
2–15 s of light stimulation either delivered continuously or in pulses 
and 3–30–60 s post‐stimulation. As described in Section 2.3, a tracking 
system was used to automatically measure turning. A contour detection 
snapshot of a recorded mouse illustrates the deviated posture typical of 
an ipsilateral DA depletion, but in this case in an intact mouse during 
optogenetic stimulation
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Bargas, Tapia, & Galarraga, 2011; Shen et al., 2008; Warre 
et al., 2011) but as the methodology became more sophis-
ticated, the obvious interactions of both cell types with 
cortical activity and the beta power increase in the electro-
corticogram, common in PD, has changed the emphasis from 
“faster or slower firing” to changes in the intrastriatal dy-
namics which result from the interactions of the many effects 
of DA removal on functional relationships within the stri-
atal network (Cui et al., 2013; Klaus et al., 2017; Lindahl & 
Hellgren Kotaleski, 2016; Parker, Kim, Alberico, Emmons, 
& Narayanan, 2016; Parker et al., 2018; Perez‐Ortega et al., 
2016; da Silva, Tecuapetla, Paixao, & Costa, 2018).

Analyses of many cells at a time have revealed that such 
neuronal activation is characterized by an increased number 
of coactive neuronal discharges that involve both types of 
SPNs (Jaidar, Carrillo‐Reid, & Bargas, 2012; Jaidar et al., 
2010). Using calcium imaging in eGFP transgenic animals, 
we first confirmed the characteristics of SPN activity in the 
absence of DA, and revealed that both populations of SPNs 
equally participate in this abnormal microcircuit activity. In 
our in vitro recordings of spontaneous activity in DA deprived 
animals, both populations of D1 and D2 SPNs to some extent 
increased their activity. Therefore, although electrophysio-
logical and anatomical evidence indicates that D2, but not 

F I G U R E  5  Comparison of responses to in vitro optogenetic stimulation delivered continuously or in patterned pulses. (a) Patch clamp 
recordings of SPNs expressing ChR2‐RCaMP1 h show normal passive and active membrane properties to 15 s stimulation delivered continuously 
(top) or in pulses at 14 Hz (bottom). (b) Example of in vitro recorded neuronal response of calcium indicator (RCaMP1 hr) from ChR2‐expressing 
SPNs with continuous (left) and pulsed (right) light stimulation. (c) Left and middle—Normalized amplitudes of calcium traces from cells 
activated by continuous stimulation were larger (M = 0.77, SD = 0.12, n17) than those produced by stimulation in patterned pulses (M = 0.37, 
SD = 0.13, n = 17); paired t (16) = 16.22, p = 2.33504−11). Right— Total number of activated cells from same recorded fields during continuous 
(M = 108, SD = 32.63, n = 11) and stimulation in patterned pulses (M = 61.54, SD = 29.65, n = 11) paired t (20) = 3.5, p = 0.00221. Parameters 
of stimulation were: 15 s of LED of 470 nm blue light stimulation either delivered continuously or in patterned pulses (6 ms pulses at 14 Hz), with 
intensity at the tip of 1.0 mW
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D1 neurons suffer a loss of dendritic spines (Day et al., 2006) 
but see (Suarez, Solis, Aguado, Lujan, & Moratalla, 2016) 
and an increase in excitability (Day, Wokosin, Plotkin, Tian, 
& Surmeier, 2008), in the absence of DA, perhaps the in-
crease in excitability could somewhat compensate the loss of 
dendritic spines. A recent electrophysiological study in anes-
thetized rats by Sharott and collaborators claimed that only 

D2 cells were changed in firing rate but their laborious meth-
odology meant a very small fraction of identified D1 cells in 
the lesioned animals (n = 5 in Figure 3 and n = 8 in figure 8) 
(Sharott, Vinciati, Nakamura, & Magill, 2017). Our method, 
although in vitro, samples at least 50 cells per slice of both 
genotypes, the calcium signals are not single action potentials 
like those of the electrophysiological studies but the likeliest 

F I G U R E  6  Comparison of SPN activity of synchronous striatal calcium signals induced by continuous and pulsed patterned optogenetic 
stimulation. Data are represented in sets of two graphs of striatal activity induced by a blue‐light‐emitting diode (470 nm;1.0 mW at the tip) 
delivered continuously for 15 s or in patterned pulses (14 Hz/15 s). Top traces: illustrate representative examples of raster plots of ChR2‐induced 
SPN calcium activity reported by RCaMP1 hr. Bottom traces: illustrate histograms of number of coactivated neurons from continuous (a, c, and 
e left) or patterned pulsed stimulations (b, d, and e right). Blue rectangles represent the light stimulus artifact (see Figure 4a); colors representing 
individual active neurons and coactivity are, black: all eGFP negative; green: D1eGFP+; red D2eGFP+. (e) In spite of a differential neuronal 
activation induced by stimulation delivered continuously or in patterned pulses, the percentage of activated SPNs within groups of positive 
or negative D1 or D2eGFP neurons remains around 50%, as expected. No preferential neuronal activation was observed. (f) Total number of 
coactivated neurons from both D1 or D2 neurons with positive eGFP expression. Note that both cell types showed higher synchronization to 
optogenetic stimulation delivered continuously than in patterned pulses (one‐way ANOVA F(3,92) = 43.56, p ≤ 0.0001)
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explanation for the transients we measure is a burst of at least 
three spikes (Carrillo‐Reid et al., 2008). The synchronization 
of striatal cells is common to both studies, with the Sharott 
et al. (2017) having correlated the synchronous discharges 
of D2 cells with beta frequencies in the EEG in their anaes-
thetized animals; an effect we could not test in vitro. Parker 
et al. (2018) reported on calcium transients in freely moving 
animals with a miniature camera and implanted GRIN lens. 
Although they too see reductions in D1 cell activity, they also 
see a dislocation of the response of (particularly D2) cells to 
the initiation of movements after 6‐OHDA injections. During 
normal movement both D1 and D2 cells are tuned to move-
ments but the rate changes obliterate the movement relations 
in D2 cells. These different results reflect the within animal 
control that we lose in our ex vivo models, but we do find a 
similar disruption of patterned activity in “clusters” of cells 
that they report.

The effect of bilateral SPN activation using optogenetic 
techniques has been studied (Parker et al., 2016), but only 
a few have explored unilateral effects of SPN manipula-
tions (Cui et al., 2013; Jin et al., 2014; Lee et al., 2016). 
We observed similar results following stimulation in pat-
terned pulses. This suggests that stimulation in patterned 
pulses is sufficient to stimulate striatal SPNs of either 
type. Consistently, network analyses revealed that stimula-
tion delivered in patterned pulses (14 Hz/15 s), compared 
to continuous stimulation, was less efficient in recruiting 
neurons, but obviously sufficient to induce contralateral 
turning. The smaller number of coactivated neurons by 
pulses (14 Hz) induced contralateral turning characteristic 
of tonic activation of striatal cell assemblies (Carrillo‐Reid 

et al., 2008; Ossowska & Wolfarth, 1995). Reminiscent of 
the patterning of responses in striatal cells (independent 
of output class) observed in the awake mice (Parker et al., 
2018). In contrast, from the analyses of network dynam-
ics, it is clear that continuous stimulation induces a sig-
nificantly higher similarity index compared to patterned 
stimulation, as also seen in dopamine‐depleted rats (Jaidar 
et al., 2010).

Therefore, it seems plausible that continuous stimulation 
induces a dominant recurrent pattern of network activity 
sufficiently pronounced to induce ipsilateral turning like the 
spontaneous turning observed in DA‐depleted animals. Such 
largely synchronous activity patterns would perhaps look 
“unstructured” if viewed with the small field of view in the 
in vivo camera, but in our study is obviously a very dispersed 
concurrent activation. Pulsed patterned stimulation could in-
duce a restorative neuronal activity by recruiting fewer co-
active neurons. This is a speculative functional relationship 
obtained from the observed in vitro neuronal network acti-
vation by the two stimulation parameters, that remains to be 
proven with in vivo recordings of neural networks, once tech-
nical advances allow such striatal recordings of hundreds of 
cells, without removal of the overlying cortical tissue.

The reasons for the differences in neuronal recruitment 
between patterned and continuous stimulation, although in-
teresting, are not the focus of this paper; methodological 
aspects perhaps involving a ChR2‐activated calcium conduc-
tance; reciprocal multisynaptic influences between direct and 
indirect SPNs and motor cortex (Burke et al., 2017; Freeze, 
Kravitz, Hammack, Berke, & Kreitzer, 2013; O'Hare et al., 
2016; Oldenburg & Sabatini, 2015; Shipp, 2017), intrastriatal 

F I G U R E  7  Analysis of network dynamics of D1 and D2 SPNs. The similarity index matrices of the stimulation induced by continuous 
(a) and stimulation in patterned pulses (b) show that continuous delivery of light activated sets of neurons with higher similarity index across 
stimulations, than stimulation delivered in patterned pulses. (c) Summary box plots to illustrate the significantly higher mean similarity index of 
vectorized activity observed with continuous versus patterned stimulation (paired t (11) = 4.24, p < 0.001, n = 12 mice). Black numbers: vector 
numbers; blue numbers: responses from one of the four stimulations
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influences on SPNs (Planert, Szydlowski, Hjorth, Grillner, 
& Silberberg, 2010; Taverna, Ilijic, & Surmeier, 2008) and 
or the participation of interneurons (Damodaran, Evans, & 
Blackwell, 2014; Dehorter et al., 2009) should be considered 
in further analyses. Modulation of neuronal assemblies by 
specific patterns of neuronal stimulation may represent a mod-
ified animal model to study the pathogenesis in basal ganglia.

Our purposes were to optogenetically activate selective 
groups containing both D1‐ and D2‐eGFP‐expressing neurons 
enough to induce the striatal network activity that presumably 
supports the spontaneous turning in dopamine‐depleted ani-
mals. Therefore, it may be possible that the larger synchroni-
zation of the striatal circuit (via continuous stimulation) more 
closely reproduced the effects of DA depletion. Consequently, 
the abnormal turning observed in the 6‐hydroxydopamine an-
imal model of PD may result from the pathological striatal 
synchronous activity that follows DA depletion.

It may be meaningful that to reproduce the pathological 
state, strong neuronal activation is necessary. It is clear that 
the stronger continuous stimulation of both D1 and D2 SPNs 
was required to induce the ipsilateral turning, as it is also the 
case for the bilateral excitation of D2 SPNs to elicit parkinso-
nian bradykinesia (Kravitz et al., 2010). A robust inhibition 
and excitation of different subsets of substantia nigra retic-
ulata neurons has been reported following bilateral striatal 
optogenetic stimulation of D1 or D2 SPNs, for 1,000 ms but 
not for 100 ms (Freeze et al., 2013).

Recently, in freely moving animals, it was reported that 
both SPN populations become active in localized compact 
groups of synchronized neurons, that alternate their ac-
tivity over time (Barbera et al., 2016; Klaus et al., 2017; 
London et al., 2018), these results are similar to previous 
slice recordings treated with NMDA (Carrillo‐Reid et al., 
2008). In contrast, slices from DA‐depleted animals report 
neuronal activity locked into a dominant network state 
with reduced alternations between the assemblies (Jaidar 
et al., 2010; Lopez‐Huerta et al., 2013). Normal striatal 
motor control requires activation of both direct and indi-
rect SPNs population in a “complementary” and “coordi-
nate” network dynamic (Jin et al., 2014; Klaus et al., 2017; 
Tecuapetla, Jin, Lima, & Costa, 2016; Vicente, Galvao‐
Ferreira, Tecuapetla, & Costa, 2016). Very recent results 
from a modeling study suggest that for planned movements 
both output pathways need to be engaged (Bahuguna, 
Weidel, & Morrison, 2018).

We conclude that the concept of neural networks has 
provided neuroscientists with an important tool not only to 
study their properties and capabilities (Blaeser, Connors, 
& Nurmikko, 2017; Carrillo‐Reid, Lopez‐Huerta, Garcia‐
Munoz, Theiss, & Arbuthnott, 2015; Carrillo‐Reid et al., 
2009, 2011; Liu et al., 2011), but to activate different func-
tional processes and the related behavior. Fear memories and 
freezing behavior have been induced by optically stimulating 

dentate gyrus neurons whose activity during passive avoid-
ance was previously identified (Liu et al., 2012; Ramirez 
et al., 2013); for review see (Carrillo‐Reid, Yang, Kang 
Miller, Peterka, & Yuste, 2017).

Here we have used neural network manipulation to demon-
strate that: (a) DA depletion caused simultaneous activation of 
both types of identified D1 and D2 SPNs, (b) the contralateral 
turning behavior, characteristic of unilateral activated striatal 
neurons, was induced by patterned pulsed optogenetic stimu-
lation of both types of SPNs, (c) ipsilateral turning behavior, 
as observed in DA‐depleted animals, was induced in normal 
animals by continuous optogenetic stimulation that mimics 
the pathological microcircuit dynamics that accompany this 
animal model of PD. Our experiments confirm that large, uni-
lateral and synchronous discharges of SPNs can simulate the 
ipsilateral turning model of PD in intact animals, and suggest 
that dopamine degeneration causes circling due to a similar 
large increase in unilateral SPNs discharge. The clinical rele-
vance of this finding is supported by past studies using turning 
behavior as a model for PD. Resent results implicating gluta-
mate receptors in the hyperexcitability of SPNs in monkeys 
(Singh et al., 2018) only add to the idea that this striatal patho-
logical activity is close to the symptom development in PD.
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Emerging roles of tetraspanins in plant inter-cellular and inter-kingdom communication
Saul Jimenez-Jimeneza, Kenji Hashimotob, Olivia Santana a, Jesús Aguirre c, Kazuyuki Kuchitsu b,
and Luis Cárdenasa

aDepartamento de Biología Molecular de Plantas, Instituto de Biotecnología, Universidad Nacional Autónoma de México, Cuernavaca, México;
bDepartment of Applied Biological Science, Tokyo University of Science, Noda, Japan; cInstituto de Fisiología Celular, Universidad Nacional
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ABSTRACT
Inter-cellular and inter-kingdom signaling systems of various levels of complexity regulate pathogenic
and mutualistic interactions between bacteria, parasites, and fungi and animal and plant hosts. Inter-
kingdom interactions between mutualistic bacteria such as rhizobia and legumes during nodulation and
between fungi and plants during mycorrhizal associations, are characterized by the extensive exchange
of molecular signals, which allow nitrogen and phosphate assimilation, respectively. A novel aspect of
this signaling exchange is the existence of specific structures, the exosomes, that carry important
molecules that shape the plant–pathogen interactions. Exosomes contain a wide array of molecules,
such as lipids, proteins, messenger RNA, and microRNAs, that play important roles in cell-to-cell
communication in animal and plant cells by affecting gene expression and other physiological activity
in distant cells within the same organism (e.g., during cancer metastases and neuron injuries). In plant
cells, it has been recently reported that exosomes go beyond organism boundaries and inhibit
a pathogenic interaction in plants. Plant produce and send exosomes loaded with specific small
miRNA which inhibit the pathogen infection, but the pathogen can also produce exosomes carrying pro-
pathogenic proteins and microRNAs. Therefore, exosomes are the important bridge regulating the signal
exchange. Exosomes are small membrane-bound vesicles derived from multivesicular bodies (MVBs),
which carries selected cargos from the cytoplasm (protein, lipids, and microRNAs) and under certain
circumstances, they fuse with the plasma membrane, releasing the small vesicles as cargo-carrying
exosomes into the extracellular space during intercellular and inter-kingdom communication. Animal
and plant proteomic studies have demonstrated that tetraspanin proteins are an integral part of
exosome membranes, positioning tetraspanins as essential components for endosome organization,
with key roles in membrane fusion, cell trafficking, and membrane recognition. We discuss the simila-
rities and differences between animal tetraspanins and plant tetraspanins formed during plant–microbe
interactions and their potential role in mutualistic communication.
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Introduction

The multiple functions of tetraspanins

Tetraspanins constitute a diverse superfamily of transmembrane
proteins, with 33 members identified in mammals and 17 in the
model plant Arabidopsis thaliana. Although tetraspanin homo-
logues have not yet been reported in yeast, bacteria, and archae,
they are ubiquitous in eukaryotic cells and the first member of this
family likely appeared around 570 million years ago.1,2 Several
tetraspanin isoforms exist in deuterostomata, including fruitfly
(Drosophila melanogaster), zebrafish (Danio rerio), and
humans.3–5 Tetraspanins are involved in basic cell functions
such as motility, fusion, and membrane and vesicular trafficking,
and play key roles in diverse physiological processes including
sperm–egg fusion, antigen presentation, and tissue
differentiation.2,6–8 While knockout of the tetraspanins CD9-
and CD81 in mice (Mus musculus) results in a clear defect in
egg–sperm fusion, other tetraspanins are involved in virus and
parasite interactions.2,6–10 More recently it has been reported that

a single point mutation, L31S substitution in the third amino acid
of TM1 has been associated with field-evolved resistance of cotton
bollworm to transgenic Bt cotton.11Tetraspanins also regulate
cellular invasiveness or metastases through associating with pep-
tidases, matrix metalloproteinases, and urokinase plasminogen
activator surface receptors in animal cells.12 In animals and plants,
some tetraspanins have a broad tissue distribution, while others
show a restricted expression; for instance, in plant cells, different
tetraspanins are expressed in specialized tissues such as the repro-
ductive tissue andmeristems, during embryo development, and in
specific cell niches, such as the quiescent center or the early initial
cells that give rise to lateral roots.13–15

Tetraspanins appear to act as molecular organizers by forming
homo- or heterodimers that localize to microdomains known as
tetraspanin-enriched microdomains (TEMs). As components of
TEMs, both animal and plant tetraspanins maintain a network of
interactions with other membrane proteins, such as integrins, and
signaling molecules, such as receptors, allowing the assembly of
multi-molecular signaling platforms.12 Therefore, tetraspanins are
dynamic master organizers within membranes that control the
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distribution and clustering of associated partner-proteins and
thereby regulate cellular functions, such as signaling and
adhesion.14,16 Their role in vesicular trafficking and as
a component of exosomes, whichmediate the transport of protein,
lipids, and microRNAs during intercellular and interkingdom
communication, open a new avenue of research in pathogenic
and mutualistic interactions in plant and animal hosts.17

Tetraspanin structure

As its name implies, tetraspanins are proteins with four
membrane-spanning domains. The amino- and carboxy-
terminal tails and a small loop between transmembrane
regions 2 (TM2) and 3 (TM3) are localized in the cytoplasmic
compartment. Two loops, a small one (ECL1) located between
TM1 and TM2, and a large one (ECL2) between TM3 and
TM4, are extracellular (Figure 1).6,18 ECL2 can be subdivided
into a conserved and variable region. The conserved region
mediates dimerization, whereas the variable region is required
for interactions with non-tetraspanin partner molecules. The
highly conserved cysteine residues in the large ECL2 are
essential tetraspanin signatures, and the polar residues con-
served in the TM regions stabilize the tertiary structure.12

Palmitoylation of intracellular and juxta-membrane
cysteines might be required for initiating tetraspanin–tetra-
spanin web formation. This chemical modification also pro-
tects tetraspanins from lysosomal degradation, provides a link
to cholesterol and gangliosides, and promotes cell–cell
contact.6,19 In animal cells, palmitoylation of specific integrins

also contributes to tetraspanin complex formation.20

Although bona fide integrins have not been identified in
plant cells, other proteins such as NDR1 play similar
functions.21 In plant cells, some tetraspanins possess
a tyrosine-based sorting motif (Yxxφ, with φ representing an
amino acid with a bulky hydrophobic side chain) at the
carboxyl end that delivers the tetraspanin to a specific intra-
cellular compartment.17,22 However, internalization can also
proceed through association with proteins with a sorting
motif or by additional, not yet defined domains.12 The
major extracellular loop ECL2 is a key region for tetraspanin
function in animal and plant cells. Disulfide bonding between
conserved cysteines in ECL2 produces a sub-loop structure in
this region, which shows the greatest variability between
tetraspanins.15,23 Some tetraspanins have an additional two-
to-four cysteines within this sub-loop, which may also parti-
cipate in disulfide bonding. The remainder of the ECL2 region
is highly conserved and contains three alpha helices.2 The
ECL2 loop appears to determine tetraspanin functional speci-
ficity and most specific monoclonal antibodies (mAb) bind to
this region.2

Conservation of a single Cys residue at a specific point in the
small loop is a unique feature of plant cell tetraspanins, suggesting
that it plays a particular role that has not yet been determined. For
instance, disulfide bonding between the big and small loops, which
is important for tetraspanin–tetraspanin interactions, could stabi-
lize the interaction in a redox-dependent fashion or affect the
affinity for cholesterol or gangliosides present in the plasma
membrane.24 In contrast to animal tetraspanins, plant tetraspanins

Figure 1. A general model describing the tetraspanin organization in the plasma membrane. Note the similarity and differences in the two extracellular loops. Plant
tetraspanins contain a conserved cysteine that is not present in animal tetraspanin. (SEL) small extracellular loop, (LEL) large extracellular loop, (ICL) intracellular
cytoplasmic loop, (GYEVM) endosome signal peptide, (GCCK/RPC) conserved sequence in plants, (LVL) putative plasmodesmata sorting.
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have nine, rather than four, six, or eight, completely conservedCys
residues.14 In plants, missense mutations in these Cys residues in
trn2–2 and trn2–3 alleles, or the exchange of an uncharged amino
acid (Pro-164 in trn2–2 and Gly-177 in trn2–3) with a charged
amino acid (Gluc) within the conserved EC2 region containing
three Cys residues, could affect folding due a defect in disulfide
bridges and thereby inhibit tetraspanin function.25 This is intri-
guing, as crystallographic data and an analysis of the molecular
dynamics of tetraspanin CD81 ECL2, showed the conformational
plasticity of the EC2 region under different pH values and redox
environments, suggesting that it acts as a molecular sensor of
environmental change.15,26 It is possible that plant tetraspanins
could have a similar response under pH and redox changes. Little
is known about the C-terminal tail of tetraspanins, a divergent and
short region (4 to 40 amino acids) in animals and plants that is
longer in fungi.14,15,27 However, the C-terminal tail has been
implicated in trafficking, as discussed below.28–30

Tetraspanin interactors: what we have learned from
the animal field and how little is known in plant cells

In animal cells, the most prominent tetraspanin interactors
are the integrins, growth factor receptors, G-protein-coupled
receptors (GPCRs), several peptidases, transmembrane pro-
teins associated with tumor progression (CD44), epithelial cell
adhesion molecule (EPCAM), immunoglobulin (Ig), protein
kinase C PKC), phosphatidylinositol 4-kinase (PI4KII), and
phospholipase Cγ (PLCγ).12 By contrast, the interactors of
plant tetraspanins are unknown and the literature is limited
to the expression and subcellular localization of plant tetra-
spanins in a few cell models,4,14,15,31 and their role in recruit-
ing ROS generating enzymes.32–34

In animal cells, TEM components have been dissociated
using various detergents to examine interactions between tetra-
spanins and other molecules in the TEM. Different levels of
interactions, ranging from strong associations to much weaker
associations that are stable only in less hydrophobic detergents,
such as Brij97, have been observed.23 Three types of primary
tetraspanin interactions, types I–III, exist. Type I interactions
involve direct protein–protein interactions, such as those occur-
ring in tetraspanin homodimers, homotrimers, homotetramers,
and some heterointeractions.23,35 Most tetraspanin–integrin and
tetraspanin–tetraspanin interactions are type II interactions,
which are less strong. Palmitoylation of tetraspanins, and possi-
bly of their associating proteins, is essential for this type of
interaction, which may be initiated in the Golgi apparatus.36

Weak type III interactions, such as those occurring between
tetraspanin and several kinases, are also stabilized by palmitoyla-
tion. In addition to primary interactions, the functional activity
of tetraspanins also depends on cholesterol and gangliosides,
which enable higher-order tetraspanin complexes to form,
which constitute the TEM.37 TEMs provide a signaling platform
that recruits tetraspanin and its interactors. The palmitoylation
of juxta-membrane cysteine residues of tetraspanins (Figure 1) is
critical for the assembly of TEMs and is necessary for tetraspa-
nin/tetraspanin interactions. Some integrins are also palmitoy-
lated, and this modification appears to promote TEM formation.
Cholesterol embedded in the membrane of the endosome is
thought to stabilize TEMs.

Although TEMs share features with lipid rafts, they are
independent and distinct from these structures. For instance,
lipid rafts, but not TEMs, are disrupted by Triton X-100 at 4°
C and the signature molecules of classical rafts, such as the
glycosylphosphatidylinositol-anchored proteins and caveolin,
do not associate with tetraspanins.12 Furthermore, TEMs can
be purified in low-density sucrose gradient fractions and are
enriched in certain lipids (e.g., cholesterol and ganglioside
GM3), while lipid rafts have different biophysical properties,
are more sensitive to cholesterol depletion, and contain dif-
ferent arrays of membrane proteins.6,7 Visualization of TEMs
by fluorescence microscopy suggested that they are confined
in discrete units at the nanometric scale for each class of
tetraspanin. Recent single-molecule analyses of tetraspanin
CD9 in animal cells shed light on tetraspanin dynamics in
TEMs and the plasma membrane, redefining the tetraspanin
web.7,38,39 These studies indicate that tetraspanins form stable
interaction platforms that are distinct from lipid rafts and in
permanent exchange with the rest of the cell membrane. In
addition, CD9 mobility and partitioning into these platforms
depends on palmitoylation and cholesterol.2

Although no direct interaction partners of tetraspanins have
been identified in plant cells, the cellular distribution of tetraspa-
nin in reproductive tissues has been described.15 Genetic data
indicate that AtTET1 functions in a common pathway with
TORNADO1 (TRN1), a leucine-rich-repeat protein that regulates
patterning processes during Arabidopsis thaliana development,
and double mutant analysis showed that these proteins are
required for related, overlapping signaling events.14

Furthermore, AtTET1 functions together with WINDHOSE1
and 2 (WIH1/WIH2), two small peptides, to promote
megasporogenesis.25,40,41 The short and divergent C-terminal tail
of both animal and plant tetraspanins has been linked to targeting
to intracellular locations and interaction with cytoskeletal or sig-
nalingmolecules, including protein kinase C, integrins, andmu3A
subunit AP-3.14,15,19 The phenotype of the Arabidopsis mutant
trn2-4, which lacks 10 of 14 amino acids of the tetraspanin
C-terminal tail, is as dramatic as that of the other trn2 alleles,
suggesting that this region of plant tetraspanins is as critical as that
described for animal tetraspanins.25 The C-terminal tail of the
fungal tetraspanin Tps3 is larger than that of plant and animal
tetraspanins and its specific interactors are unknown.27

Tetraspanins are key players in cancer development, with
multiple antagonistic effects.42 For example, the tetraspanin
CD82 is downregulated, while tetraspanins CD151 and tetra-
spanin 8 are induced during metastases and support tumor
progression.12 Not all activities of tetraspanin rely on primary
interactions with associating molecules; some biological phe-
nomena can only be explained by considering the higher
organization of tetraspanin complexes, which can interfere
with the capacity of tetraspanins to recruit other molecules
that negatively regulate a cellular event, such as the activation
of a tyrosine phosphatase.43 However, recruitment of specific
partner molecules in TEMs such as gangliosides could con-
tribute to CD82-mediated metastasis-inhibiting activity.12

Tetraspanin CD9 also hampers the migration of metastasizing
cells by interacting with the cytoskeleton. Indeed, overexpres-
sion of CD9 downregulates WAVE2 by a yet unknown
mechanism,44 since WAVE is part of the ARP2 and ARP3

PLANT SIGNALING & BEHAVIOR e1581559-3



complex in actin polymerization, it links upstream signals to
activation of the ARP2 and ARP3 complex (e.g., during
lamellipodium and filipodium formation). Some tetraspanins
have a Yxxφ sorting motif, located close to the transmem-
brane region, that can disrupt the binding of the μ subunit of
the AP2 adaptor complex, resulting in another cytoskeleton
key regulatory component.12,17 Therefore, tetraspanins exert
their function by modulating, stabilizing, or preventing the
activities of their associated molecules, depending on the
composition of the TEM.12,44,45

Role of tetraspanin in cell trafficking

Although tetraspanins were first identified as cell surface mar-
kers, it is now clear that some associate with the endosomal
pathway, i.e., in early and late endosomes, multivesicular bodies
[MVBs], clathrin-coated vesicles, lysosomes, and various types
of secretory vesicles.46 Tetraspanins on the plasma membrane
can be internalized via endocytosis and traffic to intracellular
vesicles.47,48 Conversely, on cell stimulation, secretory vesicles
containing tetraspanins fuse with the plasma membrane.46 Late
endosomes and MVBs also fuse with the plasma membrane and
release vesicles containing microRNA, proteins, and lipids
known as exosomes that are enriched in certain tetraspanin
proteins.49 Exosomes released from cells infected with intracel-
lular pathogens, including mycobacteria, are potent stimulators
of inflammation in uninfected cells.50 Thirteen of the 33 mam-
malian tetraspanins contain potential tyrosine-based sorting
motifs, which have also been described in plants. However, in
plants, additional motifs have been identified in tetraspanins,
and the coat protein clathrin is necessary and sufficient for the
uptake of cargo into clathrin-coated vesicles (CCVs). These
motifs in the tetraspanins are based on the sequences YXXØ
[D/E]XXXL[L/I] and FXNPXY, which are recognized by
a family of adaptor protein (AP) complexes that determine the
cellular localization of interacting proteins.2,17 The intracellular
trafficking of tetraspanin CD63 has been well described.17,22

CD63 has a conserved GYEVM motif at its C-terminus, which
interacts primarily with AP-2 complexes, linking tetraspanins to
clathrin-mediated endocytosis pathways, and with AP-3 com-
plexes for trafficking from endosomes to lysosomes.
Furthermore, CD63 is also targeted to lysosomes directly from
the trans-Golgi network.22 Tetraspanin CD63 interacts directly
through its C-terminus with syntenin, which may compete with
AP-2 and AP-3 to alter the trafficking of syntenin and therefore
link its spatial localization with actual function.17,22 It has also
been recently suggested that CD63 in animal cells is internalized
from the plasma membrane by endocytosis of a specialized type
of lipid raft known as caveolae, linking tetraspanin to the regula-
tion of endocytosis.2,17,22

Tetraspanins as key players in pathogenic
interactions in animal and plant cells

Several infectious agents evolved mechanisms to exploit tetra-
spanins for pathogen entry, subsequent intracellular traffick-
ing, replication, and even exit from the host cell. Tetraspanins
have been associated with or shown to mediate infection by
human hepatitis C (HCV), HIV, Plasmodium species that

cause malaria, certain types of bacteria, and even prions.2

Some viruses (e.g., HIV, human T-cell leukemia virus
[HTLV]) induce cell–cell fusion in a tetraspanin-dependent
manner, resulting in the formation of giant cells or viral
syncytia that contribute to spread of infection.2,51 In some
cases, tetraspanins act as pathogen receptors; however, they
can also work as ‘molecular organizers’, forming TEMs by the
lateral association of tetraspanins with other tetraspanin and
non-tetraspanin membrane proteins.2

In T cells themselves, tetraspanins in TEMs promote actin
cytoskeleton associations that may lead to more efficient sig-
naling or contribute to the formation of the immune synapse
in T cells and it has been suggested that tetraspanins facilitate
antigen presentation or antigen signaling.2 The localization of
tetraspanins in TEMs has made it challenging to define the
functions of individual family members, mainly because the
antibodies that cross-link specific tetraspanins also perturb
the organization and functions of interacting molecules, giv-
ing misleading information.23,43 However, the soluble recom-
binant EC2 domain is an alternative tool to investigate the
role of specific tetraspanins.52 Recombinant EC2s appear to
fold correctly and have biological activity in a number of
systems.2,52 Nonetheless, knockouts clearly demonstrate that
particular cellular functions (e.g., T-cell proliferation, sperm–
egg fusion) can be affected by the modulation of a specific
tetraspanin. Targeting of individual tetraspanins may provide
a therapeutic means to modulate cellular processes without
global detrimental effects on the organism, including plant
cells.2

Plants have the capability to respond to abiotic and biotic
stresses, including fungal pathogens. Fungi are responsible for
major diseases of agriculturally important plants. For example,
Magnaporthe grisea is the causative agent of the most devastating
fungal disease (blast) of rice (Oryza sativa) worldwide, Botrytis
cinerea is a necrotrophic pathogen affecting more than 200
different host plants, and Colletotrichum lindemuthianum is
responsible for anthracnose diseases in a wide range of crops
and ornamental plants. The ability of plant pathogenic fungi to
infect their host plants depends on successful penetration into
plant tissues. During the infection process, these fungi differenti-
ate a specialized cell called the appressorium, in a process invol-
ving arrest of polarized growth, apex swelling, and cell wall
reinforcement27,53,54 (Figure 2). Appressorium-mediated pene-
tration occurs through the formation of a penetration peg at
the base of the appressorium lying against the plant substratum,
a region called the ‘appressorium pore’. The narrow penetration
peg is able to perforate the host surface, which includes the plant
cuticle and cell wall, allowing the fungus to penetrate into host
tissues.27,53,54 The penetration peg emerges at a certain point of
the base of the appressorium and requires spatial and temporal
coordination of cellular functions, including reorganization of
cytoskeletal elements; vesicular trafficking; exocytosis, including
membrane and synthesis; assembly and remodeling of the cell
wall.53,55,56 Fungal tetraspanins have emerged as key coordina-
tors of the infection process in several pathogenic fungi
(M. grisea, B. cinerea, and C. lindemuthianum).32,54,57,58 In
these phytopathogenic fungi, Pls1 is essential for appressorium-
mediated penetration into the host plant, since Pls1 null muta-
tions result in appressoria that are unable to form functional
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penetration pegs.27,53,58 Using a transcriptional fusion between
the PLS1 promoter and an eGFP reporter gene, clear expression
is observed during the penetration of B. cinerea.54 These results
suggest that processes involved in appressorium-mediated pene-
tration are conserved among taxonomically unrelated fungal
species.27,54 Since peg formation and penetration require the re-
establishment of cell polarity at a focal point localized at the base
of the appressorium, Pls1 tetraspanins might be required for the
correct localization of the emergence site of the penetration peg.
The finding that penetration peg was aborted or mislocalized in
C. lindemuthianum clpls1 null mutants supports this
interpretation.58 Therefore, functional studies of Pls1 tetraspa-
nins in pathogenic fungi may reveal more general functions such
as the generation of positional information during specific stages
of fungal morphogenesis.

Tetraspanins as regulators of localized ROS
generation by NADPH oxidases (NOX)

The wide distribution of tetraspanins in eukaryotes and their
notable absence in unicellular fungi suggest that tetraspanins co-
emergedwithmulti-cellular organisms during evolution, and are
thus associated with multicellularity.4 It is largely unknown how
tetraspanins engage in multi-faceted functions at the cellular
level. However, there is an emerging co-occurrence between
tetraspanins and the mechanisms of ROS generation.33 In the
nematode C. elegans, the rigid and flexible cuticular exoskeleton,
which is composed of collagen, protects the internal tissues.
Once secreted, this collagen is tyrosine cross-linked in a ROS-
dependent manner, in a process assisted by BLI-3, a DUOX
NADPH oxidase.59 This process also requires the participation

(a)

(b)

Figure 2. A model describing the role of exosomes in inter-kingdom communication. (a), Note the key role of exosomes in transporting molecules and tetraspanin in
the exosome membranes as a marker. (b) Putative role of exosomes in mutualistic interactions. (MVB) multivesicular bodies, (Ap) appressorium, (Hy) hyphae, (PAM)
periarbuscular membrane, (PAS) periarbuscular space, (HSPs) heat shock proteins.
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of tetraspanin TSP-15, which recruits the NADPH
oxidase.33,34,60 Inactivation of this tetraspanin or of BLI-3 pro-
duces similar phenotypes. This finding suggests a connection
between themechanism generating ROS and the tetraspanins. In
fungi, tetraspanins have been related to NOX function based on
the fact that mutants lacking either of these proteins show the
same phenotypes. Furthermore, during plant infection with the
pathogenic fungus M. grisea or B. cinerea, the tetraspanin PLS1
specify the infection sites, and the tetraspanin and ROS gener-
ated by NADPH oxidase coordinate ROS production at the
infection site. Furthermore, in the pathogenic
C. lindemuthianum, a tetraspanin is required in the appressor-
ium, which is a swollen not growing structure, but in order to
progress the fungal infection a re-initiation of the polarity is
required.32–34,58,61 Furthermore, in Claviceps purpurea, Nox2
and Pls1 are also important for host–pathogen interaction.62

These data point to a strong connection between tetraspa-
nins and the ROS generating machinery, both in animal and
plant cells, suggesting that tetraspanins regulate localized ROS
production.33,34,60,63 Localized ROS production is also
required during Casparian strip lignification in plants, where
CASP, a protein that recruits NADPH oxidase, plays a role
similar to tetraspanin, by bringing together NADPH oxidase
and peroxidase and ensuring the localized activation of the
oxidase.64 Tetraspanins have also been found at the tip of
growing pollen tubes, a region that requires NADPH oxidase
activity for the generation of ROS, key players in the regula-
tion of polar growth.65,66 Moreover, tetraspanins accumulate
at the site of female gametophyte differentiation, suggesting
an active role during pollen fertilization, a well-described
ROS-dependent process that regulates programmed cell
death.15 It is tempting to speculate that tetraspanins recruit
the ROS-generating machinery in a site-localized manner.

Exosomes as signaling shuttles, from inter-cellular
communication to inter-kingdom communication

Inter-cellular and inter-kingdom signaling require specific mole-
cules that can diffuse and be recognized by a different cell.
Exosomes have emerged as a ubiquitous mechanism for transfer-
ring information between cells and organisms across all three
kingdoms of life.67,68 Initially described in animal cells as
a general signaling pathway that allows communication between
tumor and distal tissue during metastases, exosomes have also
been shown to function in immune surveillance in plant cells
during host–pathogen interactions,69–72 and we propose that exo-
somes could also contribute to the regulation of mutualistic
interactions.

Exosomes containing proteins, lipids, and RNAs produced
by fungal pathogens can promote plant infection by transmit-
ting pathogen-related molecules that could escape the host
immune system or inhibit immune responses by favoring
immune cell apoptosis. Furthermore, exosomes secreted by
the plant host can have anti-infection roles by inducing
immune responses that inhibit pathogen proliferation or
infection. Therefore, exosomes might act as regulatory
“bridges” during plant–pathogen interactions.70

How are exosomes produced and how are they related to
tetraspanins? The general view is that exosomes are derived

from multivesicular bodies (MVBs), which form when the endo-
somal membrane undergoes invagination, taking up proteins,
lipids, inhibitors of apoptosis, and microRNAs from the
cytosol.73,74 The resulting vesicles inside the endosomes are
termed MVBs. MVB either fuse with lysosomes or the plasma
membrane, releasing their intraluminal vesicles as exosomes.
There are other similar structures such as the ectosomes and
microvesicles, which are assembled and released directly from
the plasma membrane and therefore represent a different size
and origin. The molecular composition of exosomes reflects
their origin from intraluminal vesicles and includes several tetra-
spanins both in animals and plants.71 It is important to note that
exosomal proteinsmaintain their activity. Another notable feature
is phosphatidylserine content on the outer membrane leaflet of
the exosome in animal cells, which facilitates or triggers exosome
uptake by phosphatidylserine-binding proteins (such as scavenger
receptors, integrins, and complement receptors). The finding that
exosomes can contain mRNAs and microRNAs that can be
transferred to target cells where they can be translated or mediate
RNA silencing, is a critical aspect of intercellular communication
during the immune response, cell-to-cell spread of infectious
agents, and tumor progression.75–79 This process is specific to
the target cell, such that RNA is transcribed in one cell, but travels
long distances to affect another cell. Notably, the relative abun-
dance of proteins, mRNA, and microRNA differs between exo-
somes and the cytoplasm of donor cells, suggesting a certain
degree of specificity in the segregation of these components and
therefore in the specificity of this type of communication. This
implies that cargo is actively sorted into multivesicular bodies,
through mechanisms such as monoubiquitylation, localization in
cholesterol-rich membrane microdomains, or higher-order oligo-
merization. Although the contribution of tetraspanins to the
composition of exosomes is well established, their impact on the
functions of exosomes is unknown. However, it seems likely that
tetraspanins are involved in the cross-talk between distant cells.12

Specific tetraspanins and their interacting proteins, might contri-
bute to exosome function and define the target cell.80 Future
studies providing the molecular mechanism to select the cargo
and target cells by the exosomes will provide important informa-
tion to manipulate the formation and targeting of exosomes.2,81,82

Exosomes in inter-kingdom communication during
plant–pathogen interactions and future directions in
mutualistic interactions

Eukaryotic regulatory small RNAs (sRNAs) that induce RNA
interference (RNAi) are involved in a plethora of biological
processes, including host immunity and pathogen virulence
for successful infection.83–85 In plants, diverse classes of
sRNAs contribute to the regulation of host innate immunity.
These immune-regulatory sRNAs operate through distinct
RNAi pathways that trigger transcriptional or post-
transcriptional gene silencing. Remarkably, the influence of
regulatory sRNAs is not limited to the individual organism in
which they are generated and it can sometimes extend to
interacting species from different kingdoms.71,86 Similarly,
many pathogen-derived sRNAs regulate pathogen virulence,
where they trigger gene silencing in the interacting organism,
a phenomenon called cross-kingdom RNAi.85,86 Aggressive
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fungal pathogens such as Botrytis and Verticillium spp. that
cause severe crop losses worldwide secrete effector proteins
that suppress host immune responses.86 Notably, the plant
fungal pathogen Botrytis cinerea delivers and translocates
small RNA effectors into host cells, where they hijack the
plant RNAi machinery and suppress host immunity.85,86

Upon B. cinerea infection, expression of the microRNA Bc-
siR37 is specifically induced in the fungus, downregulating at
least eight predicted Arabidopsis target genes and thereby
enhancing disease susceptibility to B. cinerea.86 Furthermore,
knockout of the target genes of Bc-siR37 enhances disease
susceptibility, further indicating that these genes promote
plant defense against B. cinerea.86 In summary, by regulating
the expression of specific target genes in the plant host, it is
possible to control multiple fungal diseases simultaneously.
Therefore, cross-kingdom RNAi opens up a vastly unexplored
area of research on mobile sRNAs in the host–pathogen
interactions.71,78,85 The big question is how is cross-kingdom
communication carried out? Exosomes are produced in all
domains of life, but little is known about exosomes in plants
despite their implication in plant defense.71,87–89 This work
lays the foundation for the concept of cell-to-cell communica-
tion through exosomes in plants.79 This idea is also supported
in sunflower (Helianthus annuus), where exosomes in extra-
cellular fluids of seedlings are enriched in cell wall remodeling
enzymes and defense proteins which can be taken up by the
phytopathogenic fungus Sclerotinia sclerotiorum, and affect
fungal growth and even killing fungal cells.88

In animal cells, sRNAs can be transported by extracellular
vesicles, specific transmembrane proteins, high-density lipopro-
tein complexes, or gap junctions.90 The gastrointestinal parasite
Heligmosomoides polygyrus also secretes exosomes, thereby
transporting microRNAs (miRNAs) into mammalian cells and
suppressing host immunity.76 By contrast, the mechanism by
which sRNAs are transported from hosts to interacting patho-
gens is unknown. In plant cells, it is well known that sRNAs
travel through plasmodesmata, and thus systemically through
the vasculature; however, cross-kingdom/organism RNA inter-
ference (RNAi) mediated by exosomes opens up a new area of
research.71 Because exosomes transfer miRNAs between animal
cells as part of a long-distance signaling system and also in
parasites interacting with mammalian host cells, the recent find-
ing that plants and pathogenic fungi employ a similar mechan-
ism involving exosome-mediated sRNA transfer indicates that
exosomes constitute a general mechanism for intercellular and
inter-kingdom signaling. This is a bi-directional communication
with exosomes generated in the host to control the pathogen, but
also with exosomes generated in the pathogen to promote the
infection. Thus, studies should examine how exosomes travel
across the boundaries between organisms of different taxonomic
kingdoms.71 In Arabidopsis, the cuticle is an important barrier
against pathogens. However, in cuticle mutants, higher ROS
production is able to sustain constitutive resistance against
B. cinerea due to an increase in the cuticle permeability, which
facilitates the diffusion and recognition of the cuticle monomers
that induce the innate response. However, increased cuticle
permeability could also facilitate exosome transport and diffu-
sion in the permeable cuticle, allowing for neutralization of the
pathogen through the exchange of miRNAs.91–93

Mammalian tetraspanins, such as CD63, are specific exo-
some markers.77 Arabidopsis has 17 TETRASPANIN (TET)-
like genes, but only closely related TET8 and TET9, which are
structurally similar to mammalian CD63, are induced by
B. cinerea infection, at the fungal infection sites and as part
of the exosomes.15,94 Since mammalian exosomes are derived
from MVBs, it is not surprising that the Arabidopsis thaliana
MVB marker Rab5-like GTPase ARA695 is also enriched at
infection sites, and is partially co-localized with TET8, sug-
gesting that TET8-associated vesicles are likely derived from
MVBs. Electron microscopy studies revealed in Arabidopsis
that MVBs fuse with the plasma membrane and release extra-
cellular vesicles at infection sites. Furthermore, TET8-
associated vesicles have been visualized withTET8-GFP, but
not ARA6, because ARA6 localizes to MVB outer membranes
that fused to and remained on plasma membranes.71 Thus,
TET8-labeled extracellular vesicles can be considered as
a specific marker for plant exosomes. The observations that
TET8-GFP-labeled exosomes can be taken up by fungal cells
under in vitro conditions71 and that exosome-carried sRNAs
can be translocated to fungal cells supports the involvement of
a shuttle mechanism in inter-kingdom communication.

Animal tetraspanin proteins can induce the formation of
specific TEMs; therefore, the finding that TET8-CFP and
TET9-YFP are co-localized at fungal infection sites suggests
that a particular TEM exists in those regions where hetero-
tetraspanin organization is required. Such a TEM could play
a key role in exosome biogenesis and translocation since the
tet8 T-DNA knock-out mutant and two independent tet9
CRISPR frame-shift lines resulted in a weak, but consistently
enhanced susceptibility to B. cinerea, as compared to the wild
type.71 Moreover, tet8tet9 double mutants showed pro-
nounced enhanced susceptibility, suggesting that TET8 and
TET9 have partially redundant functions, and supporting the
idea that TET8- and TET9-associated exosomes contribute to
plant immunity against fungal infection by transferring host
sRNAs into fungal cells.71 The transferred sRNAs are thought
to suppress fungal pathogenicity by targeting fungal virulence
genes. Most Arabidopsis sRNAs transferred to B. cinerea have
predicted target genes, such as those involved in trafficking
pathways, that are downregulated after infection. When such
target genes were mutated in B. cinerea, the resulting strains
showed reduced virulence on Arabidopsis, supporting the idea
that vesicle trafficking pathways are important for fungal
virulence.71,86 Furthermore, transgenic Arabidopsis lines over-
expressing those sRNAs displayed a reduced susceptibility to
B. cinerea and the pathogen showed reduced expression of the
target genes.71 Therefore, exosomes play an essential role in
cross-kingdom sRNA trafficking between Arabidopsis and the
fungal pathogen B. cinerea.

An interesting parallel has been reported in humans: cross-
kingdom trafficking of human miRNAs into the parasite
Plasmodium falciparum inhibits expression of its pathogenicity
genes, which explains why sickle cell anemia patients, who have
elevated levels of these transferred miRNAs, are more resistant
to malaria.71,96 It is unclear whether human exosomes are also
responsible for sRNA delivery, and how ubiquitous such sRNA
trafficking-mediated defense mechanisms are in animals and
plants. Functional studies of host-transferred sRNAs may reveal
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important virulence genes in pathogens and pests. Knowledge of
tetraspanin activity during exosome biogenesis, cargo loading,
and cross-kingdom RNAi may suggest a strategy to develop
effective delivery methods of pathogen-targeting artificial
RNAs with the goal of controlling plant diseases during pre-
and post-harvesting of crops.

MVBs proliferate in susceptible and resistant barley
(Hordeum vulgare) leaves in response to infection by the
biotrophic powdery mildew fungus Blumeria graminis f. sp.
hordei, and this response is associated with the cell wall
defense response.97,98 This response is also exacerbated in
the cytoplasm of haustorium-containing epidermal cells,
where MVBs proliferate in the vicinity of the cell wall-
associated oxidative microburst.99 Since MVBs are related to
exosome biogenesis, this could explain the exosome produc-
tion observed at infection sites.

The successful establishment of the arbuscular mycorrhizal
(AM) symbiosis relies on the formation of arbuscules in the
inner cortex of the root, which mediates a nutrient exchange
between the plant and fungus (Figure 2). A variety of transporter
proteins on the peri-arbuscular membrane facilitate nutrient
exchange and communication. Arbuscule formation depends
on fungal recognition by the host plant, which requires the
tight coordination of several cellular processes ranging from
the formation of the pre-penetration apparatus to initial fungal
colonization and development of arbuscules. During the early
stages of infection, mycorrhizal associations also require cross-
talk between the host and the beneficial fungus, and this signal-
ing can occur before the hyphae have come into contact with the
host. Plants secrete strigolactones, which induce hyphal branch-
ing, and stimulate the production and secretion of Myc factors,
which allow the colonization process.100,101 It would be interest-
ing to determine if MVBs proliferate at the arbuscule region and
to determine at which stages of the mutualistic interaction exo-
somes are produced. So far, there is clear evidence that the
secretory pathway of the plant host plays a critical role in the
arbuscule formation, but it is unclear how this pathway is redir-
ected during arbuscule development. It is attractive to speculate
that exosomes coordinate the exchange of proteins, lipids, and
sRNA during the establishment of AM symbiosis. Transcription
factors are known to function in the transcriptional reprogram-
ming of cortical cells during arbuscule development, and it is
possible that they are modulated by exosomes released from
fungi and the plant host. Studies involving the silencing and
overexpression of key proteins involved in exosome biogenesis
and function, such as the tetraspanins, will provide further
insight into exosome biogenesis and the possible reprogram-
ming of hyphal polarity in the hyphopodium structure which
requires a further re-initiation of polarity to infect the host cells
and generates the arbuscule formation.

Proteomic analyses of exosome cargo components formed
during the AM symbiosis will be instrumental in determining
their composition relative to those reported in pathogenic
interactions.71,102 Recently, H2O2 has been described as an
important component of axonal regeneration after acute
injury.103 However, the injured neurons do not express the
NADPH oxidase required for ROS generation. Instead,
macrophages recruited to the vicinity secrete exosomes

carrying NOX enzymes, which are taken up by the injured
neuron via endocytosis and promote axonal growth in a ROS-
dependent manner.103–105 This is the first report describing
the role of exosomes in NADPH oxidase translocation in
injured neurons. This is an interesting finding since NOX
enzymes also function in the injury response of the fungus
Trichoderma atroviride.106 It remains to be determined
whether an exosome shuttle system carrying ROS generating
enzymes contributes to localized ROS production in mutua-
listic and pathogenic interactions, at the infection thread or
during arbuscule formation. Since the arbuscules and the
infected cells require an intense vesicular trafficking, it will
be important to decipher the role of tetraspanins and the
exosomes in the exchange of key proteins, miRNA and
mRNA, required for the mutualistic interaction (Figure 2). It
could be involved in hyphal colonization during mycorrhizal
association and arbuscular formation. During the legume–
rhizobia interaction, the infection thread allows migration of
the rhizobium through the root hairs until they reach the
cortical cells. It is not clear how root hairs are inverted during
infection thread formation, but this process clearly involves
a complete change in root hair polarity. Given the involve-
ment of tetraspanins in membrane fusion and endocytosis, we
anticipate that tetraspanins might be key players in the reg-
ulation of root hair or fungal hypha polarity and in the
exocytosis and endocytosis occurring at the tip of migrating
infection threads. It is clear that the exosome role is just
emerging in the plant biology field, but the parallelism
between the pathogenesis and mutualism, and the different
strategies used by the host, pathogen or symbiont to modulate
the interaction, point out to the exosomes as a key player for
tuning the interaction by exchanging important components
required for a successful interaction. In this scenery, specific
tetraspanin such as AtTET8, which are specific markers for
exosomes, will open the door for the manipulating the num-
ber of exosomes and understand the role of exosomes in
pathogenic and mutualistic interaction.
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Abstract

Arbuscular mycorrhizal fungi and rhizobia association with plants are two of the most suc-

cessful plant-microbe associations that allow the assimilation of P and N by plants, respec-

tively. These mutualistic interactions require a molecular dialogue, i.e., legume roots exude

flavonoids or strigolactones which induce the Nod factors or Myc factors synthesis and

secretion from the rhizobia or fungi, respectively. These Nod or Myc factors trigger several

responses in the plant root, including calcium oscillations, and reactive oxygen species

(ROS). Furthermore, superoxide and H2O2 have emerged as key components that regulate

the transitions from proliferation to differentiation in the plant meristems. Similar to the root

meristem, the nodule meristem accumulates superoxide and H2O2. Tetraspanins are trans-

membrane proteins that organize into tetraspanin web regions, where they recruit specific

proteins into platforms required for signal transduction, membrane fusion, cell trafficking

and ROS generation. Plant tetraspanins are scaffolding proteins associated with root radial

patterning, biotic and abiotic stress responses, cell fate determination, and hormonal regula-

tion and recently have been reported as a specific marker of exosomes in animal and plant

cells and key players at the site of plant fungal infection. In this study, we conducted tran-

scriptional profiling of the tetraspanin family in common bean (Phaseolus vulgaris L. var.

Negro Jamapa) to determine the specific expression patterns and subcellular localization of

tetraspanins during nodulation or under mycorrhizal association. Our results demonstrate

that the tetraspanins are transcriptionally modulated during the mycorrhizal association, but

are also expressed in the infection thread and nodule meristem development. Subcellular

localization indicates that tetraspanins have a key role in vesicular trafficking, cell division,

and root hair polar growth.
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Introduction

The symbiotic interaction between rhizobia and legumes requires a molecular dialogue that

involves the exchange of specific signaling molecules. Legumes secrete particular flavonoids or

strigolactones that are specifically recognized by rhizobia or mycorrhizal fungi [1]. These com-

pounds induce the expression of specific genes, which encode proteins involved in the synthesis

and secretion of Nod factors (NFs) from rhizobia, which are lipochitin-oligosaccharides or the

Myc factor from the mycorrhizal fungi [2, 3]. Thereafter, NFs or Myc factors are specifically rec-

ognized by the plant root and induce several responses, including ionic changes, membrane

depolarization, cytoskeleton rearrangements, reactive oxygen species (ROS) generation, and

gene expression [4–7]. Soon after the rhizobia reach the root hair, microfilament structures and

Ca2+ gradients undergo dramatic changes in the tip region of root hair cells in response to NFs

[8–11]. In Arabidopsis thaliana root hairs, ROS-mediated Ca2+ channel activity supports polar

growth [12–14]. Therefore, ionic responses, ROS production, and cytoskeletal rearrangements

have been suggested as key players in reprogramming root hair growth, which allows the root

hair tip curling response during the establishment of symbiotic interactions in legume plants.

Then, a tunnel-like infection thread (IT) forms through invagination of the plasma membrane

and the cell wall [2]. While the bacteria travel inside the IT through the root hair, the cortical

cells divide in a NF-dependent manner to form the nodule primordia that the rhizobia colonize

in structures named symbiosome. Once mature, the nodule is able to fix atmospheric nitrogen

[15]. On the other hand, the arbuscular mycorrhizal association induces the hypopodium and

the further invasion of the cortical cells, which end up with the arbuscule formation. Both pro-

cesses, the bacterial colonization trough the infection thread and arbuscule formation, require

an active vesicular trafficking, endocytosis and exocytosis in order to increase the membranal

surface required for symbiosome and arbuscule formation [16, 17].

Given their wide distribution in mammals, insects, fungi, mosses, and plants, tetraspanins

likely coemerged in multicellular organisms during evolution [18]. In animal cells, tetraspa-

nins are typically localized at the cell–cell interface in tetraspanin-enriched microdomains

(TEMs), where they associate with each other and with other membrane-bound molecules and

build important molecular platforms or cell–cell interactions [19, 20]. Tetraspanins get their

name from their four transmembrane domains. The N and C tails of tetraspanins are localized

on the cytoplasmic side of the membrane, and four transmembrane domains allow for the for-

mation of two extracellular loops, one small and one large. The large loop has highly conserved

cysteine residues, which could act as redox and pH sensors or promote protein–protein inter-

actions. The small loop in plant tetraspanins contains a cysteine residue that is absent in ani-

mal tetraspanins [21]. Although tetraspanins in animal cells have been involved in various

biological functions, such as cell motility, morphology, signaling, plasma membrane dynamics,

and protein trafficking, how tetraspanins engage in plant cells functions at the cellular level is

largely unknown [18]. Furthermore, tetraspanin have been described in animal and recently in

plant cells as key components and specific markers of the exosomes, which are vesicles derived

from the exocytic multivesicular bodies (MVB) that carry important molecules such as lipids,

proteins, messenger RNA, and microRNAs, that play important roles in cell-to-cell communi-

cation in animal [22]. In plant cells it has been recently reported that exosomes go beyond

organism boundaries and inhibit a pathogenic interaction in plants [23]. There is also an

emerging idea that tetraspanins are part of a mechanism that generates ROS [24, 25]. In animal

cells, H2O2 has been described as an important component of axonal regeneration after acute

injury [26]. However, the injured neurons do not express the NADPH oxidase required for

ROS generation. Instead, macrophages recruited to the vicinity secrete exosomes carrying

NOX enzymes, which are taken up by the injured neuron via endocytosis and promote axonal
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growth in a ROS-dependent manner with a key participation of exosomes [26–28]. On the

other hand, the cuticle exoskeleton of the nematode Caenorhabditis elegans, in a similar way to

the cell wall in plant cells, requires the ROS-dependent cross-linking of tyrosine residues, in a

process assisted by BLI-3, which is a DUOX NADPH oxidase, and tetraspanin TSP-15 [24, 25,

29, 30]. When plants are infected with the pathogenic fungusMagnaporthe grisea, the fungal

tetraspanin Pls1 and an NADPH oxidase are localized at the infection sites or appressorium

structure to generate a ROS accumulation response that is required to reestablish the appresso-

rium polarity [24, 25, 31–33]. Therefore, accumulating evidence links tetraspanin with ROS

and polarity. Furthermore, tetraspanins have been identified at the tip of growing pollen tubes,

a region that requires NADPH oxidase activity for the generation of ROS, a key player regulat-

ing polar growth [34]. However, we do not know if tetraspanins also function in pollen tube or

even root hair polar growth [35].

Tetraspanins also accumulate in the female gametophyte, suggesting that they have an

active role during gametophyte development or fertilization, a well-described ROS-dependent

process. Furthermore, tetraspanins function during the transition from the floral meristem to

the gynoecium as well as during the somatic-to-reproductive cell fate transition during megaspo-

rogenesis, suggesting that these proteins are regulators of cell fate determination [35–37]. As tet-

raspanins are also expressed in specialized tissues, such as the the quiescent center or the early

initial cells that give rise to lateral roots meristems, these proteins may function in specific tissues

or contribute to cell fate determination [18, 35, 38]. The meristematic distribution of some tetra-

spanins suggests that these proteins might be involved in regulating meristematic activity, which

is highly dependent on ROS accumulation generated by NADPH oxidase activity, with superox-

ide-promoting meristematic activity and H2O2-promoting cell differentiation [39, 40].

On the other hand, NADPH-oxidase-derived ROS is a key component during nodule

development and mycorhizal formation [41–43]. Since superoxide and H2O2 are produced

during nodulation [43], it is possible that the molecular mechanism that maintains meriste-

matic activity in the root is conserved during nodule meristem development [38]. Therefore, it

is plausible that the ROS requirement for meristematic activity in the plant root is conserved

during primordium development during nodule organogenesis and that tetraspanins have

similar functions during the early stages of nodule development, as described in lateral root

formation in Arabidopsis [38].

Here, we report the differential expression profile of the tetraspanin family in P. vulgaris in

response to rhizobia or NF inoculation in several specific plant cells, such as root primordia,

root hairs, and nodules at several developmental stages. PvTET8, PvTET4 and PvTET3 were

highly expressed in the root meristematic region and during the early stages of primordium

nodule development. Since PvTET8 was highly induced during nodulation, but not during

mycorrhizal association, we suggest that this tetraspanin plays a particular role during nodula-

tion, including the infection thread formation. Furthermore, the subcellular localization of

some tetraspanins at the apical plasma membrane of P. vulgaris root hairs and in cytoplasmic

vesicles suggests that these proteins function in polar growth, a central process during infec-

tion thread formation and migration. Our findings suggest that tetraspanins may also contrib-

ute to the vesicular trafficking required for localized exocytosis during the infection process or

contribute to the exosome biogenesis as described during the pathogenic responses.

Materials and methods

Phylogenetic analysis

Using the methodology described by Huang et al. (2010), tetraspanin sequences containing four

transmembrane domains were database screened, including a small and large extracellular loop,
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using bioinformatics tools. The sequences were aligned in ClustalW. To avoid subjective bias,

manual alignment editing was minimized. A phylogenetic tree was built using MEGA version

6.0.6 with 1000 bootstrap tests and pairwise deletion.

Vector construction for analyzing the activity promoter and subcellular

localization

To evaluate promoter activity, the pPvTET1A::GFP-GUS, pPvTET8::GFP-GUS and pPvTET3::

GFP-GUS construct, which includes the 1000-bp fragment upstream of the initiation codon of

TET1A, TET8 and TET3 respectively, was created by PCR using P. vulgaris cv Negro Jamapa
genomic DNA as template and gene-specific primers (S1 Fig). Each product of PCR was

cloned into the pENTR/D-TOPO vector (Invitrogen) and recombined into the destination

binary vector pBGWFS7.0 using Gateway LR Clonase II Enzyme Mix (Invitrogen) [44]. In

each step, the presence of the insert was confirmed by Sanger sequencing and PCR. All con-

structed plasmids were introduced by electroporation into Agrobacterium rhizogenes strain

K599. To design constructs for overexpressing PvTET10, PvTET6 and PvTET3, the open read-

ing frame of each gene was isolated from P. vulgaris cDNA and inserted into the pH7WG2D.1

binary vector under the control of the constitutive 35S promoter [45]. Empty pH7WG2D.1

vector, which constitutively expresses GFP, was used as the control in the overexpression sys-

tem. All constructed plasmids were introduced by electroporation into A. rhizogenes strain

K599 and used for further generation of transgenic roots or Agrobacterium tumefaciens strain

AGL1 for transient expression in N. benthamiana leaves.

Bean hairy root transformation

Common bean seeds (Phaseolus vulgaris cvNegro Jamapa) were used for A. rhizogenes
K599-mediated transformation to generate hairy roots harboring a construct of interest in

composite plants using a previously described method [46].

Treatment with Nod factors by nebulization

Common bean seedlings were incubated with Nod factors at 48 h post germination (hpg) by

nebulization with the Omron ComAir Nebulizer System Model NE-C801 according to the

manufacturer’s instructions. The Nod factors were purified according to our reported method

[47]. A kinetic of transcript accumulation was conducted in roots incubated with Nod factors

at 12, 24, and 36 h post inoculation for each tetraspanin. Nebulization with 1% CHAPS (w/v)

was used as a control.

Nodulation assays

Rhizobium tropici CIAT899 bacteria were grown in 250-mL flasks containing 100 mL of PY

broth supplemented with 7 mM CaCl2, 50 μg/mL rifampicin, and 20 μg/mL nalidixic acid, in a

shaking incubator (250 rpm) at 30˚C until the suspension reached an OD600 of 0.8. For nodu-

lation assays, transgenic composite plants were transplanted under hydroponic conditions in

glass tubes containing Fahreus medium and inoculated with 1 mL of a R. tropici CIAT899 sus-

pension diluted to an OD600 of 0.05 in 10 mM MgSO4 and grown in a controlled environment

chamber (16 h light/8 h darkness, at 26˚C). At the indicated time points after inoculation,

inoculated roots were frozen in liquid nitrogen and stored at −80˚C. At 5 and 7 days post

infection (dpi), the root region close to the tail that is most susceptible to nodule formation

was selected, and at 10, 14, and 18 dpi, only nodules were selected. In all cases, the equivalent

root region of uninoculated roots was collected as a control.
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Mycorrhizal spore inoculation and mycorrhization

Common bean seedlings at 48 hpg were transferred into pots (20-cm diameter) with vermicu-

lite that was previously well inoculated in the pot with 1 gr of Rhizophagus irregularis substrate

containing on average 800 spores homogeneously distributed. Inoculated plants were irrigated

twice weekly with half-strength B&D solution containing a low concentration of potassium

phosphate (50 μM; a 95% reduction compared with the control (500μM) to potentiate AM col-

onization [48]). As controls, two conditions without spores of R. irregularis were used: one set

of plants were irrigated with 50 μM potassium phosphate (scarcity phosphate) and the other

with 500 μM potassium phosphate (standard condition). AM fungal colonization status was

determined by light and confocal microscopy, as indicated. Root samples were collected at 1,

2, 3, and 6 wpi and frozen in liquid nitrogen. All samples were stored at −80˚C.

Quantification of transcript levels by RT-qPCR analysis

Total RNA was extracted from frozen tissues using TRIzol reagent (Life Technologies)

according to the manufacturer’s instructions. To eliminate contaminating genomic DNA,

total RNA samples (1 μg in 20 μL) were treated with 1 unit of DNaseI (RNase-free; Invitro-

gen) at 37˚C for 30 min and then at 65˚C for 10 min. Two-step RT-qPCR was performed

using Maxima SYBR Green qPCR Master Mix (2X; Thermo Fisher Scientific), following the

manufacturer’s instructions. Each reaction was set up using 100 ng of cDNA as template in a

20-μL final volume. Gene-specific primers used in RT-qPCR reactions are listed in S1 Fig.

qPCRs were performed in a LightCycler 480 real-time PCR system (Roche). Relative tran-

script abundance was calculated using the formulae reported by Schmitteng et al. [49]. P. vul-
garis Elongation Factor 1α (Pv-EF1α) was used as a reference gene, as previously described.

RT-qPCR data are averages of three independent experiments or biological replicates with

two technical replicates.

Root hair and root isolation

The roots of P. vulgaris seedlings were divided and separated at 48 hpg. First, the region of the

primary root that contained root hairs was cut into three equal segments named zones I, II,

and III. Zone I contained the tip of the root that contained the initial or bulging out root hairs,

zone II contained the rapidly growing root hairs, and zone III contained the mature or full-

grown root hairs. Each fraction was collected in different containers in liquid nitrogen. Sam-

ples were stirred vigorously to separate the root hairs from the roots. Root hairs were isolated

by pouring the liquid nitrogen mixture through a metal strainer. At the end, the root hairs

were separated from the root (now shaved root) using a strainer. The shaved roots correspond-

ing to regions I, II, and III were collected for tetraspanin transcript analysis. Fractions were

stored at −80˚C until use. In each biological replicate, in order to confirm the different devel-

opmental stage of root hairs, the level of RabA2 transcript was measured to assess the differen-

tial expression of this gene in each enriched tissue fraction.

Subcellular localization of common bean tetraspanins

Transient expression assays were conducted in Nicotiana benthamiana leaves to determine the

subcellular localization of PvTET3 and PvTET6 proteins. The molecular construction carrying

35S:PvTET3-GFP and 35S:PvTET6-GFP was transferred to A. tumefaciens AGL1. For tran-

sient assays, leaves from 4- to 6-week-old wild-type N. benthamiana plants were coinfiltrated

with the agrobacterium suspension harboring 35S:PvTETx-GFP. The infiltrated plants were

marked and kept in a growth room at 16 h light/8 h darkness at 25 ± 2˚C. Plasmolysis was
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induced using a 1M NaCl hypertonic solution. Fluorescence was visualized 48–72 h after infil-

tration using a spinning disk confocal microscope (Yokogawa, Japan) as described below.

Microscopy imaging and analysis

Transgenic roots were mounted in chambers adapted from large Petri dishes with a hole in the

center. The hole was covered with a large glass coverslip. The chamber contained a layer of

solid Fahreus medium (with Phytagel at 0.8%) and cellophane paper to prevent root move-

ment. Roots were visualized under the inverted microscope (Nikon Eclipse Ti-E, Japan) with a

40x/1.25 NA water immersion lens (Nikon). For confocal images, we used a spinning disk con-

focal system (Intelligent Imaging Innovations /3i, USA) consisting of a CSU-W1 confocal

head (Yokogawa, Japan) and a modular solid-state laser stack; Slidebook software was used to

control the system and capture images (Intelligent Imaging Innovations /3i, USA). Images

were recorded with a digital camera (Andor-IXON 3; AndorTM Technology) for 1–2 min at

512-nm resolution and with frame rates of 100–300 ms. GFP fluorescence was obtained by

exciting with an argon/2 ion laser (488 nm), and emitted fluorescence was collected using an

emission filter (500 to 530 nm).

Statistical analysis

Data processing and statistical analysis were performed using GraphPad Prism version 6.00

for Windows (GraphPad Software). An unpaired two-tailed Student’s t-test was used to deter-

mine whether data from two different groups were significantly different, Double, or triple

asterisks above the columns indicate differences that are statistically significant (p-

value < 0.05).

Results

Plant tetraspanins have a unique cysteine residue in the small extracellular

loop

To determine the number of tetraspanin members in common bean (Phaseolus vulgaris L. var.

Negro Jamapa), we searched the database of nonredundant protein sequences in NCBI using

BLASTP (Protein-protein BLAST) using AtTET10 as query. AtTET10 and OsTET14 from O.

sativa can be considered the founders of the tetraspanin family in their respective species [35,

50]. We identified 13 putative tetraspanin sequences in P. vulgaris, 25 in Glycine max, 9 in

Medicago truncatula, and 5 in Lotus japonicus (Fig 1 and S2 Fig). Seventeen tetraspanins have

been described in the model plant Arabidopsis and 15 in Oryza sativa [35, 50]. PvTET10, and

other orthologs of AtTET10 and OsTET14, have between 10 and 12 introns in all reported

genomes, includingMarchantia polymorpha and Physcomitrella patens.
The amino acid sequences and functional motifs previously described in Arabidopsis

allowed us to select tetraspanin members in P. vulgaris and compare them to other tetraspa-

nins in the legume genome database reported in Phytozome (https://phytozome.jgi.doe.gov/

pz/portal.html). Next, we conducted a bioinformatic screen based on several sequences,

including the transmembrane domains, the cysteine pattern in the large extracellular loop

(LEL), the single cysteine residue located exclusively in plant tetraspanins in the small extracel-

lular loop (SEL), and the GCC(K/R)P signature in the large extracellular loop. Multiple

sequence alignment and motif analyses revealed that common bean tetraspanins maintain the

general features described for plant tetraspanins, with high conservation in specific motifs. For

instance, in P. vulgaris, these proteins share an average of 38% identity and 42% similarity,

which is comparable to that observed for O. sativa and Arabidopsis.
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Based on these data, we generated an unrooted phylogenetic three using PvTET10 as a

query from Arabidopsis (S2 Fig and S3 Fig). In our analysis, PvTET10 clustered with AtTET10

and OsTET14, whereas PvTET1A and PvTET1B clustered with AtTET1 (TORNADO) and

AtTET2, and PvTET8 clustered with OsTET7-9 and AtTET8-9. We did not find a homolog of

AtTET13 in the P. vulgaris genome or in any other legume genome. This could suggest the

presence of a particular clade in Arabidopsis or in the Brassicaceae that does not exist in other

plants, at least not in P. vulgaris or in legumes. In our molecular tree, we identified 7 groups,

each of which contained at least two members, except the group that contained PvTET10

alone. Sequence identity and similarity analysis coupled with the number of introns supported

the idea that PvTET10 is a common ancestor of tetraspanin in common bean, as described for

its homologs in Arabidopsis (Fig 1). By contrast, PvTET12, which has no introns, is the most

recent tetraspanin member and arose by functional divergence and loss of introns [51, 52].

GmTET12A (accession number XP_003551251.1) and GmTET12B (accession number

XP_003547633.1) are homologs of PvTET12 (accession number XM_007138229.1). InM.

truncatula, we identified one homologue of TET12 (accession number XP_013463988.1); how-

ever, we did not find a corresponding homolog in L. japonicus. The cytoplasmic N and C ter-

mini of plant tetraspanins each have 6–10 aa, making them shorter than animal tetraspanins,

which contain between 9 and 40 aa, and even shorter than fungal ones, which contain between

4 and 100 aa.

Fig 1. A rooted neighbor-joining phylogenetic tree of common bean tetraspanin. (A) On the left shown is the phylogenetic tree constructed using

MEGA6.06, with amino acidic sequences from phytozome.org. Numbers above branches indicate bootstrap percentage values. PvTET proteins were clustered

based on a significant bootstrap value of�50%. (B) On the right using an online tool, Gene Structure Display Server (GSDS; http://gsds.cbi.pku.edu.cn/), was

used to draw the tetraspanin gene structure. Red boxes indicate exons, black lines depict introns, upstream/downstream sequences are shown as oranges

boxes. Intron phases are indicated at exon–intron junctions.

https://doi.org/10.1371/journal.pone.0219765.g001
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In addition, we conducted an exhaustive in silico characterization of tetraspanins in com-

mon bean to predict disulfide bond formation. We used a bioinformatic tool for disulfide con-

nectivity prediction named DiANNA (clavius.bc.edu/~clotelab/DiANNA/) and found that

disulfide bonds form between the single cysteine located in the SEL and the cysteine residues

found in the LEL of all common bean tetraspanins, as previously suggested for tetraspanins in

Arabidopsis [35].

Tetraspanins PvTET3 and PvTET1A are highly expressed in root and root

hair cells

To establish the transcript accumulation for the different tetraspanin genes in P. vulgaris roots,

we selected root tissues and sectioned different regions with different developmental stages

according to the experimental requirements (described in Materials and methods). In our

experiments with P. vulgaris, we considered the three developmental root hair zones, which

were evident by 48 h post germination (hpg). As depicted in Fig 2C we sectioned the three dif-

ferent root zones and separated the root hair cells from the root tissue, generating the enriched

root hair fraction from the three developmental stages (zones I, II, and III) and the corre-

sponding shaved root (Fig 2C). Transcript accumulation for all tetraspanin genes, except

PvTET2B due to the lack of specific regions for primers design for amplification (accession

number XP 007152918.1), was determined in each one of the generated samples (root hairs

and shaved root); this analysis was conducted by selecting each tetraspanin family member

and determining its accumulation in root hairs at different developmental stages (Fig 2B).

The monomeric GTPase PvRabA2 is a good marker of the different developmental stages

of root hairs due to its key role in root hair tip growth (S4 Fig), although it is also expressed in

root tissue [53, 54]. We observed that RabA2 transcript accumulated in root hairs; as expected,

the transcript accumulation was higher in zones II and III, where the cells are rapidly expand-

ing or reaching full length, compared with zone I, where root hairs are just bulging out (S4

Fig). As expected, the shaved root section that lacked root hairs also had increased PvRabA2
transcript accumulation in zones I, II, and III, again with higher accumulation in zones II and

III (S4 Fig). Therefore, these root sections were used to determine the transcript accumulation

for selected tetraspanin members in P. vulgaris. We found that PvTET3 and PvTET1A are

more abundant in shaved roots or root hairs from zones II and III than from zone I (Fig 2A

and 2B). However, PvTET1A present a very low expression in root hairs from zone II, but it is

expressed in those from zone III (Fig 2B). This differential expression contrasts with shaved

roots, where PvTET1A transcript accumulation increases gradually beginning from zone I to

zone II and from zone II to zone III (Fig 2A). Furthermore, an analysis of the reported expres-

sion atlas of P. vulgaris [55] indicates that PvTET3 is ubiquitously expressed during the differ-

ent root developmental stages, while PvTET1A is constitutively expressed in all root tissue, but

with higher expression in some stages of root development (S5 Fig).

PvTET1A, PvTET8, PvTET3 and PvTET4 are induced in response to NFs or

rhizobia inoculation

We then evaluated the transcript accumulation of some tetraspanin genes in response to nano-

molar concentration of NFs (10−9 M), which can reprogram polar growth and nodule primor-

dia development [6]. In agreement with previous observations [6], treatment with 10−9 M NFs

caused root hairs to swell and undergo morphological changes (S6B Fig). As expected, no mor-

phological responses were observed when chitosan was used as a negative control (S6A Fig).

We initially considered to evaluate the transcript accumulation in response to NFs or rhizo-

bia for PvTET1A and PvTET3 since these genes were the most highly expressed in shaved root
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Fig 2. Tetraspanin gene expression profile in P. vulgaris root or root hairs from different developmental stages.

The relative expression of each PvTET gene was evaluated by qRT–PCR in three different sections of root at 48 h post

germination (hpg). Mature zone or Zone III (blue), elongation zone or Zone II (red), and meristematic, elongating and

differentiating region or Zone I (green). Transcript accumulation was normalized to the expression of EF1a, which was

used as a reference gene. Bars represent means ± SEM from at least three independent biological replicates with three

technical repeats. (A) Tetraspanin (TET) gene expression in shaved root and (B) root hairs at different development

stages at 48 hpg. Tissues enriched with emerging or bulging root hairs from Zone I (green bar), tissues enriched with
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and root hairs under normal conditions, other tetraspanin genes were also tested, under NFs

or Rhizobia inoculation, but the one that did not respond were not considered for further anal-

ysis (S7 Fig). PvTET1A was downregulated in P. vulgaris roots in the first 36 h days after inocu-

lation with NFs, but we detected a response at 5–10 days post inoculation with rhizobia (Fig

3A). By contrast, PvTET3 expression did not change within the first 24 h following inoculation

with NFs, but a significative decrease was observed at 36 h after treatment. On the other hand,

when inoculated with R. tropici, a further decrease was observed at 5 and 14–18 dpi (Fig 3B).

Thus, some tetraspanin transcript levels respond to NF treatment or bacterial inoculation

depending of the developmental stage, i.e at 5 dai, PvTET1A increases while PvTET3 decreases.

To confirm that P. vulgaris roots respond to rhizobia inoculation, we assessed the transcript

accumulation of PvENOD40, an early nodulin gene induced during nodule development. PvE-
NOD40 is clearly induced after rhizobia inoculation, indicating that the nodule program is

induced under our experimental conditions (Fig 3C).

We then further analyzed the transcript accumulation of PvTET4 and PvTET8 in roots

treated with NFs and rhizobia. PvTET4 was upregulated after R. tropici inoculation (Fig 3D),

whereas PvTET8 did not increase in response to NFs within the first 6 days, but it was specifi-

cally induced in response to rhizobia inoculation after 7 days (Fig 3E). Therefore, we selected

PvTET8 to examine whether transcript accumulation was correlated with promoter activity.

We cloned the promoter and generated the pPvTET8::GUS-GFP construct, which revealed that

pPvTET8 was induced during nodule primordium development as well as in the meristematic

region of the apical root, including the lateral root primordium (Fig 3F and 3G). We also

observed clear promoter activity during the emergence of lateral root primordium, which orig-

inates from the pericycle (Fig 4B–4E), and this promoter activity remained in the root primor-

dium (Fig 4F). Whereas the nodule primordium arises in the outer cells of the cortex (Figs 3G

and 5D), the lateral root originates from the internal pericycle cells (Fig 3F). We examined

promoter activity by assessing GUS activity (Fig 4B–4E) and fluorescence from the pPvTET8::

GUS-GFP fusion. Both approaches yielded the same results (Fig 4G) including the pPvTET10::

GUS-GFP (Fig 4I).

Next, we assessed PvTET8 promoter activity during nodule development, from infection

thread formation to fully grown nodules, and we found that the pPvTET8::GUS-GFP promoter

is highly active during the early stages of nodule development, which includes infection thread

formation in the root hairs (Fig 5A and 5B). Thereafter, when the cortical cells started to

divide, forming cells that will give rise to the nodule primordium, clear promoter activity was

observed in the outer cells that form the primordium (Fig 5C–5E). The fully developed nodule

also depicts a clear and specific promoter activity in the infected zone of the nodule (Fig 5E).

We also evaluated the promotor activity for pPvTET1A::GUS-GFP (Fig 5F and 5G) and

pPvTET3::GUS-GFP (Fig 5H) the two most highly expressed gene in P. vulgaris root. Although

these genes do not seem to have a strong increase during nodulation, when the promotor

activity was assayed, there is a clear evidence that apart from the vascular bundle, the expres-

sion in the nodule is very clear.

Since pPvTET8 was specifically induced in response to rhizobia inoculation, we analyzed

the promoter sequence from PvTET8 up to 1.0 kb upstream of the translation start site of

PvTET8 using PlantCARE (database) to identify putative cis-acting regulatory elements. In

growing root hairs (red bar) and tissues enriched with mature root hairs (blue bar). Transcript accumulation was

normalized to the expression of EF1a, which was used as a reference gene. Bars represent means ± SEM from at least

three independent biological replicates with three technical repeats. P-values<0.05 are marked with two asterisks

(Student’s t-test). (C) Cartoon depicting the different root and root hairs zones analyzed.

https://doi.org/10.1371/journal.pone.0219765.g002
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this analysis, we identified at least 14 different regulatory elements with a length of between 4

and 11 bp. Some cis-elements are represented in Fig 4A. The cis-regulatory elements TATA

and CAAT were highly repeated in the promoter sequences. In addition, several putative cis-
elements involved in the light, heat, and drought stress response, circadian control, defense,

and anaerobic induction were present, as was one box associated with the YABBY transcrip-

tion factor. Thus, cis-elements associated with defense and stress responsiveness and cell fate

were well represented in this promoter region, as represented in Fig 4A.

Since pPvTET3::GUS-GFP was highly expressed in the root (Fig 5H), we prompted to

explore if there is promotor activity during different stages of nodule development. We found

that pPvTET3::GUS-GFP is expressed in the root meristematic region and vascular bundles

(Fig 6A and 6B), including a low promotor activity during the early cell divisions in the nodule

primordium (Fig 6C and 6D) and during the early nodule development (Fig 6E), again with

higher activity in the vascular bundles, however, a clear localization in the nodule was found,

although at latter stages of development in fully developed nodules (Fig 6F and 6G). Further-

more, the pPvTET3 seems to be more localized in the cortex of the nodule, as compared to the

pPvTET8, which seems more localized in the central region (Fig 5E) and most related to the

infected region. These results suggest that both, pPvTET8 and pPvTET3 could be differentially

expressed in the same organ, but in different region.

Fig 3. Expression of PvTET1A, PvTET3, PvTET4, and PvTET8 in P. vulgaris during nodule development. Transcript accumulation is observed during

nodule development under rhizobia colonization. (A) PvTET1A, (B) PvTET3 and (C) PvENOD40 transcript accumulation after Nod factor (NF) treatment or

inoculation with R. Tropici CIAT 899 are depicted. PvTET4 (D) and PvTET8 (E) specifically respond to rhizobia inoculation. These results are compared with

uninoculated roots harvested at the same time (green bars). Expression values were normalized with those of EF1a. Bars represent means ± SEM of at least three

independent biological replicates with three technical repeats. P-values<0.05 are marked with two asterisks (Student’s t-test). Promotor activity of PvTET8 in

lateral root primordia (F) and nodule primordia development (G).

https://doi.org/10.1371/journal.pone.0219765.g003
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Mycorrhizal association downregulates PvTET3, while phosphate scarcity

upregulates PvTET12 and downregulates PvTET3
Since the nodulation process recruited many genes from the mycorrhizal association, we also

explored if the tetraspanin genes could be modulated in response and mycorrhizal association

and low phosphate. Therefore, we determined the effect of mycorrhizal interaction with P. vul-
garis on the accumulation of different TET transcripts. We inoculated P. vulgaris seedlings

with R. irregularis and included two controls, one in which plants were uninoculated and

Fig 4. PvTET8 transcript accumulation and promotor activity during lateral root and nodule primordia

development. (A) Analysis of putative cis-regulatory elements in the promoter region of PvTET8. (B-F), pPvTET8::

GUS-GFP promotor activity in P. vulgaris root during lateral root emergence. (G and H) show the promoter activity

during the onset of lateral root development and the meristematic region of the emerging lateral root as depicted by

fluorescence. (I), Subcellular localization of 35S:PvTET10-GFP during lateral root formation. Transgenic composite

plants from P. vulgaris were generated by the A. rhizogenesmethod.

https://doi.org/10.1371/journal.pone.0219765.g004
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irrigated with a standard concentration of phosphate (500 μM) and another in which plants

were uninoculated and irrigated with medium deficient in phosphate (phosphate scarcity at

50 μM), which is expected to induce the plant root response to phosphate scarcity, such as lat-

eral root formation and root hair proliferation. Both controls were included to show the spe-

cific effect of mycorrhization on different tetraspanin transcript accumulation as a result of

root hair proliferation and lateral root formation. While PvTET8, PvTET4, and PvTET3
expression was modulated during nodule formation (Fig 3A and 3B and Fig 4A), inoculation

Fig 5. Promotor activity of PvTET8 during nodule development and subcelular localization of PvTET6 in P.

vulgaris during the infection process with rhizobia. (A-C) pPvTET8::GUS-GFP promotor activity at the early stages

of infection thread formation in root hairs. (C and D) Promotor activity of pPvTET8::GUS-GFP during the early stages

of cell division during primordia development and (E) in fully developed mature nodule, as depicted the promotor is

highly expressed in the infection zone of the nodule. (F-G) Promotor activity for pPvTET1A::GUS-GFP and (H)

promotor activity for pPvTET3::GUS-GFP. Transgenic composite plants were generated with A. rhizogenes and

promotor expression analyzed by GUS activity. Bars represent 20 μm in all images.

https://doi.org/10.1371/journal.pone.0219765.g005
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with R. irregularis only affected PvTET3 expression during the mycorrhizal association (see Fig

7A). As expected, the expression of the phosphate transporter PT4 which is induced during the

mycorrhizal association, was found to be induced under our experimental condition (Fig 7C).

Fig 6. Promotor activity of PvTET3 in the root and during nodule development in P. vulgaris during symbiotic conditions. (A and B) pPvTET3::GUS-GFP
promotor activity in the apical root and vascular bundles. (C and D) PvTET3 promotor activity at the early stages of nodule primordium formation. (E- G) Promotor

activity during the nodule development. Transgenic composite plants were generated with A. rhizogenes and promotor expression analyzed by GUS activity.

https://doi.org/10.1371/journal.pone.0219765.g006

Fig 7. Tetraspanin transcript accumulation profile in P. vulgaris under R. irregularis colonization. (A) Tetraspanin transcript accumulation in P. vulgaris roots

colonized with R. irregularis in the symbiotic stage at 6 wpi as compared with uninoculated plants under phosphate scarcity with potassium phosphate at 50 μM.

Transcript accumulation was normalized to the expression of Ef1a, which was used as a reference gene. (B) Expression of tetraspanin PvTET12 in P. vulgaris roots

during abiotic stress induced by NaCl conditions at 100 mM at 24 hpi. (C) Phosphate transporter PT4 transcript accumulation under mycorrhizal condition. Data

are the means ± SEM of two biological experiments (three roots collected from each biological experiment and for each period were used).

https://doi.org/10.1371/journal.pone.0219765.g007
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A temporal analysis of PvTET3 transcript accumulation under mycorrhization confirmed

that PvTET3 transcript levels were lower at 2, 3, and 6 weeks after mycorrhization compared

with the control (Fig 8A). This suggests that PvTET3 was downregulated during mycorrhiza-

tion (Fig 7A and Fig 8A). It has been reported that transcript accumulation of PvRbOHB
decreases during mycorrhizal association [56]. Therefore, we evaluated the accumulation of

PvRbOHB transcript at 1, 2, 3, and 6 weeks post inoculation (wpi) to define its temporal

response and correlate it with that of PvTET3 (Fig 8B). PvRbOHB was not induced during the

first week post inoculation, during which its expression was comparable to that of the control

condition (Fig 8B). However, after 2–3 weeks, a clear increase in PvRbOHB transcript accumu-

lation was observed, but a decreased PvTET3 expression was found. However, at 6 weeks, a

clear decrease in both PvRbOHB and PvTET3 was observed, and thus confirming the previ-

ously reported data for PvRbOHB under mycorrhizal association [56].

We found no significant differences at the transcriptional level for the other tetraspanins

under our experimental conditions (S7 Fig). However, we identified a clear PvTET12 upregu-

lation under phosphate scarcity (Fig 7A). It is interesting that under normal growth condi-

tions, we did not observe significant PvTET12 expression in root hairs at different

developmental stages or even in the shaved roots (Fig 2A and 2B), even though its homolog,

AtTET12, has been identified as a transcriptional signature in root hairs and pollen tubes [57].

To determine if another different stress, such as osmotic or saline treatment, could modify the

PvTET12 transcript level, we treated the P. vulgaris root with 100 mM NaCl; which is known

to induce a saline response [58–60]. Under saline stress conditions, we found that PvTET12
expression was also upregulated (Fig 7B).

P. vulgaris tetraspanins localize to the apical plasma membrane,

intracellular vesicles, and meristematic regions

Tetraspanin proteins in general have been described to be plasma membrane proteins and

component of cytoplasmic vesicles. However, TET3 in Arabidopsis has been found in

Fig 8. PvTET3 and PvRbohB expression during mycorrhiza formation. (A) Quantitative RT-PCR analysis of relative expression levels of PvTET3 in roots

(wild type) inoculated with R. irregularis and under un-inoculated condition at the indicated number of weeks post-inoculation (wpi). Transcript

accumulation was normalized to the expression of Ef1a, which was used as a reference gene. Data are the means ± SEM of two biological experiments (three

roots collected from each biological experiment and for each period were used). (B) Expression of PvRbohB in P. vulgaris roots colonized by R. irregularis.
Quantitative RT-PCR analysis of relative expression levels of PvRbohB in roots (wild type) inoculated with R. irregularis compared with expression in

uninoculated roots of P. vulgaris at different weeks post-inoculation (wpi). Transcript accumulation was normalized to the expression of Ef1a, as a reference

gene. The data are the means ± SEM of two biological experiments (three roots collected from each biological experiment and for each period).

https://doi.org/10.1371/journal.pone.0219765.g008
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proteomic analysis of plasmodesmata. Therefore, we determined the subcellular localization of

PvTET3 and PvTET6 by generating GFP fusions of their encoding genes and transiently

expressing these constructs in N. benthamiana leaves (Fig 9A–9D). An analysis of leaves

expressing the 35S:PvTET3-GFP and 35S:PvTET6-GFP constructs under the control of a con-

stitutive promoter (CaMV35S) showed that these proteins examined in this study accumulated

at the periphery of N. benthamiana epidermal cells, indicating a membrane localization (Fig

9B and S8 Fig), and clearly differentiated from the cytoplasmic localization of GFP in control

agroinfiltrated cells (Fig 9A). Furthermore, some of the tetraspanins localized to fluorescent

spots in the plasma membrane, suggesting plasmodesmata localization (Fig 9C, inset). We also

generated transgenic P. vulgaris composite plants expressing 35S:PvTET6-GFP using A. rhizo-
genes and found that some tetraspanins are expressed in vesicular structures that are swept

along by cytoplasmic flux in growing root hairs, but are also localized in the apical plasma

membrane of these cells (Fig 9E–9H, S1 Movie and S2 Movie). In order to determine the

plasma membrane localization, we generated agroinfiltrated N. benthamiana epidermal cells

expressing the tetraspanin and subjected to NaCl treatment for plasmolysis. These results sug-

gest that the signal remains associated to the plasma membrane (S8 Fig).

We then evaluated 35S:PvTET10-GFP expression in composite plants. TET10 exhibited

similar localization to TET6, namely, apical localization in the plasma membrane and dynamic

vesicles in the cytoplasm of growing root hair cells in a pattern that sometimes follows the

cytoplasmic streaming with higher ambulation at the tip dome (Fig 10A–10C). Furthermore,

in P. vulgaris composite plants expressing 35S:PvTET10-GFP under nodulation conditions,

the cortical cells that enter the division process that will generate the nodule primordium are

Fig 9. Subcellular localization of PvTET6 and PvTET3 in Nicotiana benthamiana leaves and growing root hairs of P. vulgaris. (A) Confocal analysis of GFP

expression in the leaves of transgenicN. benthamiana plants. (B) 35S:PvTET3-GFP. (C) 35S:PvTET6-GFP. (D) 35S:PvTET6-GFP (close-up of region indicated in

C). (E-H) 35S:PvTET6-GFP subcellular localization in transgenic living P. vulgaris root hairs. Images in bright field (E), Merge (G), GFP signal (F), Z-projection

(H). Bars = 20 μm.

https://doi.org/10.1371/journal.pone.0219765.g009
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enriched in these cytoplasmic vesicles (Fig 10D–10F). Since TET3, TET6, and TET10 localized

to moving vesicles, we further examined the dynamics and behavior of these vesicles.

We selected PvTET3, which we know localizes to vesicular structures in N. benthamiana
(Fig 11A and 11B) and P. vulgaris composite plants (Fig 11C–11J), to determine the dynamics

and shapes of these vesicles. In P. vulgaris epidermal cells, these vesicles were tracked in a time

lapse of 1.6 seconds for 3 min in transgenic roots overexpressing 35S:PvTET3-GFP. We

observed fusion events that resulted in larger vesicles, with amorphous shapes that resemble

protrusions (Fig 11C–11J).

Fig 10. Subcellular localization of PVTET10 in growing root hairs from P. vulgaris. (A, B and C) Apical membrane

localization of 35S:PvTET10-GFP at different developmental stages of the growing root hair. (D, E and F) Cytoplasmic

vesicle localization for PvTET10, and its accumulation in the infection site where the infection thread and nodule

primordia are induced. P. vulgaris plants were transformed by A. rhizogenes in order to generate the composite plants.

Bacterial colonization is in red and the subcellular localization of PvTET10 is in green.

https://doi.org/10.1371/journal.pone.0219765.g010
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Discussion

We found that PvTET1A, PvTET3, PvTET4 and PvTET8 are induced and differentially

expressed during early nodule development, as depicted by transcript accumulation and pro-

moter activity and in the fully grown and mature nodule, but with different timing and

strength. Furthermore, these expression patterns resemble those found in primordia during

lateral root formation which also requires a new program that involves cell division and ROS

production. The finding that some tetraspanin presents a clear membrane localization at the

tip of the root hairs and some others in what appears to be associated with plasmodesmata

(PD), and cytoplasmic vesicles, suggest a role in symplastic communication trough regulation

of PD or in cell trafficking as described in animal cells [18].

We identified the tetraspanin family in P. vulgaris and found PvTET10 to be a conserved

tetraspanin with at least one representative in each legume species examined, except for soy-

bean, which contained more members due to a genome duplication event [61]. PvTET10 clus-

ters with AtTET10 and OsTET14, which contain similar structural features of introns/exons,

Fig 11. Subcellular localization of PvTET3 in N. benthamiana leaves and P. vulgaris roots. (A and B) 35S:PvTET3-GFP localization in cytoplasmic vesicles in

agroinfiltrated N. benthamiana leaves. (C-J) Subcellular localization of 35S:PvTET3:GFP in P. vulgaris composite epidermal root cells. Cytoplasmic vesicles were

tracked over time in order to show the fusion and morphological changes resembling protrusions during the cytoplasmic streaming. Vesicles were tracked in a

time lapse of 1.6 seconds for 3 min in transgenic roots expressing 35S:PvTET3-GFP.

https://doi.org/10.1371/journal.pone.0219765.g011
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suggesting that PvTET10 is the ancestral tetraspanin gene, as is AtTET10 in the Brassicaceae

and OsTET14 in O. sativa [35, 50]. These structural intron/exon patterns indicate a similar ori-

gin as suggested for deuterostomes, in which tetraspanins are the product of a divergent evolu-

tionary process and originated from at least one common ancestor [51, 62]. In our unrooted

phylogenetic tree, PvTET1A and PvTET1B grouped with AtTET1 (TORNADO) and AtTET2,

while PvTET8, OsTET7-9, and AtTET8-9 clustered together (S2 Fig and S3 Fig).

We found that PvTET3 and PvTET1A transcripts are more abundant and ubiquitously

expressed during root and root hair development (Fig 2A and 2B). In angiosperms plants such

as Arabidopsis and P. vulgaris, primary root formation takes place during embryogenesis,

whereas lateral roots form post-embryonically from pericycle founder cells, and both of these

processes are mediated by changes in hormone levels [63, 64]. PvTET1A is expressed post-

embryonically, between 2 and 4 dpg, in the seedling when root growth begins and before lat-

eral roots emerge [38]. According with our phylogenetic data, PvTET1A is the homolog of

TORNADO in Arabidopsis (AtTET1 or AtTRN1), which regulates cell specification in the root

epidermis during radial pattern formation and thus in agreement with our transcriptional pro-

file for PvTET1A with a high expression in root [65]. However, our transcriptional profile does

not correspond with the reported higher TRN1 promoter activity in the meristematic zone in

the root tip. This discrepancy with higher expression in root zone II and III and lower in zone

I that correspond to the meristematic region could be due to the fact that the promoter region

of PvTET1A does not contain a putative cis-regulatory element, GCCACT, that exists in Arabi-
dopsis TRN1, and associated with meristematic expression and auxin dependency [65, 66].

Therefore, PvTET1A could have a different regulation, or its expression pattern could differ

from that reported in Arabidopsis.
The finding that PvTET3 transcript accumulation was downregulated under nodulation

and mycorrhizal conditions in P. vulgaris roots and that the encoded protein localizes to the

PM and PD, suggests that PD could be a regulated structure during the mutualistic interac-

tions. We also found that PvTET6 is specifically targeted to the PM and PD, in agreement with

the subcellular localization of some homologous tetraspanins identified in Arabidopsis, such as

AtTET3 and AtTET5 [35, 67–71]. PD are connections between cells that mediate symplastic

communication from single cells to tissue domains, these structures have essential roles in

cell-to-cell communication [72]. Both the density and aperture size of PD are developmentally

regulated through the deposition or solubilization of callose by callose synthases or glucanases,

allowing the formation of spatial symplastic domains that establish tissue-specific developmen-

tal programs [73]. Numerous non-cell-autonomous proteins (NCAPs) and small RNAs travel

through the PD and play crucial roles in cell fate determination and organ patterning during

plant development. In vascular plants, it has been suggested that PD networks are associated

with shoot apical meristem (SAM) organization in Arabidopsis and maize (Zea mays) [74–76].

Typical PD proteins, such as AtPDLP1, have a specific signal peptide, LVL, located in a trans-

membrane domain [67], which was also found in PvTET6 and PvTET3. Transmembrane

domains in tetraspanin have turned to play important roles. For instance, a single point muta-

tion, L31S substitution in the third amino acid of TM1 has been associated with field-evolved

resistance of cotton bollworm to transgenic Bt cotton [77].

In rice, blast disease caused by the hemibiotrophic fungusMagnaporthe oryzae grow from

one cell to the next through PD. This response is coordinated by chitin perception that

requires a receptor kinase (CERK1) and a chitin elicitor binding protein (CEBiP), which sense

the chitin and induce a reduction in the cell-to-cell connectivity via PD [80, 81]. During the

nodulation process it has been recently described that PD connection between the phloem-

early primordium-epidermal cell forming the infection thread is a key step for the infection

process [82, 83]. Again, it seems that PD are key components of the photogenic and
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mutualistic response and PD localized tetraspanins could be important modulators of the

intercellular flux regulating the symplastic continuity and molecular flux between cells. It

could involve ROS to regulate PD permeability by facilitating the cross-linking process of cal-

lose [84]. Therefore, the observed downregulation or upregulation of PvTET3 could affect PD

composition by modulating the capability of tetraspanin to recruit some additional molecular

components required to modify the callose composition in PD during mycorrhizal or rhizobia

association. This may also facilitate the hypha or infection thread to move cell-to-cell through

the PD connections or facilitate the diffusion of some proteins, such as transcription factors or

metabolites, required to fine-tune the regulation of cortical and cortex responses.

Nodulation involves substantial crosstalk between NFs and auxin signaling inMedicago
truncatula, with a high accumulation of auxin at the site of nodule meristem formation [85].

Indeed, there is a large overlap between genes induced in response to NFs and auxin, including

two tetraspanin genes with homology to PvTET3 (Medtr4g061010) and PvTET1A
(Medtr8g101600) [85]. In addition, a previous report showed that PIN1 expression was

reduced in the Arabidopsis trn2-1mutant, which has compromised auxin transport activity

during the transition from floral meristem termination to gynoecium development, which

suggests a link between tetraspanin and auxin homeostasis [86]. Therefore, in addition to alter-

ing auxin transport, Nod factors could modulate the expression of specific tetraspanins that

influence hormone levels, which could regulate cell division, a well-described process during

nodulation [87]. If PvTET1A and PvTET3 are downregulated during the interaction with NFs,

this response could be associated with the disruption of auxin transport or the stimulation of

auxin biosynthesis [88]. We suggest that NFs signaling has a profound impact on PvTET1A
and PvTET3 expression by affecting auxin levels and thereby coordinates nodule primordium

development. Indeed, it is well known that NFs interfere with auxin transport, biosynthesis,

and homeostasis [87, 89].

The finding that PvTET4 and PvTET8 are induced during early nodule development with

different timing and localization, as depicted by transcript accumulation and promoter activity

and in the fully grown and mature nodule. Our results indicate that PvTET8 could be involved

at different developmental stages of nodule primordia formation and in the infected thread

region, and PvTET3 although we did not find a high transcript accumulation, the promotor

activity indicates that is expressed in root and mature nodule, suggesting a role in the mature

nodule or later on during senescence. Furthermore, these expression patterns resemble those

found during lateral root formation. Both lateral root primordium and nodule primordium

formation require differentiated cells to become dedifferentiated and then to enter a new pro-

gram that involves cell division. Therefore, this tetraspanin could be involved in the molecular

mechanism that maintains meristem activity.

Furthermore, the roles of tetraspanin have been expanded beyond intercellular boundaries.

It has been reported recently that Arabidopsis cells secrete exosome-like extracellular vesicles

that are derived from the multivesicular bodies (MVBs), which contain cytoplasmic material,

such as proteins, miRNA, and lipids [23, 90]. Under certain circumstances, these MVBs fuse to

the plasma membrane and release the internal vesicles into the extracellular space. It has been

demonstrated recently that tetraspanins are key components and specific markers for animal

(CD63) and plant exosomes (AtTET8 and AtTET9) [23]. In Arabidopsis, exosomes transport

key miRNAs that induce silencing of fungal genes critical for pathogenicity in Botrytis cinerea,

defining a role for tetraspanin and exosome biogenesis in intercellular and inter-kingdom

communication [23]. This could explain why AtTET8 expression is upregulated upon treat-

ment with pathogen elicitors [38] and why, during our experimental conditions, PvTET8 is

induced when plants are infected with rhizobia. It is possible that exosomes could play an

important role during the mutualistic interaction. Furthermore, tetraspanin genes are among
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the induced genes in the reported legume transcriptome of wild peanut (Arachis spp) roots

infected with nematodes, suggesting that the pathogenic response in legumes also involves tet-

raspanins [91].

The upregulation of PvTET8 during the defense response also can be explained by the

enrichment of defense response cis-regulatory elements in its promoter region. Indeed, it has

been widely suggested that the molecular mechanism underlying mutualism was derived from

that underlying pathogenic interactions, but suppression of the immune response allows the

symbiont to colonize the plant host [92]. It will be interesting to determine the specific role of

PvTET8 during nodulation and mycorrhization and explore the role that vesicles and exo-

somes could play in recruiting proteins or membrane-associated proteins that are required in

the plasma membrane during mutualistic interactions.

Our data showing that PvTET12 is upregulated under phosphate scarcity, but not under

mycorrhizal association, suggest that PvTET12 expression is highly dependent on environ-

mental nutrition conditions. In Arabidopsis, AtTET12 has been identified in root hairs and in

the pollen tube [57]. Furthermore, the microarray data of Glycine max reported on the Soy-

bean Efb Browser website shows a differential expression of GmTET12 in roots and root hairs

at 24 h after inoculation with bacteria [35, 57, 93]. These data suggest a role for PvTET12 in the

massive proliferation of root hairs as a response to phosphate acquisition [94–96].

In animal cells, tetraspanins have multiple antagonistic effects. For example, the tetraspanin

CD82 is downregulated during metastases, while the tetraspanin CD151 and tetraspanin 8 are

induced and able to support tumor progression [21, 22]. It has been reported that the CD63 tetra-

spanin in animal cells recruits a H+-ATPase beta-subunit in parietal cells that affects its trafficking.

Also, saline stress has been used to induce changes in the H+-ATPase localization mediated by tet-

raspanin [97, 98]. Here, we also found that NaCl could upregulate PvTET12. Furthermore, in Ara-
bidopsis, a mutant of one isoform of PM H+-ATPase, AHA7, exhibited reduced root hair density

and lower H+ density efflux in the root hair zone, while the transcript was upregulated under low-

phosphate conditions [99]. Since phosphate scarcity affects PvTET12 expression, it could affect

the recruitment of protein related to the change in H+ efflux, and it is tempting to think that tetra-

spanins are somehow related to the regulation or trafficking of H+-ATPase. Furthermore, a PT4/

PT11 H+-ATPase has been found to be important for arbuscule maintenance and AM-mediated

phosphate uptake [100, 101]. Plants have developed several strategies to increase phosphate acqui-

sition, including changes to root architecture and the formation of root hairs [95, 102]. However,

the finding that other TETs, such as tetraspanin-1, are also related to changes in root hair regula-

tion suggests the existence of a more complex regulation [65].

There is an emerging association between tetraspanins and the mechanisms of ROS genera-

tion [24]. In the nematode C. elegans, the exoskeleton, the cuticle composed of collagen, is

tyrosine cross-linked in a ROS-dependent manner, in a process assisted by BLI-3, a DUOX

NADPH oxidase [29]. This process also requires the participation of tetraspanin TSP-15,

which allows recruitment of the NADPH oxidase [24, 25, 30]. Inactivation of this tetraspanin

or BLI-3 produces similar phenotypes. Furthermore, during plant infection with the patho-

genic fungusM. grisea or B. cinerea, the tetraspanin PLS1 is required for infection site forma-

tion. Therefore, the tetraspanin and ROS generated by a NADPH oxidase is needed to

coordinate ROS production at the infection site. In pathogenic C. lindemuthianum, a tetraspa-

nin is also required to reestablish appressorium polarity [24, 25, 31–33]. Furthermore, in Clavi-
ceps purpurea, Nox2 and Pls1 are important for a balanced host–pathogen interaction, while in

HeLa cells, the cotransfection of tetraspanin CD82 and GTPase Cdc42 induces apoptosis by

generating ROS [103, 104]. These data add weight to the strong connection between tetraspa-

nins and the ROS-generating machinery, both in animal and plant cells, to coordinate local-

ized ROS production [24, 25, 30, 105].
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During the mycorrhizal association of P. vulgaris with R. irregularis, only PvTET3 was

downregulated. This response coincides with previous reports in which a decrease in ROS pro-

duction induced by RNAi of PvRbOHB enhanced colonization by R. irregularis [56]. Thus, a

coordinated decrease in ROS production and PvTET3 expression could be required for mycor-

rhizal colonization, as previously suggested [56, 78, 79].

This spatial ROS requirement is also observed during the Casparian strip lignification that

occurs in plants, where CASP, a protein recruiting the NADPH oxidase, plays a role similar to

tetraspanin, bringing together NADPH oxidase and peroxidase and ensuring localized activa-

tion of the oxidase [106]. Tetraspanins have also been localized to the tip of growing pollen

tubes and root hairs (this work), and it is well known that the tip regions require NADPH oxi-

dase activity for the generation of ROS, key players in the regulation of polar growth [12, 13].

The subcellular localization of some tetraspanins at the apical plasma membrane suggests that

tetraspanins may play a key role during polar growth. Furthermore, the particular expression

of PvTET8 in root hairs in which an infection thread forms during early cell division in cortical

cells could be related to the NADPH-oxidase-mediated ROS generation that is required for

meristematic activity. Therefore, it is tempting to speculate that tetraspanins also play a role in

recruiting the ROS-generating machinery to a specific cellular location. Moreover, tetraspanin

also accumulates at the site of female gametophyte differentiation, a well-described ROS-

dependent process [35].

Finally, the site-specific localization of PvTET8 in root and nodule meristematic regions

points to a role in meristem maintenance. The well-described role of O2
.- accumulation in the

root apical meristem (RAM) and shoot apical meristem (SAM) in inhibiting the transition

from proliferation to differentiation suggests a key role for tetraspanins in undifferentiated

cells to inhibit differentiation in plant. Indeed, the balance of O2
./H2O2 levels in undifferenti-

ated and differentiated cells is crucial for WUSCHEL (WUS) activation to promote stem cell

differentiation. For instance, ROS can activateWUS and thereby repress expression of the TF

YABBY, which regulates the tetraspanin TORNADO at the transcriptional level. Therefore, the

tetraspanin TORNADO could be involved in processes that regulate ROS production, both at

the temporal and spatial level. It is interesting that the WUS-RELATED HOMEOBOX (WOX)

family transcription factorWOX5 like PvTET8, PvTET3 (this work), are also highly expressed

during nodule organogenesis, suggesting thatWOX genes are common regulators of cell pro-

liferation in different systems, such as the SAM, RAM, and nodule primordium, including in

megasporogenesis [36, 40, 86, 107].

Calcium and ROS are important cellular messengers and key players during mutualistic

interactions [9, 108]. ROS, and therefore the enzymes that generate ROS (e.g., NADPH oxi-

dases), play a key role in root hair tip growth, both in the presence and absence of pathogenic

or mutualistic interactions, and in the growth of other tip-growing cells such as pollen tubes

[12]. The observation that FNs from rhizobia have a different effect on ROS accumulation

than do pathogenic signals, such as elicitors, suggests that plant cells differentiate symbiotic

from pathogenic signals [6, 14, 109]. We previously reported that P. vulgaris produces 9

NADPH oxidases (Rboh), some of which are mainly expressed in roots, root hairs, or nodules

[43]. The overexpression of one, RbohB, results in increased nodulation, but with a reduced

mycorrhizal association [56], suggesting that ROS are important players in mutualistic interac-

tions [42, 43, 56]. We suggest that the co-occurrence of tetraspanin and NADPH oxidase in

the apical root hair cells or the early infection thread, and nodule primordia, could be related

to the ROS-generating machinery. The role of tetraspanins in regulating the plasma membrane

by recruiting the required proteins to specific membrane microdomains enriched in tetraspa-

nins (tetraspanin web) or by affecting its vesicular trafficking have been well described. It is

important to bear in mind that the release of the rhizobia from the infection thread or the

Specific tetraspanin expression during mutualistic interaction

PLOS ONE | https://doi.org/10.1371/journal.pone.0219765 August 22, 2019 22 / 31

https://doi.org/10.1371/journal.pone.0219765


arbuscule formation requires a complete coordination with the secretory system from the host

plant cells for symbiont accommodation. This involves a high rate of exocytosis of specific

components required for cell wall remodeling, including the extra membrane required to form

the peribacteroideal membrane. In this scenery, tetraspanins could also play a central role

organizing those membrane domains, but also facilitating the required vesicular trafficking to

specific places as those reported for photogenic interactions that involves the specific exosomes

secretion.

Supporting information

S1 Fig. Oligonucleotides used in this study.

(DOCX)

S2 Fig. Phylogenetic tree of TET family proteins from Arabidopsis and P. vulgaris. The

phylogenetic tree was generated from the alignment of tetraspanin proteins with n = 1000

bootstrap replicates. The TET proteins were classified into clades based on phylogenetic analy-

sis using the neighbor-joining (NJ) method. We used as query all tetraspanins reported by

Boavida et al., 2013.

(TIF)

S3 Fig. An unrooted neighbor-joining three phylogenetic tree was constructed based on

the amino acid sequences alignment of some legumes tetraspanins using the neighbor-

joining method (NJ)(Saitou and Nei, 1987, Takata et al., 2013). We selected amino acid

sequences fromMedicago truncatula, Phaseolus vulgaris, Glycine max, and Lotus japonicus. In

this phylogenetic tree we schematize seven groups formed with legumes tetraspanin and are

represented by different color branch. We selected a bootstrapping method to build the phylo-

genetic tree with 1000 replicates using MEGA Version 6.0.6 (Tamura et al., 2013)

(TIF)

S4 Fig. Rab2A transcript levels during root hair development. Transcript levels were quanti-

fied by reverse transcription and real-time PCR (RT-qPCR) and calculated using the expres-

sion levels of Elongation Factor 1α as reference. Measures were performed in each enriched

tissues and different zones in root of common bean at 48 hpg. The number of biological repli-

cates (n = 3) is indicated. Error bars indicate mean and SEM (±SEM).

(TIF)

S5 Fig. Expression level reported in transcriptomic atlas of common bean. FY- Young flow-

ers, collected prior to floral emergence; LF- Leaf tissue from fertilized plants collected at the

same time of LE and LI; L5- Leaf tissue collected 5 days after plants were inoculated with effec-

tive rhizobium; LE- Leaf tissue collected 21 days after plants were inoculated with effective rhi-

zobium; LI- Leaf tissue collected 21 days after plants were inoculated with ineffective

rhizobium; N5- Pre-fixing (effective) nodules collected 5 days after inoculation; NE- Effec-

tively fixing nodules collected 21 days after inoculation; NI- Ineffectively fixing nodules col-

lected 21 days after inoculation; P1- Pods between 10 and 11 cm long, associated with stage 1

seeds (pod only); P2- Pods between 12 and 13 cm long associated with stage 2 seeds (pod

only); PH- Pods approximately 9cm long, associated with seeds at heart stage (pod only); PY-

Young pods, collected 1 to 4 days after floral senescence. Samples contain developing embryos

at globular stage; R- Whole roots from fertilized plants collected at the same time as RE and

RI; R5- Whole roots separated from 5 day old pre-fixing nodules; RE- Whole roots separated

from fix+ nodules collected 21 days after inoculation; RI- Whole roots separated from fix-

nodules collected 21 days after inoculation; RT- Root tips, 0.5 cm of tissue, collected from
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fertilized plants at 2nd trifoliate stage of development.; S1- Stage 1 seeds, between 6 and 7 mm

across and approximately 50 mg; S2- Stage 2 seeds, between 8 and 10 mm across and between

140 and 150 mg; SH- Heart stage seeds, between 3 and 4 mm across and approximately 7 mg;

ST- Shoot tip, including the apical meristem, collected at the 2nd trifoliate stage; YL- Fully

expanded 2nd trifoliate leaf tissue from plants provided with fertilizer; YR- Whole roots,

including root tips, collected at the 2nd trifoliate stage of development; YS- All stem inter-

nodes above the cotyledon collected at the 2nd trifoliate stage. Common bean atlas source

(https://plantgrn.noble.org/PvGEA/blastprotein.jsp).

(TIF)

S6 Fig. Common bean root responses to NFs treatment. (A) Representative image of root

hairs of roots of common bean under control condition treated with chitosan 10−9 M and (B)

root hair subjected to a treatment with 10−9 M of NFs for 4 h (Scale = 100 μm).

(TIF)

S7 Fig. Expression of the other of tetraspanin members in P. vulgaris during nodule forma-

tion. Different transcript abundance under two treatments: incubated with Nod Factor or

inoculated with R. Tropici CIAT 899 (separated with a dotted line). The experiment included

uninoculated roots harvested as control at the same time (green bars). Expression values were

normalized with EF1a. Bars represent means ± SEM from at least three independent biological

replicates with three technical repeats. P-values<0.05 are marked with two asterisks, respec-

tively (Student’s t-test).

(TIF)

S8 Fig. Subcellular localization of 35S:PvTET3-GFP, 35S:PvTET6-GFP after plasmolysis.

Agroinfiltrated cells from N. benthamiana leaves under plasmolysis induced by NaCl. A, B

and C, 35S:GFP, 35S:PvTET3-GFP, 35S:PvTET6-GFP respectively, showing the regular cyto-

plasmic protein localization under control condition (left panel) and under plasmolysis (right

small panels). Arrows in B and C indicates the 35S:PvTET3-GFP and 35S:PvTET6-GFP fluo-

rescence associated with the retracted plasma membrane, while the 35S:GFP remains in the

cytoplasm in A.

(TIF)

S1 Movie. Composite plants from P. vulgaris expressing the fusion protein 35S:

PvTET6-GFP. Images were acquired with a spinning disk confocal system (Intelligent Imag-

ing Innovations /3i, USA) consisting of a CSU-W1 confocal head (Yokogawa, Japan) and a

modular solid-state laser stack; Slidebook software was used to control the system and capture

images (Intelligent Imaging Innovations /3i, USA). Movie represent 40 images taken 15 sec-

onds apart. Note the apical membrane localization and the cytoplasmic localization in vesicu-

lar structures that follows the cytoplasmic streaming.

(WMV)

S2 Movie. Composite plants from P. vulgaris expressing the fusion protein 35S:

PvTET6-GFP in epidermal cells. Images were acquired with a spinning disk confocal system

(Intelligent Imaging Innovations /3i, USA) consisting of a CSU-W1 confocal head (Yokogawa,

Japan) and a modular solid-state laser stack; Slidebook software was used to control the system

and capture images (Intelligent Imaging Innovations /3i, USA). Movie represent 40 images

taken 15 seconds apart. Note the apical membrane localization and the cytoplasmic localiza-

tion in vesicular structures that follows the cytoplasmic streaming.

(AVI)
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Carmen Quinto.

Supervision: Luis Cárdenas.

Writing – original draft: Saul Jimenez-Jimenez, Luis Cárdenas.

Writing – review & editing: Kenji Hashimoto, Kazuyuki Kuchitsu.

References
1. Fisher RF, Long SR. Rhizobium—plant signal exchange. Nature. 1992; 357(6380):655–60. https://doi.

org/10.1038/357655a0 PMID: 1614514.

2. Oldroyd GE. Speak, friend, and enter: signalling systems that promote beneficial symbiotic associa-

tions in plants. Nature reviews Microbiology. 2013; 11(4):252–63. https://doi.org/10.1038/nrmicro2990

PMID: 23493145.

3. Ferguson BJ, Mens C, Hastwell AH, Zhang M, Su H, Jones CH, et al. Legume nodulation: The host

controls the party. Plant, cell & environment. 2019; 42(1):41–51. https://doi.org/10.1111/pce.13348

PMID: 29808564.

4. Zepeda I, Sanchez-Lopez R, Kunkel JG, Banuelos LA, Hernandez-Barrera A, Sanchez F, et al. Visual-

ization of highly dynamic F-actin plus ends in growing phaseolus vulgaris root hair cells and their

responses to Rhizobium etli nod factors. Plant & cell physiology. 2014; 55(3):580–92. https://doi.org/

10.1093/pcp/pct202 PMID: 24399235.

5. Denarie J, Debelle F, Prome JC. Rhizobium lipo-chitooligosaccharide nodulation factors: signaling

molecules mediating recognition and morphogenesis. Annual review of biochemistry. 1996; 65:503–

35. https://doi.org/10.1146/annurev.bi.65.070196.002443 PMID: 8811188.

6. Cárdenas L, Quinto C. Reactive oxygen species (ROS) as early signals in root hair cells responding to

rhizobial nodulation factors. Plant Signaling & Behavior. 2008; 3:1–3.

7. Cardenas L, Holdaway-Clarke TL, Sanchez F, Quinto C, Feijo JA, Kunkel JG, et al. Ion changes in

legume root hairs responding to Nod factors. Plant physiology. 2000; 123(2):443–52. https://doi.org/

10.1104/pp.123.2.443 PMID: 10859175; Central PMCID: PMC1539257.
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the crystal structure of the 
chitinase ChiA74 of Bacillus 
thuringiensis has a multidomain 
assembly
estefania o. Juárez-Hernández1, Luz e. Casados-Vázquez1,2, Luis G. Brieba3, 
Alfredo torres-Larios4, pedro Jimenez-sandoval3 & José e. Barboza-Corona  1,2

there is no structural information about any chitinase synthesized by Bacillus thuringiensis, the 
most successful microbial insect larvicide used worldwide. In this study, we solved the 3D structure 
of the chitinase ChiA74 at 2.26 Å. The crystal structure shows that ChiA74 is composed of a modular 
arrangement formed by (i) a catalytic region (CD), (ii) a chitinase insertion domain (CID), (iii) a 
fibronectin type III domain (FnIII), and (iv) a chitin binding domain (CBD). The location of the CBD with 
respect to the CD has no structural similarity to other chitinases with known structures. The activity 
of a ChiA74 lacking its secretion signal peptide (ChiA74Δsp) and a truncated version lacking its CBD/
FnIII domains (ChiA74Δsp-50) did not have statistical differences in activity against colloidal chitin. 
However, ChiA74Δsp exhibits 4.5 and 2.0 higher activity than versions lacking the CBD (ChiA74Δsp-60) 
and CBD/FnIII domains (ChiA74Δsp-50), respectively, when crystalline chitin was used as substrate. 
Our data suggest that the CBD might plays a significant role in crystalline chitin hydrolysis. We 
also demonstrated the importance of the catalytic E211 in the CD, as mutants ChiA74ΔspE211N and 
ChiA74ΔspD207N, E211N were inactive against colloidal and crystalline chitins, chitosan and 4-MU-
GlcNAc3. ChiA74 has a processive activity producing oligosaccharides with degree of polymerization 
(DP) of 1 (GlcNAc) and 2 (GlcNAc2).

Chitinases are secreted by many prokaryotes and eukaryotes and are utilized for hydrolysis of chitin (a homopol-
ymer of N-acetyl-D-glucosamine, GlcNAc), a rich ubiquitous nutrient resource1. According with the CAZy 
database (http://www.cazy.org/Glycoside-Hydrolases.html), chitinolytic enzymes are classified as chitinases 
(EC 3.2.1.14) and β-N-acetylhexosaminidases (EC 3.2.1.52), formerly called endochitinases and exochiti-
nases, respectively. The first type of enzyme cleaves the chitin chain at internal sites randomly, whereas the sec-
ond one hydrolyzes chitin from the nonreducing end of chitin by removing GlcNAc residues. Chitinases and 
β-N-acetylhexosaminidases are classified into four (18, 19, 23 and 48) and six (3, 5, 18, 20, 84, 116) glycoside 
hydrolases (GH) families, respectively, based on their amino acid sequence similarities2. Most bacterial chitinases 
belong to the GH 18 family (GH-18), and share a TIM-barrel fold in their catalytic subunit, have a conserved 
DxDxE motif, and employ a substrate-assisted catalytic mechanism3. Structural studies of different chitinases 
show that subsites +1 and +2 of the enzyme interacts with the reducing end of the chitin, and the hydrolysis 
occurs in the binding cleft between subsites −1 and +14. Family 18 chitinases are classified into three subfamilies 
(A, B, C), based on the amino acid sequence similarity. Chitinases from subfamily A have a modular structure 
composed of the catalytic domain (CD), a fibronectin type III domain (FnIII), and a chitin binding domain 
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(CBD). One of the main structural differences between the three subfamilies is that subfamily A has a small α + β 
domain (chitinase insertion domain, CID) inserted into the TIM barrel catalytic domain, which is absent in the 
subfamily B. Also, the substrate-binding cleft of chitinases from subfamily A is deeper than that observed in sub-
families B and C5–10. Although the definitive role of the CID has not been completely understood, it seems that its 
insertion into the TIM domain facilitate the orientation and strong association of the enzyme to the substrates10. 
CIDs have been reported in chitinases from Vibrio harveyi, the human cartilage glycoprotein-39, Bacillus thur-
ingiensis and Serratia marcescens7,11–13. When the CID of S. marcescens chiA was deleted, the truncated enzyme 
showed a shallower tunnel in the catalytic domain than that of the intact enzyme, and also had reduction in 
thermal stability, specific activity and the substrate/product specificities13. A multiple sequence and structural 
alignment of twenty-seven CIDs shows the conservation of two motifs, YxR and [E/D]xx[V/I]. These conserved 
amino acids are predicted to be important for the interaction with the substrate through salt bridge and hydrogen 
bonds. Also five residues were identified into the CID that might be implicated in the formation of the hydropho-
bic core, as well as the stabilization of the domain10.

B. thuringiensis is the most successful microbial insect larvicide used worldwide. Its toxic effect is primarily 
due to Cry (crystal) and Cyt (cytotoxic) proteins that aggregate into stable crystalline inclusions during sporula-
tion14,15. Although B. thuringiensis is most known for the plethora of Cry and Cyt proteins it produces, strains of 
this microbe produces other proteins that have applied biotechnological value, including chitinases, vegetative 
insecticidal proteins (Vip) and enhancing-like proteins, antimicrobial peptides and parasporins which can be 
used to synergize the activity of Cry proteins, to control lepidopteran and coleopteran pests, to inhibit food-borne 
pathogenic bacteria and to kill human cancer cells of various origins, respectively1,14,16. In particular, ChiA74, a 
chitinase synthesized by a Mexican strain of B. thuringiensis subsp. kenyae, has been shown to synergize the insec-
ticidal activity of Cry proteins, and to generate chitin-oligosaccharides with antimicrobial activity17–19. This chiti-
nase has a molecular mass of ~74 kDa, and its bioinformatic analysis predicts that it is composed of four domains: 
TIM-barrel, chitinase insertion (CID), fibronectin type III (FnIII) and chitin binding domains (CBD)12. The 
presence of a putative CID in a chitinase of B. thuringiensis was first reported by Juárez-Hernández et al.12,20,21. 
It has been shown that when ChiA74 is secreted, a protein of ~70 kDa and two truncated versions of ~60 and 
50 kDa, which are processed from the C-terminal end are generated by an unknown mechanism12,22. Biochemical 
data demonstrated that the 50 kDa containing the (α/β)8-TIM-barrel plus the CID is the minimum version of the 
enzyme that possesses similar activity and catalytic efficiencies (kcat/Km) that ChiA74 lacking its secretion signal 
peptide (i.e. ChiA74Δsp) when colloidal chitin is used as substrate12.

To date, the three-dimensional (3D) structures for several proteins of biotechnological interest synthesized by 
B. thuringiensis have been elucidated15,23–27. However, there is no report about the tertiary structure of a chitinase 
synthesized by this bacterium. In this study, we solved the 3D structure of chitinase ChiA74 and demonstrated 
the importance of the conserved motif in the catalytic domain by site-directed mutagenesis. Our data demon-
strate that this enzyme has a modular arrangement formed by four domains: (i) the catalytic region with an 
(α/β)8-TIM-barrel as a core structure, (ii) the chitinase insertion domain as a barrel insertion, (iii) the fibronectin 
type III and (iv) a chitin binding domain.

Results
Overall structure of ChiA74. Recombinant ChiA74 contains 676 amino acids including a N-terminal  
His-tag. ChiA74 crystallized in space group P 1 21 1 (Table 1). The cell content analysis in CCP4 suggest two cop-
ies of the molecule in the asymmetric unit. A molecular replacement solution was found with Phaser-MR using 
an alanine truncated model of the chitinase A1 from B. circulans (PDB ID 1ITX) as the search model. Side chains 
were completed from the initial MR solution in Coot as supported by electron density. The rest of the model was 
built manually in Coot (including the FnIII and the CBD) and several cycles of refinement in REFMAC5 were 
performed. The structure was refined to 2.26 Å resolution with a final Rwork and Rfree of 23.9% and 25.3%, respec-
tively (Table 1). No electron density was observed for the N-terminal His-tag, residues 572 to 581 and residues 
675 to 676, and were not included in the final model. Residues from the CBD showed poor electron density that 
may indicate its high flexibility. However, most of the CBD was modeled as alanines due to the poor electron 
density maps.

The crystal structure of the ChiA74 consists of an (α/β)8-TIM-barrel, a CID, a FnIII and a C-terminal CBD 
(Fig. 1). Chitinases from family 18 share a common active site shape, which is often called “tunnel shaped”28. The 
catalytic region is composed of 442 residues and forms a substrate binding cleft and a semi-closed tunnel-shaped 
active site, with both the (α/β)8-TIM-barrel and the CID, similar to other chitinases with CID, the substrate bind-
ing groove is partially closed29. Three disulfide bonds between residues C78-C100, C140-C146, and C453-C461 
are located in the TIM-barrel, with an additional one formed between residues C348-C359 in the CID domain. 
Structural comparison of the catalityc region of ChiA74 with other chitinases shows structural differences 
(Fig. S1) Although the catalytic region of chitinase A1 of B. circulans WL-12 shows high similarity with ChiA74 
(∼60% of identity), ChiA74 differs mainly in a loop (residues 454 to 465) that is close to the CID (Fig. S1, loop 
in magenta) and in two segments of the CID-loop 1 defined as l′ and l″ (Fig. S1, regions of the CID-loop 1 are 
indicated in yellow and red, and corresponds to residue range 361 to 366 and 375 to 380, respectively). The two 
regions of the CID-loop 1 (l′ and l″), the loops of the TIM-barrel harboring the CID (Fig. S1, loops showed in 
magenta and orange), and the TIM-barrel loop 2 (Fig. S1, showed in green) are the main structural differences 
of ChiA74 with chitinase A from S. marcescens, chitinase A from V. harveyi and ChiW from Paenibacillus sp. str. 
FPU-7 (Fig. S2, PDB code 1FFR, 3B9A and 5GZT, respectively). ChiW from Paenibacillus sp. str. FPU-7 differs 
even more on its TIM-barrel loop 2, which is considerable smaller to the rest of the chitinases showed in Fig. S1.

In our structure, the FnIII-like domain is linked to the TIM-barrel through residues 476 to 484 at the opposite 
site of the catalytic region, defined as FnIII linker loop. A calcium ion is highly coordinated by residues D483 and 
E485 (witin the FnIII linker loop), residues D512 and N513 (within the FnIII loop 2 which harbors residues 508 
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PDB code 6BT9

Data collection

Space group P 1 21 1

Cell dimensions

  a, b, c (Å) 85.8 82.4 101.6

  α, β, γ (°) 90, 108.1, 90

Resolution (Å) 62.76-2.26 (2.31–2.26)*

Rmerge 0.155 (0.712)

Mean I/σ(I) 8.9 (1.9)

CC1/2 0.965 (0.847)

Completeness (%) 99.7 (99.1)

Redundancy 5.4 (4.9)

Refinement

Resolution (Å) 62.76-2.26

No. reflections 63155

Rwork/Rfree 23.9%/25.3%

No. non-hydrogen atoms 9450

  Protein 9370

  Water 78

B-factors

  Protein 24.32

  Ligands 15.46

  Water 11.79

Root mean squared deviations

  Bond lengths (Å) 0.0103

  Bond angles (°) 1.354

Table 1. Data collection and refinement statistics of ChiA74. *Values in parentheses are for the highest 
resolution shell.

Figure 1. Overall structure of ChiA74. The scheme of the multidomain enzyme is shown at the top of the 
image. The catalytic region is composed of the characteristic (α/β)8-TIM-barrel and the chitinase insertion 
domain (CID), in dark blue and cyan, respectively. The fibronectin type III (FnIII) and the chitin binding 
domain (CBD), in green and lemon colors, respectively, are located at the C-terminal region. The rest of the 
image shows the active site into the cavity formed between the CID and the (α/β)8-TIM-barrel, indicated with 
an arrow. Two loops of the FnIII domain (green) and the linker loop to the (α/β)8-TIM-barrel keeps a highly 
coordinated calcium ion. The CBD at the C-terminal is shows in lemon color. The image only shows one 
molecule, for clarity, of two contained in the asymmetric unit.
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to 516) and D554 (within the FnIII loop 6, residues 554 to 562); these loops are the linkers between β strands of 
the domain, i. e. loop 2 links β strand 2 to 3, and loop 6 links β strand 6 to 7. Other contacts of the N-terminal 
region of the FnIII occur with residues E248 to K251 of the TIM-barrel. FnIII does not form an extended sub-
strate binding surface with the catalytic cleft as has been observed in other chitinases, for instance, chitinase 
ChiA of Serratia marcescens, and ChiA of V. harveyi, where this domain has multiple sites for substrate binding 
along the surface towards the active site, and which functions in enhancing binding and hydrolyzing activities 
against natural chitin30,31. The crystal structure of ChiA74 and the catalytic parameters of the truncated FnIII 
version of the enzyme12, shows that FnIII (i) lacks exposed aromatic residues, and (ii) acts as a stable linker 
between the catalytic region and the CBD. A similar role of a FnIII domain has been suggested in chitinase ChiW 
from Paenibacillus sp. str. FPU-732, and other multimodular carbohydrate-interacting proteins containing FnIII 
domains33. Additionally, CBD shares interfaces between both FnIII and the (α/β)8-TIM-barrel. Briefly, N664 to 
E667 form hydrophobic and electrostatic interactions with the β-sheet 7of the FnIII (residues 563 to 568), and its 
loop 1 interacts with the α -helix 4 of the TIM-barrel (Figs 1 and S2).

Structure of the CID of ChiA74. The CID is located between the seventh alpha-helix and the seventh 
beta-strand of the (α/β)8-TIM-barrel. Residues in this loop assemble the “half active site wall” of the entire cata-
lytic region. The CID consists of 82 residues, constrained between residues 341 and 423. In ChiA74 this domain 
is composed by five antiparallel beta-strands, one α -helix and one loop of 38 residues long between its first and 
the second β-strand of the CID, defined as CID-loop 1. A structure-based sequence alignment and a structural 
comparison with other chitinases (Fig. 2) carried out by the structure comparison tool MatchMaker of the UCSF 
Chimera program34 showed that the CID-loop 1 is longer in ChiA74, with two segments that extend and closes 
the catalytic cleft, named as l′ and l″. CID-loop 1 is the less conserved region compared with similar chitinases 
of known structure. PDB codes indicated in Fig. 2A, and similar, conserved residues are indicated in yellow and 
red, respectively, according with ENDScript35. Those segments are considerably long when compared with other 
structures (Fig. 2B). PDB codes of the superimposed structures are the same that are indicated in Fig. 2A, ribbon 
representation images were rendered in Maestro program36. The CID-loop 1 together with the TIM-barrel loop 
2 (residues 74 to 147) (Fig. S1) assemble into a structure that partially closes the substrate binding groove. This 
assembling is characteristic of exo-acting processive enzymes during the degradation of non-soluble polysac-
charides37, since processive chitinases possess partially closed tunnels at the active site and conserved aromatic 
residues that bind the substrate and allows substrate translocation and processivity38, and is also an important 
structural element for endo-acting chitinases on soluble substrates28,32. Additionally, four residues in the CID are 
suggested to interact with the substrate at the catalytic cleft10; in ChiA74 these residues are Y341, R343, V383 and 
D374 (Fig. 2C).

Figure 2. Structure-based sequence alignment of ChiA74 with other chitinases. The image shows the structure-
based sequence alignment of the catalytic cleft of ChiA74 and others CID containing chitinases. Similar and 
conserved residues are indicated in yellow and red, respectively, according with ENDScript server35. UCSF 
Chimera34 for structures superimposing. (A) Structure-based sequence alignment, only the region of the CID 
is shown. Main difference with other CIDs is the CID-loop 1 long. Regions l′ and 1″ are indicated in yellow and 
red, respectively. The PDB ID are the following: 6BT9 (chitinase ChiA74 from B. thuringiensis); 1ITX (catalytic 
domain of chitinase A1 from B. circulans WL-12); 1FFR (chitinase of mutant Y390F complexed with hexa-N-
acetylchitohexaose from S. marcescens); 3B9A (V. harveyi chitinase A complexed with hexasaccharide) and 
5GZT (chitinase ChiW from Paenibacillus sp. str. FPU-7). (B) Structural superimposition of ChiA74 with other 
chitinases where the differences between structures are shown with color. PDB codes of the superimposed 
structures are the same used in A. (C) CID in ChiA74 (dashed line) protrudes from Loops 6 and 8 of the TIM-
barrel. Residues that would be interacting with substrate are indicated. Region 1′ of the CID-loop1 closes the 
substrate binding groove ″ of the active cleft (yellow).

https://doi.org/10.1038/s41598-019-39464-z


5Scientific RepoRts |          (2019) 9:2591  | https://doi.org/10.1038/s41598-019-39464-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

Structural details of the catalytic cleft of ChiA74. The catalytic semi-closed tunnel of ChiA74 formed 
by the TIM-barrel and CID displays a negatively charged surface (Fig. 3A). The (α/β)8-TIM-barrel harbors a 
series of aromatic residues through its molecular surface, that control substrate binding near the active site, sub-
sites −5 to +2. The subsites −1 and +1 are between the cut-off site of the enzyme, the positive subsites (e.g.+2) 
toward the reducing end, and the negative subsites (−2, −3, −4, −5…) in the direction to the non-reducing end 
(Figs S3, S4B). Several studies in model enzymes from subfamily A of the family 18 chitinases30,39 indicate that 
conserved exposed aromatic residues at the entrance of the catalytic cleft play a key role in hydrolyzing the chitin 
chain, when using crystalline chitin as a substrate, by guiding the entrance of the substrate into the active site. In 
ChiA74, the aromatic residues at the entrance of the catalytic cleft correspond to W123 and W137 which are simi-
larly located as in chitinase from B. circulans, S. marcescens and V. harveyi, and may play the same role as substrate 
guiding residues (Figs 3B, S3). Residues Y53 and W50 are also conserved and they may be involved in extending 
from −5 to −3. These amino acids are structurally superimposable to Y56 and W53 of ChiA1 from B. circulans, 
and appear to be essential for crystalline chitin hydrolysis30,40. Due to their structural resemblance, residues Y53 
and W50 may have the same function in hydrolyzing crystalline chitin. Residues W137, W123, Y53, and W50 
are located on the extended surface at the entrance to the catalytic cleft in ChiA74, suggesting that this chitinase 
works as processive chitinases towards the non-reducing end of chitin41 predominantly releasing disaccharides 
and also monosaccharides at +1 and +2 subsites, as it was recently observed with purified ChiA7422. For ChiA74, 
residues stacking in subsites +1 and +2 are W171 and W292, respectively (Fig. S3).

The catalytic domain harbors the motif (DxDxE) which is conserved in most family 18 chitinases, and whose 
role in the catalytic process has been demonstrated in other bacterial chitinases21,34–43. In the current accepted 
model, the second Asp within the DxDxE motif turns towards the Glu after substrate binding, enabling hydrogen 
bond interactions with the substrate and Glu, then the glycosidic oxygen acts as a nucleophile and the second Asp 
deprotonates the N-acetamido nitrogen during oxazolinium ion formation. Finally the Glu protonates the glyco-
sidic oxygen and deprotonates the nucleophilic water, giving the hydrolysis of the oxazolinium ion44. In ChiA74 
this motif harbors the following amino acids: D207, D209, and the catalytic E21121 (Figs 3B, S3).

Chitinase activity of truncated versions and catalytic motif mutants against different substrates.  
ChiA74Δsp and its versions lacking the chitin binding domain (ChiA74Δsp-60) and chitin binding-fibronectin 
type III domains (ChiA74Δsp-50) were assayed against three natural substrates (crystalline chitin, colloidal 
chitin, chitosan) and one synthetic compound, i.e. 4-MU-(GlcNAc)3 (Table 2). Also, mutants of ChiA74Δsp 
with one (ChiA74ΔspE211N) and two (ChiA74ΔspmD207N, E211N) amino acid replacements in the catalytic motif 
were generated, substituting D207 and the catalytic E211 (negative amino acids) with asparagines (N, uncharged 
amino acid). The importance of those amino acids in catalysis has been demonstrated in chitinase A1 of B. 

Figure 3. Structural details of the catalytic cleft in ChiA74. (A) Electrostatic surface potential of the semiclosed 
tunnel active site of ChiA74. Red and blue color indicate negative and positive charges, respectively, generated 
using Poisson-Boltzmann (APBS) method for the solvated molecule. The binding and catalytic area displays an 
extended negatively charged surface. The discontinued circle in yellow is indicating the semi-closed tunel. (B) A 
series of aromatic residues for substrate stabilization and binding are shown in magenta. Residues W137, W123, 
Y53, W50 and W447 form an extended surface towards the catalytic site (only D209 and E211 are shown, in 
yellow). Images are superimposables.
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circulans and S. marcescens, primarily the glutamic acid which is directly involved in the hydrolysis of the oxaz-
olinium ion intermediate42,44. In general, the highest activity with natural substrates was observed with colloidal 
chitin rather than crystalline chitin and chitosan in a time reaction of 12 h at 37 °C. As was previously reported12, 
we confirmed that ChiA74Δsp and ChiA74Δsp-50 show the highest activity with colloidal chitin, without sta-
tistical difference. With crystalline chitin, ChiA74Δsp showed 4.5 and 2.0 higher activity than ChiA74Δsp-60 
and ChiA74Δsp-50, respectively, but with chitosan the highest activity was detected with ChiA74Δsp-50. Using 
4-MU-(GlcNAc)3, truncated versions showed differences in the activity against this substrate. When mutants 
(ChiA74ΔspE211N) and ChiA74ΔspD207N, E211N were assayed with crystalline chitin, colloidal chitin, chitosan and 
4-MU-(GlcNAc)3, no enzymatic activity was observed, demonstrating the importance of the catalytic E211 in the 
chitinase activity42,44 of ChiA74Δsp.

On the other hand, TLC (Fig. S4) was carried out with colloidal chitin and crystalline chitin, the natural 
substrates that were most susceptible to the hydrolytic activity of purified ChiA74Δsp and ChiA74Δsp-50. 
Chitin-oligosaccharide derivatives with degree of polymerization of 1 and 2 were detected, as previously 
reported22, which suggest a processive activity in substrate degradation. Similar results were reported with 
BthChi74, a chitinase that shares 98% identity with ChiA7445.

Discussion
The crystal structure of ChiA74 shows that this enzyme has a modular structure formed by four domains: 
(i) the catalytic region with an (α/β)8-TIM-barrel as a core structure, (ii) the chitinase insertion domain as a 
barrel insertion, (iii) the fibronectin type III and (iv) a chitin binding domain, as previously hypothesized by 
Juárez-Hernández et al.12.

The modular organization of ChiA74 has similarities, but it is not identical to the structure reported for other 
bacterial chitinases (e.g. ChiA1 from B. circulans, ChiA from S. marcescens, ChiA from V. harveyi, ChiW from 
Paenibacillus sp. str. FPU-730-32,40. Some chitinases have immunoglobulin-like fold domains (FnIII, CBD or both), 
but ChiA74 differ from those enzymes mainly at the structural arrangement level, because of the very closed 
substrate binding groove of the catalytic cleft and in the multimodular assembly (Figs 1, 2). The TIM-barrel/CID 
catalytic domain of ChiA74 harbors the conserved motif in most family 18 chitinase involved in chitin hydrolysis 
(i.e. DxDxE), where E211 plays an important role as the catalytic amino acid initiator of the oxazolinium ion 
intermediate hydrolysis42,44. We demonstrated the importance of residues present in the conserved motif of the 
catalytic domain by site-directed mutagenesis, in particular, the significance of the catalytic E211 in ChiA74, as 
mutants ChiA74ΔspE211N, ChiA74ΔspD207N, E211N were inactive against two natural polysaccharides (i.e. chitin, 
chitosan) and one short synthetic substrate (4-MU-GlcNAc3) (Table 2), similar as reported for other chitinases42. 
The catalytic domain of ChiA74 from B. thuringiensis shows high identity with ChiA of S. marcescens, suggesting 
that ChiA74 might has similar catalytic mechanism. In the proposed mechanism for ChiA74, D209 interacts 
with D207, after binding of substrate D209 flips to its alternative position where it interacts with E211 forcing the 
substrate acetamido group of −1 sugar to rotate around the C2-N2 bond (Fig. S5)29.

As ChiA74 contains a CID inserted into the TIM barrel catalytic domain, this enzyme can be classified in the 
subfamily A of the family 18 chitinases10. The location of the FnIII and CBD in ChiA74 is different with respect 
to other chitinases of the family 18, in which the FnIII domain is often located along the catalytic region and 
functions as a chitin binding module29,46. In ChiA74, the FnIII might act as a stable linker between the catalytic 
regions and the CBD in a similar way as has been proposed in ChiAW fom Paenibacillus sp. str. FPU-7 and 
Microbacterium aurum B832,33. The modular arrangement of ChiA74 represents the first report of a full version 
chitinase structure with a CBD located slightly distal from the catalytic region linked by a FnIII domain, and sug-
gests a different role (substrate binding and guiding to the active site) for the CBD. The location of the CBD with 
respect to the catalytic region has no structural similarity with other chitinases of known structure, and to date, 
represents the first report of this particular multimodular assembly. The structural arrangement of this domain 
remains unclear, but our data indicates that this domain could be important for crystalline chitin hydrolysis. 
For example, the activity of the truncated version against crystalline chitin is lower (from 0.22 X to 0.49X) than 
ChiA74Δsp, suggesting that CBD is necessary for crystalline chitin hydrolysis. We do not have experimental evi-
dence, but as crystalline chitin has a fibrillar structure with high degree of crystallinity and polymorphism, and 
the chitin binding domain surface might facilitate the movement of the chitin chain toward the catalytic region, 
as suggested previously7 or prevent dissociation from the crystalline substrate. In general, we observed a higher 
chitinase activity when using colloidal chitin as a substrate than using chitin in its crystalline form. It is likely 

Enzymes crystalline-chitin* Colloidal chitin* Chitosan* 4-MU-GlcNAc3**
ChiA74Δsp 97.46 ± 6a*** 187.15 ± 13a 48.73 ± 23a 13093.16 ± 635a

ChiA74Δsp-60 21.54 ± 1b 60.53 ± 4b 28.52 ± 14a 10313.68 ± 500b

ChiA74Δsp-50 47.76 ± 3c 170.44 ± 12a 51.28 ± 25a 8846.54 ± 429c

ChiA74ΔspE211N 0.71 ± 0.0c 0.71 ± 0.05c 1.41 ± 0.7b 64.97 ± 3d

ChiA74ΔspD207N, E211N 1.77 ± 0.1d 3.53 ± 0.25d 2.82 ± 1b 51.55 ± 2e

Table 2. Chitinase activity (U/μmol) of different versions of ChiA74 against several substrates. *One Unit of 
chitinase activity was defined as the amount of enzyme required to release 1 µmol of NAG in 1 h. **One Unit 
of chitinase activity was defined as the amount of enzyme required to release 1 µmol of MU in 1 h. ***Different 
letter in the same column (a, b, c) indicate significant difference at P < 0.05 determined by the Tukey multiple 
range test.
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that colloidal chitin might interact more easily with the enzyme because the crystalline structure maintained 
by hydrogen bonds is disrupted due to the acid treatment, thus facilitating the interaction of the sugar chains of 
the colloidal chitin with ChiA74. Similar results have been observed with a chitinase from V. harveyi7. Our data 
confirmed that ChiA74Δsp and the truncated version ChiA74Δsp-50 (i.e., the enzyme version with the CD 
and CID) have the same activity against colloidal chitin, indicating the CBD and FnIII are not necessary for the 
chitinase activity against this substrate12. When crystalline and colloidal chitin were treated with ChiA74Δsp 
and analyzed by TLC, oligosaccharides of DP of 1 (GlcNAc) and DP of two (GlcNAc2) were obtained, indicating 
that ChiA74Δsp has an exo-acting processive activity which is congruent with the presence of a partially closed 
substrate binding groove formed by the CID-loop 1 and the TIM-barrel loop 2, characteristics of enzymes with 
this activity37. Similar results were obtained previously in our laboratory using purified ChiA74Δsp and colloidal 
chitin22. The crystal structure and TLC data suggest that ChiA74 probably hydrolyses chitin chains from reducing 
toward non-reducing end, similar to ChiA by S. marcescens47. We previously reported that ChiA74 has an endo-
chitinase activity which was determined using crude extracts and synthetic fluorescent substrates21. However, 
the putative endochitinase activity reported in that work might be erroneous considering the fact that ChiA74 
was mixed with other proteins in the crude extract and the substrate was not a chitin polymer. In this regard, in 
future studies it is very important to confirm or discard, experimentally, whether ChiA74 cleaves the chitin chain 
at internal sites or hydrolyzes chitin from the end in a processive mode, or both, using more sensitive techniques 
than TLC (e.g. HPLC)44,47.

Finally, we report for the first time the three-dimensional structure of a chitinase synthesized by B. thuringien-
sis, the most important microbial insecticide worldwide. The elucidation of the crystal structure of ChiA74 is an 
important advancement in the study of metabolites of B. thuringiensis and provides a foundation for future stud-
ies of chitinases synthesized by this bacterium, including protein engineering or directed evolution to enhance 
the applied versatility of these enzymes.

Materials and Methods
Bacterial strains and culture conditions. The recombinant plasmid, pColdI-chiA74Δsp, harbors chiA74 
lacking sequences coding for the secretion signal peptide, and its N-terminal end is fused to a heterologous 
sequence of 28 amino acids that includes the 6x-histidine tag and Factor Xa cleavage sites12,22. Escherichia coli 
TOP10 (Invitrogen, Carlsbad CA, EE.UU.) and E. coli BL21 Rosetta 2 (Merck Millipore, MA) were used as host 
cells for propagation or protein production, respectively. All bacteria were cultured at 37 °C in Luria-Bertani (LB) 
liquid medium (Invitrogen, Carlsbad CA, USA), supplemented with ampicillin (100 mg/ml) or chloramphenicol 
(34 mg/ml).

Expression and purification of ChiA74Δsp. E. coli BL21 Rosetta 2/pColdI-chiA74Δsp was grown over-
night in 10 ml of LB broth supplemented with ampicillin and chloramphenicol, and then transferred to 1000 ml 
fresh medium supplemented with the same antibiotics. Culture was grown at 37 °C/200 rpm to reach an OD600 
of 0.5, and then incubated at 4 °C for 15 min. Bacterial culture was incubated with agitation at 15 °C for 30 min, 
and IPTG was added to a final concentration of 0.5 mM. The culture was incubated for 24 h at 16 °C, 200 rpm, and 
then centrifuged, the supernatant was discarded, and the pellet was resuspended and incubated on ice for 30 min 
in 25 ml of buffer A (100 mM Tris-HCl, pH 7; 500 mM NaCl, 10 mM imidazole) supplemented with lysozyme 
(1 mg/ml). Samples were sonicated 10x, 30 s each, at an amplitude of 30 Hz using a 20 kHz ultrasonic processor 
(Sonic and Materials, Inc., New-town, CT 06470-1614 USA). The extract was centrifuged 30 min at 13,000 g and 
the supernatant was passed through a HisTrap HP column (GE Healthcare Bio-Sciences AB, Upsala Sweden) 
pre-equilibrated with buffer A. Unbound protein was removed with 15 ml of buffer A, 15 ml of buffer A-20 mM 
imidazole, 15 ml of buffer A-40 mM imidazole, and finally samples were eluted with 3 ml of buffer A-500 mM 
imidazole. Eluted samples were dialyzed at 4 °C in buffer E (100 mM Tris-HCl, pH 7; 150 mM NaCl) without imi-
dazole. Collected fractions were analyzed by 10% SDS–polyacrylamide gel (SDS–PAGE) and zymogram. Samples, 
purified with the HisTrap HP column were loaded onto a Superdex 200 10/300 GL (GE Healthcare life science) 
column previously equilibrated with buffer A (100 mM Tris–HCl pH 7.0, 25 mM NaCl) and ChiA74Δsp was sep-
arated by fast protein liquid chromatography (FPLC) (Biologic Duo-Flow Pathfinder 20 System BioRad, Hercules 
CA, USA). Fractions of 1 ml were collected at a rate of 0.5 ml/min using buffer A and monitored at 280 nm. 
Fractions in the peak were collected and analyzed by 10% SDS–PAGE and zymograms. Protein concentration was 
determined at 595 nm using the Quick Start Bradford 1 x Dye reagent (BioRad, HerculesCA, USA) in a Synergy 
HTX Biotek (Winooski, VT).

SDS-PAGE and zymograms. Fractions containing ChiA74Δsp were monitored by SDS-PAGE and zymo-
gram to corroborate the presence and activity of the purified recombinant protein. Portions of each fraction 
were treated with Laemmli’s disruption buffer supplemented with β-mercaptoethanol. Identical samples were 
fractionated by electrophoresis in a 10% SDS–PAGE. One gel was stained with coomassie blue and the second was 
washed with casein-EDTA buffer [1% (w/v) casein, 2 mM EDTA, 40 mM Tris–HCl, pH 9], and activity detected 
with 25 μM of the fluorogenic substrate 4-MU-(GlcNAc)3 (Sigma, St. Louis, MO), as previously described21.

protein crystallization and data collection. Initial crystallization tests were performed by using a 
Crystal Gryphon robot (Art Robbins Instruments, Sunnyvale CA, USA) using MRC 3 well crystallization plates 
(Jena Bioscience, Jena, Germany). Approximately 300 conditions were tested for crystallization at 292 K and crys-
tals were formed in 30 conditions after two weeks using protein at 15 mg/ml, whereby a selection of the most 
appropriate crystals was made to improve their size. New drops were set in VDX plates (Hampton Research, Aliso 
Viejo CA, USA) using hanging-drop vapor diffusion technique by mixing equal volumes of the pure protein with 
selected precipitants from a sparse matrix screen. All the crystals were grown as a sheet clusters; no individual 
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crystals were obtained even after crystal seeding. Crystals were selected for diffraction from a condition contain-
ing 25% (w/v) PEG 6000, 100 mM HEPES/NaOH pH 7.0 and 200 mM NaCl. A single sheet crystal was obtained 
by breakage and cryoprotected in a similar solution containing 20% (w/v) of glycerol prior to flash cooling in 
liquid nitrogen. Two crystals were used to collect diffraction data at 100 K using a MarMosaic 225 CCD detector 
at APS beam line LS-CAT 21-ID-F with 1° rotation per image.

Structure determination and refinement. Diffraction intensities were integrated and scaled as mono-
clinic P 1 21 1 lattice symmetry with DIALS using xia248 and AIMLESS49 from the CCP4 software suite, respec-
tively. The program MATTHEWS_COEF50, through the cell content analysis task in CCP4 suggests two copies 
of ChiA74 in the asymmetric unit. A molecular replacement solution was found with Phaser-MR51, using a poly 
alanine model of the chitinase A1 structure from B. circulans (PDB ID 1ITX) as the search template. Residues of 
the catalytic region were modeled in Coot according with sequence as they were supported by electron density. 
Crystallographic refinement was performed with REFMAC552. A total of 3145 reflections (5.0%) were used as the 
test set. Simulated annealing, individual atomic coordinate and individual atom isotropic displacement parame-
ter refinement strategies were performed with non-crystallographic symmetry (NCS) restraints. The model was 
adjusted to improve the fit to likelihood weighted electron density maps using Coot53, and the rest of the model 
corresponding to the fibronectin type III and carbohydrate binding domains were constructed manually in agree-
ment with electron density maps, in Coot. Some solvent molecules were added where they were supported by 
both chemistry and geometry. The quality and stereochemistry of the model were evaluated using Coot validation 
tools, Molprobity and the wwPDB Validation Server54.

Construction of ChiA74 mutant. Mutations in the catalytic domain were carried out by site-directed 
mutagenesis using pCold-chiA74Δsp as template22. This recombinant plasmid was amplified with the 
Phusion high-fidelity DNA polymerase (Thermo Scientific, MA, USA) using 5′ phosphorylated oligonu-
cleotides allowing the plasmid’s re-ligation. Two chiA74Δsp mutants, encoding proteins with one (E211N) 
or two (D207N, E211N) amino acids changes in the catalytic motif were obtained. The following primers  
were used, respectively: Fw E211N: 5′-CGTAGATTTAGACTGGAACTATCCGGGCGTTGAAA-3′, Rv E211N:  
5′-TTTCAACGCCCGGATAGTTCCAGTCTAAATCTACG-3′, and Fw D207N,E211N: 5′-GATGGCGTA 
AACTTAGACTGGAACTATCCGGGCGTT-3 ′ ,  Rv D207N,E211N: 5 ′-AACGCCCGGATAGTTC 
CAGTCTAAGTTTACGCCATC-3′. Amplicons were treated with DpnI to eliminate DNA templates and then 
visualized in 0.8% agarose. Samples were purified with the agarose gel extraction kit (Jena Biosciences, Jena, 
Germany) and dialyzed. E. coli Top10 was transformed with the purified amplicons by electroporation at 2.5 kV 
and transformants were selected on LB agar with ampicillin at 37 °C. The presence of point mutations was cor-
roborated by sequencing and analyzed with the program LALING (https://embnet.vital-it.ch/software/LALIGN_
form.html).

enzymatic activity. Chitinase activity was determined in triplicate assays at 37 °C in 20 mM phosphate 
buffer, pH 7, using the substrate 4-methylumbelliferyl β-D-N,N′,N′′-triacetylchitotrioside (4-MU-GlcNAc3) 
(Sigma, St. Louis, MO) and purified recombinant enzymes at final concentrations of 100 µg/ml. The amount of 
4-MU released from the substrate was calculated spectrofluorometrically (excitation at 360 nm and emission at 
455 nm) with a Synergy HTX Biotek (Winooski, VT) instrument using a 4-MU standard curve. One unit (U) of 
chitinolytic activity was defined as the amount of enzyme required to release 1 μmol of 4-methylumbelliferone in 
1 h. To determine chitinase activity with crystalline chitin (Sigma-Aldrich, St. Louis MO, USA), colloidal chitin 
(Sigma-Aldrich, St. Louis MO, USA) and chitosan, a suspension containing 0.5% of these substrates was mixed 
with 0.036 mg/ml of purified enzyme to reach a final volume of 0.5 ml using 20 mM phosphate buffer, pH 7, and 
then incubated at 37 °C with gentle agitation. Aliquots of 40 μL were taken after 12 h of incubation and mixed with 
40 μL of 3,5-dinitrosalicylic acid. The samples were boiled for 5 min, allowed to cool and water was added to a 
final volume of 200 μl, then the absorbance was measured at 540 nm to determine the concentration of reducing 
sugars19,21.

Analysis of chitin hydrolysis with ChiA74Δsp using thin layer chromatography. Mixtures con-
taining 0.036 mg/ml of ChiA74Δsp, 0.5% (w/v) colloidal chitin, and 20 mM phosphate buffer (pH 7.0) were incu-
bated at 37 °C, 200 rpm for 12 h to generate chitin-derived oligosaccharides (OGS). Reaction was terminated by 
heating at 100 °C for 5 min. Samples were centrifuged, supernatants were collected and concentrated in a DNA120 
SpeedVac (ThermoSavant), then pellets were resuspended in 10 µl of double distilled water and 10 µl of methanol. 
OGS were analyzed by silica gel (Merk) thin layer chromatography (TLC) using 5:4:3 (v/v/v) n-butanol: meth-
anol:16% aqueous ammonia as the mobile phase. Samples were visualized by staining with 20% (v/v) sulfuric 
acid in ethanol and incubated at 80 °C until chitin-derived oligosaccharides signals were developed. Molecular 
markers (Sigma, St. Louis, MO) N-acetyl-D-glucosamine (GlcNAc) and N,N′-diacetylchitobiose (GlcNAc2) were 
used to determine the degree of polymerization (DP)22.

Data Availability
All reagents and data described in this manuscript are available upon request. The coordinates and structure 
factors of ChiA74 have been deposited in the PDB under Accession code 6BT9.
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SUMMARY

Betaglycan (BG) and endoglin (ENG), homologous
co-receptors of the TGF-b family, potentiate the
signaling activity of TGF-b2 and inhibin A, and
BMP-9 and BMP-10, respectively. BG exists as
monomer and forms 1:1 growth factor (GF) com-
plexes, while ENG exists as a dimer and forms
2:1 GF complexes. Herein, the structure of the BG
orphan domain (BGO) reveals an insertion that blocks
the region that the endoglin orphan domain (ENGO)
uses to bind BMP-9, preventing it from binding in
the same manner. Using binding studies with
domain-deleted forms of TGF-b and BGO, as well
as small-angle X-ray scattering data, BGO is shown
to bind its cognate GF in an entirely different manner
compared with ENGO. The alternative interfaces
likely engender BG and ENG with the ability to selec-
tively bind and target their cognate GFs in a unique
temporal-spatial manner, without interfering with
one another or other TGF-b family GFs.

INTRODUCTION

Temporal and spatial control of cell signaling is critical for

normal development of embryos and for tissue maintenance

in adults. The signaling molecules that regulate temporal-

spatial control include those of the Wnt and Notch families,

but also those of the transforming growth factor b (TGF-b) fam-

ily, which have essential roles in patterning (Bier and De Rob-

ertis, 2015; Zinski et al., 2018) organogenesis (Mullen and

Wrana, 2017) in embryos, and maintenance of the heart (Gou-

mans and Ten Dijke, 2018), vasculature (Goumans et al., 2018;

Roman and Hinck, 2017), and musculoskeletal system (Walker
Struc
et al., 2016) in adults. TGF-b family signaling proteins have

greatly diversified, with more than 30 family members in hu-

mans. The proteins of the family can be classified as belonging

either to the ancestral bone morphogenetic protein (BMP)/

growth and differentiation factor (GDF) branch of the family,

or the more recently evolved TGF-b/activin branch (Hinck

et al., 2016). The proteins of both branches bind and bring

together two type I and two type II receptors to initiate a trans-

phosphorylation cascade and intracellular Smad signaling

(Hata and Chen, 2016; Wrana et al., 1994). TGF-b family

signaling proteins are well-suited to enable temporal-spatial

control because multiple mechanisms exist for targeting them

with high spatial and temporal resolution. These range from

cell- and tissue-specific expression of receptors, co-receptors,

or soluble antagonists specific for a subset of TGF-b family

growth factors (GFs), to proteolytic release of the mature

signaling GF dimers from their inhibitory pro-domains (Brazil

et al., 2015; Hinck et al., 2016; Nolan and Thompson, 2014;

Robertson and Rifkin, 2013).

The membrane-anchored co-receptors of the TGF-b family,

betaglycan (BG) and endoglin (ENG), do not directly participate

in the transphosphorylation cascade that leads intracellular

Smad signaling, but have essential roles in promoting receptor

binding and signaling by select family members (Brown et al.,

2005; Lewis et al., 2000; Lopez-Casillas et al., 1993; Nickel

et al., 2018; Scharpfenecker et al., 2007). The co-receptor BG

has been shown to promote binding of low-affinity TGF-b2 to

the TGF-b type II receptor, TbRII (KD � 20 mM for binding to the

monomeric TbRII ectodomain [Baardsnes et al., 2009]), and to

restore cellular sensitivity to concentrations comparable with

that of high-affinity TGF-b1 and TGF-b3 (KD � 50–150 nM for

binding to the monomeric TbRII ectodomain [Cheifetz et al.,

1990; Lopez-Casillas et al., 1993; Radaev et al., 2010]). TGF-b2

is essential for transformation of endothelial progenitor cells

required for normal development and maintenance of the heart

and liver, and knockout of either TGF-b2 or BG in mice leads to

similar defects in heart and liver development (Sanford et al.,
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Figure 1. Schematic of BG and ENG Binding

to their Cognate GFs

(A) Proposed model for BG binding of TGF-b2 ho-

modimer with 1:1 stoichiometry (Villarreal et al.,

2016). The orphan domain binds around the center

of the dimer without interfering with either TbRII site,

while the ZP-C domain binds in one of the TbRII

sites, leaving one TbRII site accessible for binding.

(B) Complexes and subcomplexes shown by SEC,

SEC-MALS, and SPR that led to the model

shown in (A).

(C) Structure of the 2:1 hENGO:BMP-9 complex

determined by crystallography (Saito et al., 2017).

The super b sheet formed by finger 4 of BMP-9 and

b6 of O-D1 of hENGO is shown in the inset.

(D) Schematic of the 2:1 ENG:BMP-9 complex, in

which the orphan domain binds symmetrically, and

only through orphan domain (O-D1), to finger 4 of

the growth factor (GF). The ZP domain, which is

covalently dimerized by formation of a disulfide

bond in its ZP-C domain, does not directly contact

the GF and is connected to the orphan domain by a

flexible linker.
1997; Stenvers et al., 2003). TGF-b2 and BG therefore function

together to enable signaling essential for the proper development

and maintenance of these organs. BG is also expressed by

gonadotropic cells in the anterior pituitary and binds the TGF-b

family heterodimer inhibinA (inhA) topromoteactivin type II/IIB re-

ceptor (ActRII or ActRIIB) binding, which is essential for inhibiting

activin-stimulated follicle-stimulating hormone b secretion by

gonadotropic cells in the anterior pituitary (Lewis et al., 2000; Li

et al., 2018; Wiater et al., 2006). The co-receptor ENG is ex-

pressed on the surface of vascular endothelial cells and selec-

tively binds BMP-9 and BMP-10 to promote binding of the type

I receptor, activin-like kinase 1 (Alk1), and signaling (Alt et al.,

2012; Castonguay et al., 2011; Scharpfenecker et al., 2007).

This signaling stimulates migration of the endothelial cells and is

essential for normal development andmaintenance of the vascu-

lature, as shown by vascular abnormalities known as arteriove-

nous malformations, which are the result of germline mutations

in either Alk1 or ENG (Goumans et al., 2018; Roman and

Hinck, 2017).

The extracellular domains of BG and ENG are comprised of

two subdomains, the N-terminal membrane-distal orphan

domain and the membrane-proximal zona pellucida (ZP)

domain (Figures 1A and 1D) (Alt et al., 2012; Esparza-Lopez

et al., 2001; Mendoza et al., 2009). The structure of the BG

orphan domain, BGO, is not known, but is likely a tandem b

sandwich, designated orphan domain 1 (O-D1) and O-D2,

similar to the ENG orphan domain (ENGO), whose structure

was recently reported (Saito et al., 2017). The BG ZP (BGZP)

domain is likely comprised of tandem immunoglobulin-like do-

mains, designated BGZP-N and BGZP-C, based on available
1428 Structure 27, 1427–1442, September 3, 2019
structures of BGZP-C from rat (Lin et al.,

2011) and mouse (Diestel et al., 2013)

and homology to the ENG ZP (ENGZP)

domain, whose structure was also

recently reported (Saito et al., 2017).

Through biochemical studies, rat BG,
which has 5 cysteines within its orphan domain and 10 in its

ZP domain, is found on cells as a monomer (Lopez-Casillas

et al., 1993) and binds TGF-b homodimers asymmetrically

with an overall 1:1 stoichiometry (Villarreal et al., 2016) using

both its orphan domain and the C-terminal portion of its ZP

domain, BGZP-C (Henen et al., 2019; Mendoza et al., 2009; Vil-

larreal et al., 2016) (Figure 1A). Human ENG (hENG), on the

other hand, which has 5 cysteines in its orphan domain and

11 in its ZP domain, is found on cells as a disulfide-linked dimer

and binds BMP-9 and BMP-10 using only its orphan domain

(Alt et al., 2012). Recent structural studies revealed that

ENGO binds BMP-9 homodimers with 2:1 stoichiometry by

forming a super b sheet with finger 4 of the GF through an

exposed b strand, b6, in domain 1 (O-D1) (Figure 1C) (Saito

et al., 2017). ENG’s ZP domain is known to form a disulfide-

linked dimer (Alt et al., 2012) and thus ENG binds BMP-9/-10

dimers in an antibody-like manner, in which the disulfide-linked

ZP domain forms the Fc domain and the orphan domain the

‘‘antigen-binding’’ Fab domain (Saito et al., 2017) (Figure 1D).

The objective of this study was to identify the structural basis

for the different modes of GF binding by BG and ENG. Toward

this end, the high-resolution structure of zebrafish BGO (zfBGO)

was determined. This showed that BGO has the same two-

domain architecture as ENGO, but differs in that the loop con-

necting b strand 7 to a helix 1 in O-D1 includes an additional a

helix and b strand. The additional strand, b8, pairs with putative

O-D1 GF-interacting b6, sequestering b6 and likely preventing it

from pairing with finger 4 of the GF, as does ENGO. To investi-

gate if this modification engendered BGO with an alternative

manner of binding, binding studies were carried out with BGO



Figure 2. Characterization of zfBG Binding

(A–C) SPR sensorgrams of zfBGO-ZP (A), zfBGO (B), and zfBGZP-C (C) binding to immobilized TGF-b2. Kinetic fits are shown in red over duplicate experimental

curves in black.

(D and E) Complexes formed between zfBGO (D) and zfBGO-ZP (E) with TGF-b2DM and TbRII in solution as assessed using SEC. Shown in the insets are non-

reducing SDS-PAGE gels of the major peaks that eluted.

(F and G) SEC-MALS analysis of the TGF-b2DM:TbRII:zfBGO (F) and TGF-b2DM:TbRII:zfBGO-ZP (G) complexes, with the blue trace corresponding to the UV

absorbance and the red data points the molecular mass. Observed/anticipated masses for the TGF-b2DM:TbRII:zfBGO and TGF-b2DM:TbRII:zfBGO-ZP com-

plexes are 89.6 ± 1.8/88.2 and 127 ± 1/121 kDa, respectively.

See also Figure S2.
O-D1 and O-D2 and an engineered TGF-b monomer. These

studies, together with accompanying small-angle X-ray scat-

tering (SAXS) measurements, supported an alternative 1:1

manner of binding in which BGO recognizes more than just

the finger region and does so by utilizing both O-D1 and

O-D2 to bind the GF. The alternative interfaces between BG

and TGF-b and ENG and BMP-9 likely engender these other-

wise structurally similar co-receptors with the ability to selec-

tively bind their cognate GFs, enabling them to selectively

target the heart, liver, and anterior pituitary and vasculature,

respectively, without interference from one another or TGF-b

family GFs.

RESULTS

Zebrafish and Rat BG Bind Human TGF-b2 in the Same
Overall Manner
Previous surface plasmon resonance (SPR), size-exclusion

chromatography (SEC), and isothermal titration calorimetry

(ITC) binding studies showed that the full-length rat BG (rBG) ec-

todomain (rBGO-ZP) bound TGF-b2 dimers with 1:1 stoichiom-

etry, with the orphan and ZP-C domain (rBGO and rBGZP-C,

respectively), both directly binding the GF (Mendoza et al.,

2009; Villarreal et al., 2016) (Figure 1A). SPR, ITC, and SEC

showed that this asymmetric manner of binding, which blocked

one of the TbRII binding sites, but left the other accessible, was
driven by the orphan domain, which alone bound TGF-b dimers

with 1:1 stoichiometry and did not interfere with TbRII binding

(Villarreal et al., 2016) (Figure 1B). SPR, SEC, and structural

studies, showed in contrast, that the hENG ectodomain

(hENGO-ZP) bound BMP-9 dimers symmetrically with 2:1 stoichi-

ometry, with only the orphan domain (hENGO) bound to the GF

(Alt et al., 2012; Saito et al., 2017) (Figures 1C and 1D). To deci-

pher the origins of these disparate modes of binding, crystalliza-

tion of rBGOwas pursued. Although unsuccessful, parallel efforts

with the zfBG orphan domain (zfBGO), which has 54% identity

with rBGO (Figure S1A), succeeded.

Previously, zfBG had been shown to bind TGF-b, but, when

knocked down in zebrafish embryos, it had effects on blood

vessel development (Kamaid et al., 2015), a phenotype not

seen in BG null mice (Stenvers et al., 2003), raising questions

as to whether zfBG was a true ortholog of mammalian

BG. SPR experiments with the full-length zfBG ectodomain

(zfBGO-ZP) and its component domains, zfBGO and zfBGZP-C,

and immobilized human TGF-b2 (hTGF-b2), were therefore per-

formed to determine whether zfBG possessed the same bind-

ing properties as rBG (Figures 2A–2C). Similar experiments

with rBGO-ZP, rBGO, and rBGZP-C were also performed to

enable a direct comparison (Figures S2A–S2C). In accord

with previous results (Kamaid et al., 2015; Mendoza et al.,

2009; Villarreal et al., 2016), the rat and zebrafish full-length

BG ectodomain bound hTGF-b2, but in contrast to either the
Structure 27, 1427–1442, September 3, 2019 1429
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orphan or ZP-C domain alone, both of which also bound hTGF-

b2, the full-length ectodomains dissociated more slowly,

presumably due to bivalent binding. Kinetic analysis of the sen-

sorgrams showed that the KD values were 5 nM for zfBGO-ZP,

27 nM for zfBGO, and 480–1,100 nM for zfBGZP-C, 3- to 10-

fold weaker compared with rBGO-ZP, rBGO, and rBGZP-C, which

bound with KD values of 0.5, 10, and 90–610 nM (Table 1). Hu-

man and rat TGF-b2 differ at three positions, while human and

zebrafish TGF-b2 differ at ten positions (Figure S1B), which

may account for the lower affinities of the zfBG constructs

compared with rat.

Binding stoichiometry and effects on TbRII binding were

assessed by combining zfBGO-ZP or zfBGO with the TGF-b:TbRII

binary complex and analyzing the complexes that formed by

SEC and SEC-multiangle light scattering (SEC-MALS). To

enable a direct comparison, the same experiments were also

performed with rBGO-ZP and rBGO; to minimize disassociation

of TbRII, TGF-b2 K25R K94R or TGF-b2DM was used, which

binds TbRII with high affinity (Baardsnes et al., 2009; De Cre-

scenzo et al., 2006). In accord with previous findings with rBG

(Villarreal et al., 2016), the orphan and full-length ectodomains

of both zebrafish and rat BG formed ternary complexes, as

shown by a peak in the SEC profiles (labeled a) that eluted

earlier than either the corresponding BG domain (labeled b)

or the TGF-b2DM:TbRII binary complex (labeled c) (Figures

2D, 2E, S2D, and S2E). In accord with previous findings

with rBG (Villarreal et al., 2016), the apparent molecular

weights of ternary complexes were consistent with the 1:1:1

TGF-b2DM:TbRII:BGO-ZP complex anticipated for the full-length

ectodomain (127 ± 1 and 129 ± 2 kDa observed, versus 121 and

123 kDa anticipated, for zfBG and rBG, respectively) and the

1:2:1 TGF-b2DM:TbRII:BGO complex anticipated for the orphan

domain (89.6 ± 1.8 and 94.9 ± 2.0 kDa observed, versus 88.2

and 91.1 kDa anticipated, for zfBG and rBG, respectively) (Fig-

ures 2F, 2G, S2F, and S2G). In summary, the binding data show

that zfBG binds TGF-b2 in the same overall manner as rBG

(Villarreal et al., 2016), indicating that it is a true ortholog of

mammalian BG and justifying it as a model system for decipher-

ing the function of mammalian BG.

Structure of zfBGO

The crystal structure of zfBGOwas determined to 2.10 and 2.38 Å

from orthorhombic (P212121) and tetragonal (P41) crystal forms,

respectively (Table 2). The initial efforts to determine the struc-

ture focused on the tetragonal form, but these were unfruitful

as molecular replacement with hENGO, which has 20%

sequence identity with zfBGO (Figure S3A), proved unsuccessful,

as did phasingwith heavy atoms, primarily due to difficulty repro-

ducing the crystals. To overcome these obstacles, we reasoned

that zfBGO, which has six cysteines in its orphan domain

(Figure S1A), has two free cysteines, which might be forming

disulfide-linked aggregates. This hypothesis is based on the

observation that four of the six cysteines of zfBGO are conserved

with the four cysteines in hENGO, which form two disulfide

bonds, while the other two cysteines are at positions expected

to be far apart in the three-dimensional structure (Figure S3A).

Therefore, zfBGO was pre-treated with iodoacetamide before

SEC and final purification. This led to more consistent crystal

formation, in an orthorhombic space group, and enabled



Table 2. X-Ray Data Collection and Refinement

Crystal Form Tetragonal (Native) Orthorhomic (Native) Orthorhombic (Pt) Orthorhombic (I)

Data Collection

X-ray source Advanced Photon

Source SER-CAT

22-ID

Advanced Photon

Source SER-CAT

22-ID

Advanced Photon

Source SER-CAT

22-ID

Rigaku FR-E generator

and RAXIS HTC image

plate detector

Space group P41 P212121 P212121 P212121

Cell dimensions

a, b, c (Å) 62.9, 62.9, 114.3 63.5, 107.3, 113.2 64.0, 106.5, 113.7 63.1, 107.5, 113.4

a, b, g (�) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Wavelength (Å) 1.0000 0.9692 0.9795 1.5418

Resolution (Å) 35.11–2.38 (2.47–2.38)a 40.98–2.10 (2.16–2.10)a 54.87–3.00 (3.18–3.00)a 22.18–3.20 (3.46–3.20)a

Rmerge 0.080 (1.784) 0.126 (2.49) 0.118 (0.586) 0.159 (0.510)

Rpim 0.046 (1.100) 0.053 (1.069) 0.069 (0.341) 0.059 (0.193)

CC½ 0.998 (0.520) 0.998 (0.565) 0.992 (0.932) 0.998 (0.967)

I/sI 10.6 (1.1) 10.8 (1.3) 8.5 (2.4) 16.0 (5.4)

Completeness (%) 99.4 (99.8) 99.9 (99.6) 100.0 (100.0) 99.7 (99.9)

Redundancy 7.5 (6.8) 11.6 (11.2) 7.3 (7.3) 14.5 (14.7)

Phasing

No. of sites 7 20

Resolution 33.2–2.80 33.2–2.80

Phasing powerb (acentric/centric)

Isomorphous 0.558/0.614 0.721/0.712

Anomalous 0.566/– 0.349/–

Cullis R factorc (acentric/centric)

Isomorphous 0.777/0.788 0.936/0.875

Anomalous 0.698/– 0.940/–

Overall figure of merit (acentric/centric) 0.52/0.49

Refinement

Molecules/ASU 1 2

No. of reflections 17,730 45,850

Rwork/Rfree 0.198/0.229 0.233/0.258

No. of atoms

Protein 2,442 4,803

Water 8 79

B factor (Å2)

Chain A backbone/overall 101.3/105.4 58.5/62.7

Chain B backbone/overall 79.9/83.9

RMSD

Bond lengths (Å) 0.010 0.010

Bond angles (�) 1.27 1.17

Ramachandran statistics (%)

Favored 98.0 98.0

Allowed 2.0 1.4

Outliers 0.0 0.6

PDB 6MZN 6MZP

ASU, asymmetric unit; RMSD, root-mean-square deviation.
aHighest-resolution shell is shown in parentheses.
bPhasing power = < [jFh(calc)j/E]>, where Fh(calc) is the calculated heavy atom structure factor amplitude and E is the phase-integrated lack of

closure error.
cCullis R factor = <E>/<j Fph � Fp j>, where E is the phase-integrated lack of closure error, Fph is structure factor amplitude of the derivative, and Fp

structure factor amplitude of the native.
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preparation of two derivatives, one platinum and one iodide. Us-

ing multiple isomorphous replacement with anomalous scat-

tering phasing (Table 2), this led to an interpretable map, a

portion of which is shown in Figure S4. This map enabled build-

ing of a nearly complete model, which in turn enabled solution of

the tetragonal form by molecular replacement. The asymmetric

unit of the tetragonal and orthorhombic forms contained one

and two molecules, respectively. The tetragonal form and one

of the chains in the orthorhombic form, chain A, were well or-

dered, with weak electron density in only a few loop regions

(Table S3). The other chain in the orthorhombic form, chain B,

had overall weaker density and higher B factors (Table 2), espe-

cially in domain 2 and was difficult to model, with additional re-

gions of weak density compared with chain A (Table S3). The

weak density in this region appears to be because the nature

of the lattice packing, which, as shown in Figure S5, places

domain 2 of chain B in a solvent void without lattice contacts

to either domain of either chain (Figure S5).

The structure of zfBGO is comprised of two b sandwich do-

mains arranged in an arch-like manner (Figure 3A). The two b

sandwich domains are each comprised of 10 b strands and

share the same fold (Figures 3B, 3D, and 3E). They are deco-

rated with two a helices, one in the loop following b7 (a1), and

the other packed against the convex surface of the arch-like

structure formed by the two b sandwiches (a2) (Figures 3A,

3D, and 3E). One of the unusual features is that the N terminus

of the protein is comprised of two extended segments, each

approximately 10 amino acids in length, connected by a bend:

the N-terminal half is tethered to the N-terminal b strand (b1)

of O-D1 by a disulfide bond (C31-C225), while the C-terminal

half is paired with the C-terminal b strand of O-D1 (b10) and ex-

tends into O-D2 (Figures 3A, 3C, and 3D). A similarly structured

extended ‘‘exit’’ segment is present in O-D2, where, after exiting

the C-terminal b strand of O-D2 (b10), it is tethered to the N-ter-

minal b strand (b1) by a disulfide bond (C55-C201), paired with

the C-terminal b strand (b10), and extends into O-D1 (Figures

3A, 3C, and 3E). One further point is that a sequence alignment

of the repeating element present in zfBGO, that is the O-D1 exit

sequence followed by the O-D2 b sandwich and the O-D2 exit

sequence followed by the O-D1 b sandwich, shows that these

share significant (20%) sequence identity (Figure S1C), and

thus are likely the result of gene duplication. One important

consequence is that, similar to hENGO (Saito et al., 2017), zfBGO

is pseudosymmetric, not only in terms of its architecture, but

also its sequence.

The paired antiparallel b strands that connect O-D1 and O-D2,

seen previously in hENGO (Saito et al., 2017), represent another

unique structural feature andmight be important in restricting the

orientation of O-D1 andO-D2. To gauge the extent of this restric-

tion, the two zfBGO orthorhombic structures and one zfBGO

tetragonal structure were aligned by minimizing coordinate dif-

ferences for one domain, but not the other. This showed that

the structures of individual domains were, on the one hand,

very consistently determined, with root-mean-square deviation

(RMSD) well under 1.0 Å for both O-D1 and O-D2 when all three

structures were compared (Figure S6A). The relative domain ori-

entations in the three structures, on the other hand, were more

variable, with displacements ranging from 1.3 Å at the centroid

of unaligned domain when the orthorhombic chain A and tetrag-
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onal structures were compared, to 3.7 Å, when orthorhombic

chain A and chain B were compared (Figures S6B and S6D).

This suggests some degree of hinge bending, although evidently

this must be limited, as solution-based SAXS measurements

with zfBGO showed that the experimental scattering curves, as

well as P(r) function and calculated electron density, correlated

well with the three zfBGO structures or parameters calculated

from them (Figures S7A–S7C, S7G, and S7H). The rat BG orphan

domain also appeared to have an overall structure similar to

the zebrafish orphan domain because the experimental SAXS

data for rBGO also correlated very well with the three zfBGO

structures or parameters calculated from them (Figures S7D–

S7F, S7I, and S7J).

Structural Comparison of zfBGO and hEngO

The overall architecture and domain structures of zfBGO and

hENGO are similar (Figures 4A–4C), despite only 20% sequence

identity (Figure S3A). There are nonetheless differences, themost

prominent of which is a shift of O-D2 downward and toward the

concave surface of O-D1 in zfBGO (Figure 4A). This shift, which

corresponds to a 17.6-Å displacement in the centroid of the

zfBG O-D2 relative to hENG O-D2 when the residues of O-D1

are aligned, results in an arch-like structure in zfBGO, but not in

hENGO (Figure 4A). The primary reason for the more arch-like

structure in zfBGO compared with hENGO is the O-D1 exit

sequence. In zfBG O-D1, after exiting the domain, the b strand

of the exit sequence bends upward before extending into the

N-terminal b strand of O-D2 (Figure S8). In contrast, in hENG

O-D1, the exit sequence is shorter and has a sharp bend down-

ward before it leads into the N-terminal b strand of O-D2

(Figure S8). Importantly the lengthening of the exit sequence

and opposite direction of the bend as it exits the domain leads

to very different positioning of the N-terminal b strand of O-D2

in hENGO and zfBGO, and thus relative positioning of O-D1 and

O-D2 (Figure S8). To accommodate the difference in domain

orientation, the b strand of theO-D2 exit sequence of zfBGOpairs

mostly with the O-D1 exit sequence, while that of hENGO pairs

with the C-terminal b strand of O-D2 and the O-D1 exit sequence

(Figure S8).

Although more subtle, another difference pertains to the loop

region following OD-1 b7. In hENG O-D1, immediately after b7

there is a sharp bend followed by an extended meander that

leads into the three-turn a helix (a1) packed against the convex

surface of the sandwich (Figure 4B). In zfBG O-D1, after b7 there

is an insertion of a one-turn helix (a1) that traverses the gap be-

tween the concave and convex surfaces of the sandwich (Fig-

ure 4B). Immediately following a1, there is an insertion of a b

strand (b8), which pairs with b6 on the convex surface, followed

by an extended meander that connects into three-turn a2

packed against the convex surface (Figure 4B). Importantly, in

hENGO, the absence of b8 and altered positioning of the

meander leaves O-D1 edge b strand 6 accessible on the convex

surface, while, in zfBGO, the O-D1 a1-b8 insertion sequesters b6,

making it inaccessible.

The structure of the 2:1 hENGO:BMP-9 complex shows

that BMP-9 and hENGO bind through a super b sheet formed

between the exposed finger region of BMP-9, specifically

finger 4 b7 and the exposed edge b strand, b6, of hENG

O-D1 (Figures 1C and 4D). Through positioning of the zfBGO



Figure 3. Structure of zfBGO

(A) Structure of zfBGO with ‘‘exit’’ sequences for O-D1 and O-D2 in green and lavender, respectively. Positionally conserved disulfide in the O-D1 and O-D2

subdomains, C31-C225 and C55-C201, are labeled SS1 and SS2, respectively. Single free cysteines in O-D1 and O-D2, C277 and C150, respectively, are also

shown. Residue numbering can be deduced by reference to the secondary structure/residue numbering shown for zfBGO in Figure S3.

(B) Overlay of zfBGOO-D1 and O-D2 with the b strands of O-D1 depicted in orange, the b strands of O-D2 depicted in tan, the a helices of O-D1 and O-D2 in blue,

and the exit sequences of O-D1 and O-D2 in green and lavender, respectively.

(C) Schematic showing the overall architecture of zfBGO.

(D and E) Similar orientations of the zfBGO O-D1 (D) and O-D2 (E) subdomains, illustrating the conservation of their folds and secondary structure.

See also Figures S1 and S4–S7, and Table S3.
structure onto the hENGO structure at the hENGO:BMP-9

interface, zfBGO O- D1 b8 is shown to sterically clash with

BMP-9 finger 4 b7 (Figure 4E). The region corresponding to

b6-b7-a1-b8 in zfBG O-D1 is consistently determined by the

three zfBGO structures (Figure 4F) and is well-defined by the

electron density in zfBGO (Figure 4G); it is, therefore, unlikely

that b8 would be displaced by GF binding. Thus, zfBGO is un-

likely to use b6 to bind its cognate GF, TGF-b2, in an hENGO-

like manner.
Binding of zfBGO to the TGF-b Mini Monomer
Using previous functional and structural studies, mmTGF-

b2-7M, an engineered form of TGF-b that includes the finger

region and cystine knot, but not the heel helix, was shown

to maintain the same high affinity for TbRII as TGF-b1 and

TGF-b3, and to have a structure, both alone and as bound

to TbRII, essentially indistinguishable from that of TGF-b1

and TGF-b3 (Figure S9A) (Kim et al., 2017). The intact finger

region in mmTGF-b2-7M can therefore be used to determine
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Figure 4. Structural Comparison of zfBGO and hENGO

(A) Comparison of the overall structures of zfBGO and hENGO, whose strands and helices are shaded orange and blue and green and blue, respectively. Changes

in the relative domain orientation of zfBGO and human ENGO (green, b strands; cyan, helices) is shown in the right-most subpanel in which only the backbone

atoms of O-D1 have been superposed.

(B and C) Superposition of zfBGO and hENGO O-D1 (B) or O-D2 (C). Distinct orientation of the O-D1 ‘‘meander’’ loop connecting b8-a2 in zfBGO and b7-a1 in

hEngO is highlighted. Structures are shaded as in (A), with additional shading of the b8-a2 meander in zfBGO-D1 and b7-a1 meander in hENGO-D1 in gold and dark

red, respectively.

(D) Region of super b sheet formation in the hENGO:BMP-9 complex, but only with the b strands corresponding to fingers 3 and 4 (F3 and F4) of BMP-9 shown, and

the segment of hENGO extending from b5 to a1 shown.

(E) The same as that shown in (D), but with zfBGO in place of hENGO; the structure shown was generated by superimposing zfBGO onto hENGO in the structure of

the hENGO:BMP-9 complex and then by undisplaying hENGO. The superposition highlights clashes (red ovals) between zfBGO b8 and finger 4 of BMP-9 for this

mode of binding.

(F) Overlay of the two P212121 zfBGO models and one P41 zfBGO model in the region including an additional a helix (a1) and b strand (b8) compared with hENGO.

(G) 2mFo � DFc electron density for P212121 zfBGO (chain A) extending from b6 to a2; the map shown was calculated with phenix.maps with a bulk solvent

correction and anisotropic scaling and was contoured at 1s.

See also Figures S1, S3, and S8.
if zfBGO recognizes and binds the finger region of TGF-b2,

similar to hENGO, or whether it recognizes and binds features

beyond those in mmTGF-b2-7M. To test this, zfBGO was com-

bined with equimolar amounts of the mmTGF-b2-7M:TbRII bi-

nary complex and analyzed by SEC. The mmTGF-b2-7M:TbRII

binary complex was used for these experiments, rather than

mmTGF-b2-7M alone, because it has improved solubility

compared with mmTGF-b2-7M alone and because models

showed that TbRII should not interfere with binding of zfBGO

to mmTGF-b2-7M (Figure S9B). The SEC chromatogram of
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the ternary mixture corresponded to that of zfBGO alone,

and the mmTGF-b2-7M:TbRII binary complex alone (Fig-

ure 5A), which indicated that zfBGO binds mmTGF-b2-

7M:TbRII weakly. To further assess binding, the SPR response

was measured as increasing concentrations of zfBGO were in-

jected over immobilized mmTGF-b2-7M (Figure 5B). This led

to a barely detectable response, consistent with the weak

binding detected by SEC. There were, however, robust re-

sponses in control experiments in which TbRII was injected

over mmTGF-b2-7M (Figure 5E) or zfBGO was injected over



Figure 5. Binding of Monomeric TGF-b by BGO

(A and C) SEC chromatograms to assess binding of zfBGO (A) or rBGO (C) to the mmTGF-b2-7M:TbRII binary complex. Chromatograms of the

mmTGF-b2-7M:TbRII:BGO ternary complex, the mmTGF-b2-7M:TbRII binary complex, TbRII, and BGO are shown in blue, magenta, green, and orange,

respectively. Shown in the inset in (C) is a non-reducing SDS-PAGE gel of the major peaks that eluted.

(B and D) SPR sensorgrams for binding of zfBGO (B) or rBGO (D) to immobilized mmTGF-b2-7M.

(E) SPR sensorgrams for binding of TbRII to mmTGF-b2-7M. Kinetic fit is shown in red over the experimental data shown in black.

(F and G) SPR sensorgrams for binding of zfBGO (F) or rBGO (G) to immobilized TGF-b2. Kinetic fit is shown in red over the experimental data shown in black. SPR

experiments shown in (B, D, and E) were performed using the same neutravidin-coupled CM5 sensor chip with captured biotinylated avi-mmTGF-b2-7M.

See also Figure S9.
immobilized TGF-b2 (Figure 5F). The fitted disassociation con-

stants for TbRII:mmTGF-b2-7M and zfBGO:TGF-b2 interac-

tions were 63 and 15 nM, respectively (Table 3), comparable

with the previously reported values (Table 1) (Kim et al.,

2017). These results show that zfBGO binds mmTGF-b2-7M

weakly and must therefore attain its high affinity for TGF-b2

by recognizing more than just finger 4 of the GF.

To determine if this property was also shared with rBGO, the

same experiments were performed, but using rBGO rather

than zfBGO. The SEC experiments showed that, unlike zfBGO,

rBGO was able to form a detectable ternary complex with

mmTGF-b2-7M and TbRII because these three proteins were

each present in a peak (labeled a) that eluted before either

rBGO or the mmTGFb2-7M:TbRII binary complex alone

(Figure 5C). The formation of this complex is, however,

evidently a result of weak binding, because SPR experiments

showed that, when rBGO was injected over immobilized

mmTGFb2-7M, only a very weak response was obtained rela-

tive to that of TbRII, which itself is only one-third of the mass

of rBGO (Figures 5D and 5E). The weak response when rBGO

was injected over immobilized mmTGFb2-7M, which could

not be fitted to derive a reliable binding constant, stood in

contrast the robust response when rBGO was injected over

TGF-b2 (Figure 5G), which could be readily fitted to derive a
binding constant (Table 3). The fact that rBGO did form a

detectable complex with mmTGF-b2-7M and TbRII by SEC,

while zfBGO did not, may be because of the higher overall af-

finity of rBGO for TGF-b2 relative to zfBGO (Figures 2 and S2;

Table 1).

Binding of zfBGO-D1 and zfBGO-D2 to TGF-b2
The structural differences relative to hENGO revealed by the

zfBGO crystal structure, together with impaired binding of

zfBGO to the TGF-b mini monomer, suggest that zfBGO binds

TGF-b2 in a manner different to that by which hENGO binds

BMP-9. To determine whether zfBGO uses both of its subdo-

mains to contact TGF-b2, SEC and SPR binding experiments

were performed using the zfBGO-D1 and zfBGO-D2 subdomains.

zfBGO-D2 was made as a secreted protein in HEK-293 cells,

similar to the full-length zfBGO, by expressing a construct

that began a few residues before it entered O-D2 and ended

a few residues after it exited (Table S2). zfBGO-D1 was made

similarly by expressing a construct that included most of the

N-terminal exit sequence, an artificial two-residue Thr-Asp

dipeptide, the C-terminal part of the O-D2 exit sequence, and

the O-D1 b sandwich fused C-terminally to human serum albu-

min and an engineered thrombin cleavage site (Table S2).

Before the final purification step for zfBGO-D1, the fusion protein
Structure 27, 1427–1442, September 3, 2019 1435
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was treated with thrombin, which enabled separation of

zfBGO-D1 from albumin.

To assess binding, TGF-b2DM:TbRII binary complex was

combined with zfBGO, zfBGO-D1, or zfBGO-D2 and analyzed by

SEC. The results showed that, in contrast to full-length

zfBGO, zfBGO-D1 and zfBGO-D2 both failed to form a peak that

eluted earlier than the TGF-b2DM:TbRII binary complex or

zfBGO-D1/zfBGO-D2 alone (Figures 6A and 6B). To further investi-

gate, SPR experiments were performed in which zfBGO-D1 and

zfBGO-D2 were injected over the same immobilized TGF-b2

used for the experiments shown in Figures 2 and S2. Although

the concentrations of zfBGO-D1 and zfBGO-D2 injected were the

same as those used for zfBGO, the maximal responses obtained

were nonetheless only 10%–20% of that compared with

zfBGO (Figures 6C, 6D, and 2B). Using kinetic analysis, the

data for O-D1 could be fitted to a 1:1 model, with a KD of

12 mM, while the data for O-D2 could only be fit to a heteroge-

neous ligand 1:1 model, with KD values of 0.008 and 1.2 mM

(Figures 6C and 6D; Table 3). The KD of 0.008 mM for zfBGO-D2

is not likely meaningful, as the response attained upon injection

of zfBGO-D2 over TGF-b2 (Figure 6D) was significantly lower

compared with that of zfBGO when injected at the same concen-

trations over the same TGF-b2 surface (Figure 2B). Thus, both

zfBGO subdomains bind TGF-b2 weakly, suggesting that both

simultaneously engage TGF-b2 to enable high-affinity binding

(KD = 27 nM) of TGF-b2 by full-length zfBGO (Figure 2B; Table 1).

To rule out the possibility that the weak binding of TGF-b2 by

zfBGO-D1 or zfBGO-D2 was due to misfolding of the domains,

NMR natural abundance 1H-13C shift correlation spectra of the

methyl resonances were recorded. These spectra both revealed

a well-dispersed pattern of peaks, with several resonances up-

field of 0.0 ppm 1H (Figures 6E and 6F), indicating that both

were natively folded.

Structural Modeling of the Complex of BGO with TGF-b2
and TbRII
The finding that BGO bound TGF-b dimers with 1:1 stoichiom-

etry, together with the results above that BGO binds more than

just the finger region and does so by contacting the GF with

both O-D1 and O-D2, suggests an entirely different manner of

GF binding compared with ENGO. To determine, at low resolu-

tion, how BGO might bind TGF-b, 1:2:1 TGF-b2TM:TbRII:BGO

complexes formed with both zfBGO and rBGO were isolated by

SEC and analyzed by SAXS over a range of concentrations

(1, 2, and 4 mg mL�1 and 2 and 4 mg mL�1, respectively)

(Figures 7A and 7B). The overall shape of the scattering curves

of the two complexes were similar, consistent with the SEC

and SEC-MALS results (Figures 2D–2G and S2D–S2G), which

showed that zfBGO and rBGO form similar complexes in solution.

There was, however, a concentration-dependent increase in

scattering in the low-q region for the zebrafish complex, which

indicates aggregation (Figure 7A). Thus, all subsequentmodeling

was performed with the scattering data for the rat protein, which

was almost perfectly behaved (Figure 7B).

To determine whether an alternative manner of binding was

required, a model was constructed with rBGO placed onto the

1:2 TGF-b3:TbRII complex (Hart et al., 2002) in the same 2:1

manner that hENGO binds BMP-9 (the structure of rBGO was ob-

tained by building a zfBGO-based homology model) (Figure 7D).



Figure 6. Binding of zfBGO-D1 and zfBGO-D2 to

TGF-b2

(A and B) SEC chromatograms of complexes be-

tween zfBGO and zfBGO-D1 (A) and zfBGO and

zfBGO-D2 (B) with TGF-b2DMand TbRII are depicted

in blue and red, respectively. Chromatograms of the

TGF-b2DM:TbRII binary complex and zfBGO-D1/

zfBGO-D2 alone are shown in purple and orange

curves, respectively.

(C and D) SPR sensorgrams for binding of zfBGO-D1

(C) and zfBGO-D2 (D) to immobilized TGF-b2. Kinetic

fit is shown in red over the experimental data shown

in black. The SPR sensor chip with immobilized

TGF-b2 is the same as that used for the experiments

shown in Figures 2 and S2.

(E and F) Methyl region of natural abundance 1H-13C

HSQC spectra of BGO-D1 (E) and BGO-D2 (F).
The scattering curve was then calculated from this model and

compared with the experimentally measured scattering curve

for the rat complex. This revealed large systematic deviations

over the entire scattering curve and a very high c2 value (65.2)

(Figure 7C), indicating that this model poorly describes the struc-

ture of the TGF-b:TbRII:rBGO ternary complex in solution. This

model was also poorly described by the electron density calcu-

lated from the experimental scattering data, with a significant

portion of both molecules of rBGO protruding from the density

(Figure 7E).

To determine whether models with an altered stoichiometry

(1:1 BGO:TGF-b) and manner of binding (direct binding by

O-D1 and O-D2 at sites beyond the fingertip region) might be

more consistent with the experimental data, the program

pyDockSAXS (Jimenez-Garcia et al., 2015) was used to

construct 1:2:1 TGF-b2:TbRII:rBGOmodels that optimized favor-

able van der Waals, H-bonding, and electrostatic contacts at the

interface, and consistency with the experimental SAXS data. The

complex that best met these criteria, shown in Figures 7G and

7H, had the orphan domain straddling the TGF-b dimer, with

O-D1 and O-D2 in contact with residues protruding from the

C-terminal end of the TGF-b N-terminal helix, a1, and the heel

helix, a3, within each monomer. This manner of binding, which

had the pseudosymmetry axis of rBGO near, but not coincident
Structu
with the symmetry axis of TGF-b2, agreed

well with the experimental scattering data

(c2 = 1.38) and resulted in no significant

protrusions of the structure from the calcu-

lated electron density (Figures 7F and 7I).

The manner of binding described above

was well-represented within the ensemble

of the ten best scoring structures, with the

first six best scoring structures having an

overall RMSD within 1.0 Å of that shown

in Figures 7G and 7H. The next two best

scoring structures had a similar staggered

positioning of the orphan domain, but were

rotated by approximately 100� around an

axis connecting the centroid of O-D1 and

O-D2. The next two structures within the

ensemble were bound closer to the finger-
tips in a manner that would enable two molecules of the orphan

domain to bind, which based on the SEC-MALS data shown in

Figures 2F and S2F, is not feasible. The experimental SAXS

data are therefore sufficient to rule out a 2:1 ENGO-like manner

of binding, andwhile it suggests and is consistent with a pseudo-

symmetric 1:1 manner of binding, it is not sufficient to unambig-

uously determine the structure of such a complex.

DISCUSSION

The TGF-b pathway has expanded and diversified as organisms

have diversified, with 3 family members in nematodes, 7 in flies,

and more than 30 in vertebrates (Hinck, 2012). Although the

type I and type II receptors have also similarly expanded, there

are consistently fewer signaling receptors than GFs—flies, for

example, have three type I and two type II receptors for 7 family

GFs (Upadhyay et al., 2017), while humans have seven type I and

five type II receptors for 33 family GFs (Hinck, 2012). The type I

receptors of the family also couple to and activate just two clas-

ses of R-Smads: the GFs of the TGF-b/activin branch of the

pathway bind type I receptors that activate R-Smads 2 and 3,

while those of the BMP/GDF branch bind type I receptors that

activate R-Smads 1, 5, and 8 (Chen et al., 1998; Hinck, 2012).

The functional diversity that can be attained through intrinsic
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Figure 7. Structural Modeling of the Complex of BGO with TGF-b2 and TbRII

(A and B) SAXS data for 1:2:1 TGF-b2TM:TbRII:zfBGO (A) or 1:2:1 TGF-b3:TbRII:rBGO (B) complexes at the concentrations shown (scattering curves are scaled by

the expected dilution factor). Insets highlight concentration-dependent changes in the low-q region.

(C–E) Comparison of the experimental SAXS data for the 1:2:1 TGF-b3:TbRII:rBGO complex (red) with the scattering curve calculated (blue) (C) from a 1:2:2

TGF-b3:TbRII:rBGO model with rBGO positioned in an hENGO-like manner (D). Calculated electron density map for the 1:2:1 TGF-b3:TbRII:rBGO complex

contoured at 1.5 s with the hENGO-like 1:2:2 TGF-b3:TbRII:rBGO model fitted into the density.

(F–I) Comparison of the experimental SAXS data for the 1:2:1 TGF-b3:TbRII:rBGO complex (red) with the calculated scattering curve (blue) (F) from the best

scoring 1:2:1 TGF-b3:TbRII:rBGO model derived from positioning rBGO onto the 1:2 TGF-b3:TbRII binary complex using pyDockSAXS (G and H). Calculated

electron densitymap for the 1:2:1 TGF-b3:TbRII:rBGO complex contoured at 1.5swith the pyDockSAXS 1:2:1 TGF-b3:TbRII:rBGOmodel fitted into the density (I).

Estimated resolution of the electron density map shown in (E and I) from Fourier shell correlation analysis is 30.9 Å.

See also Figure S10.
differences in signaling is therefore limited and cannot account

for the functional diversity of the 33 TGF-b family GFs in humans.

The membrane-anchored co-receptors of the TGF-b family,

BG and ENG, have essential roles potentiating the signaling ac-

tivity of TGF-b2 and inhA and BMP-9 and BMP-10, respectively

(Lewis et al., 2000; Lopez-Casillas et al., 1993; Nickel et al., 2018;

Scharpfenecker et al., 2007). The selectivity with which BG and

ENG recognize these GFs (Castonguay et al., 2011; Henen

et al., 2019), together with the restricted pattern of their expres-

sion, is vital in enabling unique temporal-spatial patterns of

signaling that underlie the unique functions of these GFs

in vivo—for TGF-b2, morphogenetic transformation of endothe-

lial progenitors in the developing heart and liver (Brown et al.,

1999; Stenvers et al., 2003), for inhA antagonism of activin A

and B in the anterior pituitary (Bernard et al., 2002; Lewis et al.,

2000), and for endoglin activation of BMP-9 and BMP-10
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signaling on endothelial cells required for normal development

and maintenance of the vasculature (Roman and Hinck, 2017).

The previous studies aimed at uncovering how BG and ENG

recognize their cognate GFs, and potentiate assembly of their

signaling complexes showed that they differ in terms of the over-

all manner with which they engage their respective GFs: ENG ex-

ists as a covalent dimer and uses only its orphan domain to

engage the GF dimer with 2:1 stoichiometry (Alt et al., 2012; Cas-

tonguay et al., 2011), while BG, which exists as amonomer, uses

both its orphan and ZP-C domains to engage the GF dimer with

1:1 stoichiometry (Esparza-Lopez et al., 2001; Mendoza et al.,

2009; Villarreal et al., 2016). The two co-receptors also have

different effects on the binding of the signaling receptors, with

ENGO competing against type II receptors that BMP-9 and

BMP-10 bind, such as ActRII and ActRIIB, but not the type I re-

ceptor Alk1 (Alt et al., 2012; Castonguay et al., 2011), while BGO



potentiates the binding of the TGF-b type II receptor, TbRII, but

competes against the TGF-b type I receptor, TbRI (Villarreal

et al., 2016).

The recent structural studies of the human ENG ZP domain

alone, and human ENGO, both alone and bound to its cognate

GF BMP-9, showed that ENG binds the GF dimer with 2:1 stoi-

chiometry in an antibody-like manner, with the covalently dimer-

ized ZP domain homologous to the Fc region, and the orphan

domain, bound to the GF by formation of a super b sheet with

the extended finger region, homologous to the Fab region

(Figures 1C and 4D) (Saito et al., 2017). If BGO were to bind

TGF-b2 in the same manner as the ENGO, it would on the

one hand be consistent with the observed effects of ENG and

BG on type II receptor binding, because structural studies

show that ActRII/ActRIIB and TbRII bind their cognateGFs differ-

ently: ActRII/ActRIIB bind the knuckle in a way that would

directly overlap with the co-receptor (Greenwald et al., 2003;

Thompson et al., 2003; Townson et al., 2012), while TbRII binds

the fingertips in a way that would not directly overlap with the co-

receptor (Figure S9B) (Groppe et al., 2008; Hart et al., 2002;

Radaev et al., 2010). On the other hand, this manner of binding,

in addition to being inconsistent with the observed 1:1 binding of

BGO to TGF-b dimers (Villarreal et al., 2016), would also be incon-

sistent with effects on type I receptor binding, because previous

structural studies showed that Alk1 and TbRI both bind in a

similar, although not identical, manner, on the underside of

the fingers of one monomer and the heel helix of the other mono-

mer in a way that would not directly overlap with that of the co-

receptor (Groppe et al., 2008; Radaev et al., 2010; Townson

et al., 2012).

The structure of zfBGO shows that, while it shares the same

tandem b sandwich architecture as hENGO, it nonetheless differs

in that there is an additional helix (a1) and b strand (b8) following

b7 within subdomain 1 (O-D1). The additional b strand, b8, is

shown to pair with b6. This would block BG O-D1 from pairing

and forming a super b sheet with finger 4 of TGF-b, as does b6

of ENG O-D1. Three observations consistent with the a1-b8

insertion fulfilling this ‘‘blocking’’ role are as follows: (1) the elec-

tron density for BGO a1 and b8, as well as most of the

meandering loop that follows, is well-defined (Figure 4G). (2)

The backbone conformation, and even the conformation of

many of the side chains in the region spanning from b6 to a2,

are consistently determined in the orthorhombic and tetragonal

zfBGO structures, indicating that this region is relatively rigid

andwould not likely be displacedby binding of theGF (Figure 4F).

(3) Residues involved in the formation of the additional a helix (a1)

and b strand (b8) in BG O-D1 are either conserved or invariant in

species ranging from fish to mammals (Figure S3B), consistent

with these fulfilling the same role in blocking b6 as they do

in zfBGO.

The structural modification above, together with the absence

of any additional edge b strands that could possibly form a super

b sheet with the GF, suggest that BGO engages TGF-b2 in an

entirely different manner than ENGO engages BMP-9. To test

this, binding studies were performed with full-length zfBGO and

rBGO and an engineered TGF-bmonomer that had the finger re-

gion and base of the fingers with the cystine knot intact, but

lacked the heel helix as well as all of the second monomer. To

further test this, binding studies were also performed with zfBGO
constructs that included only subdomain 1, O-D1, or subdomain

2 O-D2, and intact TGF-b2 dimers. The results demonstrated

weak binding, both for intact zfBGO and rBGO to the engineered

TGF-b monomer, and both of the orphan subdomains to intact

TGF-b2. This suggested that the orphan domain recognizes

and binds to features beyond those present in the engineered

monomer and that the BG orphan domain gains its high affinity

by utilizing both of its subdomains to contact TGF-b2 dimers.

This sets BGO apart from ENGO as the latter recognizes only

the finger region of the GF and does so by utilizing only subdo-

main 1, O-D1. The alternative explanation, that weak binding is

a consequence of an altered conformation or misfolding of the

domain-deleted constructs, is unlikely because the engineered

monomer was shown to bind TbRII through the fingertips with

the same affinities as native TGF-b dimers, and NMR spectra

clearly showed that both zfBG O-D1 and O-D2 were natively

folded. Thus, binding studies with domain-deleted constructs

are consistent with the structure-based hypothesis that BGO

will be unable to bind to TGF-b by formation of a super b sheet

as does ENGO, and, as a consequence, must bind in an alterna-

tive manner.

The observations above, together with the previous observa-

tions that the orphan domain binds TGF-b dimers with 1:1 stoi-

chiometry and in a manner that partially blocks binding of

TbRI, but not TbRII, suggested that the orphan domain binds

across the TGF-b dimer interface with at least one of its subdo-

mains protruding into the TbRI site, but neither subdomain pro-

truding into the TbRII site. This is supported by the SAXS data

for the 1:2:1 TGF-b2DM:TbRII:rBGO complex, which was most

consistent with models of the complex in which the orphan

domain straddled the dimer interface and subdomains 1 and 2

both contacted the N-terminal and heel helices (a1 and a3,

respectively). This manner of binding, in addition to accounting

for the lack of competition against TbRII binding and competition

against TbRI binding, had the pseudosymmetry axis of the

orphan domain near the symmetry axis of TGF-b, but not exactly

coincident. This accounts for the 1:1 stoichiometry with which

BGO binds TGF-b dimers, because positioning of a second sym-

metry-relatedmolecule is impossible due to steric overlap. There

were notably alternative models that were nearly as consistent

with the SAXS data, but were rotated around an axis passing

through the centroid of orphan subdomains 1 and 2. To deter-

mine if the predicted modes of binding might involve regions of

BGOwith a high density of conserved surface-exposed residues,

the product of an amino acid conservation index and the solvent

accessible surface (SAS) area was calculated and smoothed

over a 10-residue window (Figure S10). This highlighted three re-

gions with a high conservation/SAS index, residues 199–211,

249–255, and 308–322, the first and second of which had close

contact with TGF-b in the first and second class of models. This

provides further, albeit indirect, support for the SAX-derived

models; however, even with this additional information, there is

insufficient information to uniquely determine the positioning of

the orphan domain on TGF-b2. There is, however, ample evi-

dence to rule out 2:1 models with an ENGO-like manner of

binding, because these are inconsistent with the SEC and

SEC-MALS data, the analysis of the domain-deleted forms of

TGF-b and BGO, and the experimental SAXS data. Thus, it is

concluded that BGO binds its cognate GF, TGF-b2, in a
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completely different manner compared with ENGO, and that the

general features of the complex are likely similar to those shown

in Figures 7G and 7H. However, because the docking algorithm

used does not allow for flexibility of the backbone and because

no effort was made to validate the interfaces, the actual

structure, which must await the direct determination of the

TGF-b:BGO complex using crystallography, could certainly differ

from that presented in Figures 7G and 7H.

The alternative manner by which evolutionary latecomers to

the family, such as the TGF-b family, bind their type II receptor,

TbRII, compared with other more ancestral GFs of the family,

such as BMPs, GDFs, and activins (Allendorph et al., 2006;

Greenwald et al., 2003; Groppe et al., 2008; Hart et al., 2002;

Hinck, 2012; Kirsch et al., 2000; Radaev et al., 2010; Weber

et al., 2007), has already shown how structurally homologous

proteins of the TGF-b family can diverge from one another in

terms of the interfaces they use to assemble into functional com-

plexes. The alternative interfaces expand the range of receptor

binding specificity and provide an effective means of segre-

gating the binding, and thus function, of different subclasses of

TGF-b family GFs from one another. The different modes of GF

binding for BG and ENG are therefore not unprecedented. The

different modes likely engender BG and ENG with the ability to

selectively bind their cognate GFs, imparting them with the abil-

ity to selectively target the heart, liver, and anterior pituitary and

vasculature, respectively, without interfering with one another or

TGF-b family GFs.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

E. coli BL21(DE3) EMD-Millipore Cat# 69450-3

Chemicals, Peptides, and Recombinant Proteins

sulfo-N-hydroxysulfosuccinimide Thermo Cat# 24510

Ethyl-3-[3- dimethylaminopropyl]carbodiimide

hydrochloride

Thermo Cat# 22980

(+)- biotinyl-3,6,9,- trioxaundecanediamine Thermo Cat# 21347

Deposited Data

Structure of TGF-b3:TbRII:TbRI Groppe et al., 2008 PDB:2PJY

Structure of mmTGF-b27M:TbRII Kim et al., 2017 PDB:5TX4

Structure of ENGO Saito et al., 2017 PDB:5I04

Structure of ENGO:BMP-9 Saito et al., 2017 PDB:5HZW

Structure of zfBGO (orthorhombic form) This study PDB: 6MZP

Structure of zfBGO (tetragonal form) This study PDB: 6MZN

Experimental Models: Cell Lines

Human: Expi293F Invitrogen Cat# A14527

Recombinant DNA

pET32a-TGF-b2 De Crescenzo et al., 2006 Hincklab #225

pET32a-TGF-b2DM Baardsnes et al., 2009 Hincklab #253

pET32a-TGF-b2TM De Crescenzo et al., 2006 Hincklab #225

pET32a-mmTGF-b27M Kim et al., 2017 Hincklab #267

pET32a-avi-mmTGF-b27M Kim et al., 2017 Hincklab #273

pET32a-TGF-b3 Groppe et al., 2008 Hincklab #27

pET32a-TbRII Hinck et al., 2000 Hincklab #249

pcDNA3.1+- zfBGO-ZP This study Hincklab #305

pcDNA3.1+- zfBGO This study Hincklab #309

pcDNA3.1+- zfBGZP-C This study Hincklab #310

pcDNA3.1+- zfBGO-D1 This study Hincklab #391

pcDNA3.1+- zfBGO-D2 This study Hincklab #392

pcDNA3.1+- rBGO-ZP Villarreal et al., 2016 Hincklab #276

pcDNA3.1+- rBGO Villarreal et al., 2016 Hincklab #281

pcDNA3.1+- rBGZP-C Villarreal et al., 2016 Hincklab #282

Software and Algorithms

XDS Kabsch, 2010 https://strucbio.biologie.uni-konstanz.de/xdswiki/

index.php/Main_Page

iMOSFLM Battye et al., 2011 https://www.mrc-lmb.cam.ac.uk/harry/imosflm/

ver722/introduction.html

Pointless Evans, 2006, 2011 http://www.ccp4.ac.uk/dist/html/pointless.html

Aimless Evans, 2006, 2011 http://www.ccp4.ac.uk/dist/html/aimless.html

Ctruncate Evans, 2006, 2011 http://www.ccp4.ac.uk/html/ctruncate.html

MolRep Vagin and Teplyakov, 2010 http://www.ccp4.ac.uk/html/molrep.html

autoSHARP Bricogne et al., 2003 https://www.globalphasing.com/sharp/

Phenix.autobuild Adams et al., 2010 https://www.phenix-online.org/documentation/

reference/autobuild.html

COOT Emsley et al., 2010 https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Buster Bricogne et al., 2018 https://www.globalphasing.com/buster/

FFT Ten Eyck, 1973 http://www.ccp4.ac.uk/dist/html/fft.html

TLSMD Painter and Merritt, 2006 http://skuld.bmsc.washington.edu/�tlsmd/

PDBePISA Krissinel and Henrick, 2007 https://www.ebi.ac.uk/pdbe/pisa/

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

Pymol Schrodinger LLC http://www.pymol.org

PRIMUS Konarev et al., 2003 https://www.embl-hamburg.de/biosaxs/primus.html

CRYSOL Svergun et al., 1995 https://www.embl-hamburg.de/biosaxs/crysol.html

DENSS Grant, 2018 https://denss.ccr.buffalo.edu

pyDockSAXS Jimenez-Garcia et al., 2015 https://life.bsc.es/pid/pydocksaxs

Scrubber BioLogic Software http://www.biologic.com.au/scrubber.html

BiaEval Biacore https://www.biacore.com/lifesciences/index.html

ASTRA 6.0 Wyatt Technology https://www.wyatt.com/products/software/astra.html

Jalview Waterhouse et al., 2009 http://www.jalview.org

Clustal Omega Sievers et al., 2011 http://www.clustal.org

Other

CM-5 SPR sensor chip GE Lifesciences Cat# 29149604

Ni-NTA agarose Qiagen Cat# 30210

Superdex 200 16/60 SEC Column GE Lifesciences Cat# 17-1069-01

Superdex 200 Increase 10/300 GL SEC Column GE Lifesciences Cat# 28-9909-44
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Andrew P.

Hinck (ahinck@pitt.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The BL21(DE3) strain of E. coli was purchased from EMD-Millipore (Cat# 69450-3) and plasmids of interest used for protein expres-

sion that encode b-lactamase for antibiotic resistance were directly transformed into the competent cells provided and plated onto

LB plates with 50 mg/mL carbenicillin. The resistant cells were cultured at 37�C, both before and after the induction of protein expres-

sion, on liquid medium containing 50 mg/mL carbenicillin with shaking at 250 rpm in baffled 2.8 L Fernbach flasks.

The expi293 strain of HEK-293F (female) cells (Cat# A14527) and the corresponding expi293 growth medium (Cat# A14351-01)

were purchased from Invitrogen. Cells were grown in baffled flasks with shaking (125 rpm) at 37�C with 8% CO2. Cells are passaged

every 3-4 days when the cells reach 5 x 106 cells/mL by diluting the cells in fresh media to 5 x 105 cells mL-1. Low passage stocks of

1 x 107 cells mL-1 were frozen back with 10% DMSO. For protein expression, the day before transfection cells were diluted to 2.5 x

106 cells mL-1 and allowed to continue growing for 20 – 24 h. The transfection solution was prepared in 1/10th the volume of the total

desired expression growth. For the transfection solution, CsCl purified DNA (1.5 mg per mL total culture volume) was diluted with me-

dia to 1/20th the culture volume. Linear polyethylenimine MW 2500 (Polysciences Cat# 23966-1) (4.5 ug per mL total volume) was

diluted with media to 1/20th the culture volume. These two components were then combined and gently agitated. The transfection

solution was allowed to incubate at room temperature for 30 min before being added to enough of the overnight cell culture to make

2.5 x 106 cells mL-1 of the desired volume. Medium was then added to adjust the volume to the desired amount. Cells were grown in

the presence of the transfection solution for 14-16 hrs before protein production was stimulated by the addition of 2.2 mM valproic

acid (Alfa Aesar Cat# A12962-18). Cells were allowed to continue to grow for 4 days and the conditionedmedia containing the desired

protein was harvested.

METHOD DETAILS

Protein Preparation
Recombinant human TbRII extracellular domain and TGF-bs, including TGF-b2, TGF-b2DM, TGF-b2TM, mmTGF-b2-7M, avi-

mmTGF-b2-7M, and TGF-b3, were expressed in E. coli at 37�C in the form of insoluble inclusion bodies, refolded, and purified as

described (Hinck et al., 2000; Huang and Hinck, 2016; Kim et al., 2017). Zebrafish and rat betaglycan constructs were expressed

in transiently transfected suspension cultured human embryonic kidney (HEK) 293 expi cells (Invitrogen, Carlsbad, CA) and purified
e2 Structure 27, 1427–1442.e1–e4, September 3, 2019

mailto:ahinck@pitt.edu
https://www.globalphasing.com/buster/
http://www.ccp4.ac.uk/dist/html/fft.html
http://skuld.bmsc.washington.edu/%7Etlsmd/
http://skuld.bmsc.washington.edu/%7Etlsmd/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.cgl.ucsf.edu/chimera/
http://www.pymol.org
https://www.embl-hamburg.de/biosaxs/primus.html
https://www.embl-hamburg.de/biosaxs/crysol.html
https://denss.ccr.buffalo.edu
https://life.bsc.es/pid/pydocksaxs
http://www.biologic.com.au/scrubber.html
https://www.biacore.com/lifesciences/index.html
https://www.wyatt.com/products/software/astra.html
http://www.jalview.org
http://www.clustal.org


by metal affinity chromatography (NiNTA) and size exclusion chromatography (SEC) as described (Qin et al., 2016). Iodoacetamide

treated zfBGO for crystallization was prepared by dialyzing NiNTA-purified protein into 25 mM sodium carbonate, 50 mM NaCl,

pH 8.0, followed by the addition of freshly prepared iodoacetamide to a concentration of 20 mM. Following a 1 hr incubation at

25�C, the reaction was quenched with ethanolamine and the protein was purified by SEC. Sequences, along with database refer-

ences and short descriptions, are provided in Supplemental Information (Tables S1 and S2).

SPR Measurements
Minimally biotinylated TGF-b2 for SPR was prepared by reaction of 5 nmol TGF-b2 in 40% DMSO with 60 nmol ethyl-3-[3- dimethy-

laminopropyl]carbodiimide hydrochloride (EDC, Pierce, Rockford, IL), 120 nmol sulfo-N-hydroxysulfosuccinimide (Sulfo-NHS,

Pierce, Rockford, IL), and 480 nmol (+)- biotinyl-3,6,9,- trioxaundecanediamine (EZ-Link Amine-PEG3-Biotin, Pierce, Rockford, IL)

for 1 h at 25�C at pH 6.0. Electrospray ionization time of flight mass spectrometry showed that roughly 10% of the growth factor

was singly modified, while the remaining 90% was unmodified. Biotinylated avi-tagged mmTGF-b2-7m for SPR was prepared by

enzymatic biotinylation with BirA biotin ligase as previously described (Kim et al., 2017).

SPR binding studies were performed with a BIAcore X100 instrument (GE Lifesciences, Piscataway, NJ) with biotinylated GFs

captured onto neutravidin-coated CM-5 sensor chips (GE Lifesciences, Piscataway, NJ) at a density of 50 – 150 RU. Kinetic binding

assays were performed by duplicate injections of the analytes in 20mMHEPES, pH 7.0, 150mMNaCl, 0.05% surfactant P20 (Pierce,

Rockford, IL) at 100 uL min-1. Regeneration of the surface was achieved by a 30 sec injection of 4 M guanidine hydrochloride. Base-

line correction was performed by subtracting the response both from the reference surface with no immobilized ligand and 5 – 10

blank buffer injections. Kinetic analyses were performed by fitting the results to either a simple 1:1 model with a single set of kinetic

constants (ka, kd) using the program Scrubber (BioLogic Software, Canberra, Australia) or a 1:1 model with high and low affinity clas-

ses of immobilized ligands and two sets of kinetic constants (ka1, kd1 for binding to one class of immobilized ligand and ka2, kd2 for

binding to the other class of immobilized ligand) using the program BIAevaluation (GE Lifesciences, Piscataway, NJ). Importantly the

latter model was used only if the data could not be satisfactorily fit to the simpler model and was needed only in three instances,

binding of zfBGZP-C, rBGZP-C, or zfBGO-D2 to TGF-b2.

SEC and SEC-MALS
Protein complexes were prepared by combining 1:2.5 TGF-b2DM:TbRII binary complex with a concentrated stock of full-length be-

taglycan or its component subdomain at the desired ratio. Samples for SEC and SEC-MALS were prepared in 25 mM HEPES,

150 mM arginine, pH 7.4, concentrated to 100 mL, and loaded onto a Superdex 200 Increase 10/300 GL column (GE Lifesciences,

Piscataway, NJ) equilibrated in the same buffer. SEC measurements were made using an Akta FPLC (GE Lifesciences, Piscataway,

NJ), while SEC-MALS measurements were made using a Waters high-performance liquid chromatography system (Waters, Milford,

MA) and a Wyatt DAWN HELEOS-II multiangle light scattering detector and Optilab T-rEX refractive index detector (Wyatt, Santa

Barbara, CA). SEC-MALS instrument control and data analyses were performed with the ASTRA software package (Wyatt, Santa

Barbara, CA).

Crystallization, Structure Determination, and Refinement
Native orthorhombic crystals were grown using hanging-drop vapor diffusion at 25�C with drops consisting of 2.0 mL

9.2% v/v PEG 5K mono methyl ether, 4.6% w/v PEG 20K, 0.1M MES pH 6.2, 1.6 mL 20 mg mL-1 iodoacetamide-treated zfBGO in

10 mM MES pH 6.0, and 0.4 mL crushed zfBGO crystals (formed from non-iodoacetamide treated protein) as micro-seeds. For

data collection, harvested crystals were mounted in nylon loops, cryo-protected in well solution containing 10% ethylene glycol,

and flash-cooled in liquid nitrogen. Data were acquired at the Advanced Photon Source (APS) SER-CAT 22-ID and integrated and

scaled using XDS (Kabsch, 2010). For phasing, platinum and iodide derivatized crystals were prepared by soaking the native crystals

in crystallization well buffer with 5 mM K2PtCl4 or 4% saturated KI for 20 min and 20 s, respectively. For the platinum-derivatized

crystals, data were collected at the APS SER-CAT 22-ID with the X-ray wavelength optimized for platinum anomalous scattering.

Iodide-derivatized crystal data were collected at the Cu K-a wavelength with a Rigaku FR-E generator and RAXIS HTC image plate

detector at the University of Pittsburgh Department of Structural Biology X-ray facility. Data reduction and processing of the deriv-

ative data sets were performed using iMOSFLM (Battye et al., 2011) and Pointless, Aimless, and Ctruncate (Collaborative Compu-

tational Project; Number 4, 1994; Winn et al., 2011). MIRAS phasing to 2.80 Å in autoSHARP (Bricogne et al., 2003) yielded an overall

figure of merit of 0.52 for acentric reflections and 0.49 for centric reflections. Solvent flattening yielded interpretable electron density,

which after autobuilding with phenix.autobuild (Adams et al., 2010) andmanual adjustment with COOT (Emsley et al., 2010), could be

traced to build nearly the complete model for Chain A except for four loop regions with weak density (Table S3). Chain B had weaker

density and additional breaks, especially in domain 2 (Table S3).

Native tetragonal crystals were grown using hanging-drop vapor diffusion at 25�C with drops consisting of 2 mL 8% v/v PEG 5K

mono methyl ether, 4% w/v PEG 20K, 0.1M MES pH 6.5, 1.6 mL 20 mg mL-1 non-iodoacetamide treated protein, and 0.4 mL mi-

cro-seeds (formed from non-iodoacetamide treated protein). For data collection, harvested crystals were mounted in nylon loops,

cryo-protected in well solution containing 10% ethylene glycol, and flash-cooled in liquid nitrogen. Data were acquired at the

Advanced Photon Source (APS) SER-CAT 22-ID and integrated and scaled using XDS (Kabsch, 2010). For phasing, structure model

A from the asymmetric unit of the orthorhombic crystal form was used as a search model for molecular replacement in Molrep (Vagin

and Teplyakov, 2010).
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Coordinates were refined using Buster (Bricogne G. and Roversi P, 2018) with TLS (Schomaker and Trueblood, 1968), alternated

with manual rebuilding in COOT (Emsley et al., 2010). TLS groups were identified with the TLSMD server (Painter and Merritt, 2006)

and corresponded to most of domain 1 (residues 233-360), all of domain 2 (residues 58-215), and the extended segments that exit

(residues 29-48) and re-enter domain 1 (residues 216-232) from domain 2. The refinement procedure was supported/accompanied

by analysis of composite omit maps (Terwilliger et al., 2008). X-ray sources, data collection and refinement statistics are provided in

Table 2. Figures were prepared using UCSFChimera (Pettersen et al., 2004), except for Figures 4G and S4which was prepared using

PyMOL (DeLano, 2019).

NMR Spectroscopy
Natural abundance 1H-13C HSQC spectra of themethyl bearing residues of BGO-D1 and BGO-D2 were collected by preparing samples

at 3 - 4 mg mL-1 in 25 mM sodium phosphate, 50 mM NaCl, pH 7.0 and by recording spectra at 30�C using a Bruker AVI 700 or AV-II

900 MHz spectrometer equipped with a 5 mm 1H{13C,15N} TCI cryogenically cooled probe (Bruker Biospin, Billerica, MA).

Small Angle X-Ray Scattering
Experimental SAXS data of zfBGO and rBGO, both alone and as SEC-purified complexes with either TbRII:TGF-b2TM or

TbRII:TGF-b3, were collected at APS beamline 12-ID-B. Samples were prepared at 1.0, 2.0, and 4.0 mg mL-1 in 20 mM CHES,

100 mM NaCl, pH 9.5. Scattering data was recorded with sample oscillation as 30 2 sec exposures with a 1 sec delay between ex-

posures. Raw scattering data were radially averaged, and after removing outliers, the data were averaged and subtracted from a

buffer alone reference using the programPRIMUS (Konarev et al., 2003). Data corresponding to different concentrations were scaled,

and if shown to not exhibit any systematic deviation over the 0 < q < 0.5 range, were merged using PRIMUS (Konarev et al., 2003).

Solution scattering curves were calculated from PDB coordinate files and fit to the concentration merged curves using the program

CRYSOL (Svergun et al., 1995). Electron density envelopes were calculated from the merged scattering curves using the program

DENSS (Grant, 2018). Models of ratBGO bound to the 1:2 TGF-b3:TbRII complex were generated using the program pyDockSAXS

(Jimenez-Garcia et al., 2015), with the merged scattering curve for the 1:2:1 TGF-b3:TbRII:rBGO complex, the structure of the 1:2

TGF-b3:TbRII complex (extracted from the structure of the TGF-b3:TbRII:TbRI complex, PDB 2PJY (Groppe et al., 2008)), and a ho-

mology model of rBGO (built based on the zfBGO structure) as input.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistics of the X-ray crystallographic data processing, phasing, refinement, and structure validation are summarized in Table 2.

The quality of the fit of the experimental SAXS data to that calculated from the corresponding structures was determined using the

program CRYSOL, and the molecular weights and corresponding errors estimated from the SEC-MALS measurements were deter-

mined using the ASTRA software package (Wyatt, Santa Barbara, CA). The quality of the fit of the experimental SPR data to the kinetic

constants and Rmax was determined using either Scrubber (for data fit to a 1:1 binding model) or Biaeval (for data fit to a 1:1 heter-

ogenous ligand model).

DATA AND CODE AVAILABILITY

The accession number for the structure factor and coordinate files of zfBGO reported in this paper are Protein Data Bank (PDB) 6MZP

and 6MZN (orthorhombic and tetragonal forms, respectively).
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Dopaminergic and serotonergic neurons modulate and control processes ranging from
reward signaling to regulation of motor outputs. Further, dysfunction of these neurons
is involved in both degenerative and psychiatric disorders. Elucidating the roles of these
neurons has been greatly facilitated by bacterial artificial chromosome (BAC) transgenic
mouse lines expressing channelrhodopsin to readily enable cell-type specific activation.
However, corresponding lines to silence these monoaminergic neurons have been
lacking. We have generated two BAC transgenic mouse lines expressing the outward
proton pump, enhanced ArchT3.0 (eArchT3.0), and GFP under control of the regulatory
elements of either the dopamine transporter (DAT; Jax# 031663) or the tryptophan
hydroxylase 2 (TPH2; Jax# 031662) gene locus. We demonstrate highly faithful and
specific expression of these lines in dopaminergic and serotonergic neurons respectively.
Additionally we validate effective and sensitive eArchT3.0-mediated silencing of these
neurons using slice electrophysiology as well as with a well-established behavioral
assay. These new transgenic tools will help expedite the study of dopaminergic and
serotonergic system function in normal behavior and disease.

Keywords: opsin, inhibitory, serotonergic, dopaminergic, mouse, eArchT3.0

INTRODUCTION

Neuroscience research has been revolutionized by cell-type specific access to neurons, by optical
control of neuronal firing, and particularly by the intersection of the two. Since initial reports of
optically gated ion channels and pumps, many new varieties and variants with increased sensitivity,
kinetics, and various improved properties have been generated (Fenno et al., 2011; Mattis et al.,
2011). Previously we generated a suite of cell type-specific bacterial artificial chromosome
(BAC) transgenic lines to drive channelrhodopsin-2 (ChR2) expression in parvalbumin,
serotonergic, cholinergic and GABAergic neurons (JAX# 012355, 014555, 014548, 014545,
014546; Zhao et al., 2011), which have been used widely in the field (Herde et al., 2013; Nelson
et al., 2014; Van Dort et al., 2015; Li et al., 2016b; Latchoumane et al., 2017; Zhang et al., 2018).
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However, a complementary suite of silencing lines has been
lacking. Here, we present two mouse lines expressing enhanced
ArchT3.0 (eArchT3.0) that allow efficient optogenetic silencing
of dopaminergic and serotonergic cells. By brightly co-expressing
GFP, these lines are also useful for visualization of these
neurons. ArchT is an outward proton pump from Halorubrum
sodomense strain TP009 (Han et al., 2011). In eArchT3.0, the
addition of endoplasmic reticulum export and neurite trafficking
sequences produces enhanced membrane localization with
correspondingly reduced intracellular accumulation, leading
to subsequently much larger photocurrents. eArchT3.0 has a
two-fold increase in photocurrent compared to unoptimized
ArchT or Arch, measured in vitro, and double the current of the
enhanced halorhodopsin chloride pump (eNpH3.0; Mattis et al.,
2011).

Dopaminergic and serotonergic neurons control many
diverse processes in the brain. Classically the main dopaminergic
centers in the midbrain, the ventral tegmental area (VTA) and
substantia nigra pars compacta (SNc), are mostly associated with
reward processing in varied contexts (Wise, 2004). In particular,
these neurons fire for reward prediction error (Schultz et al.,
1997; Bayer and Glimcher, 2005; Cohen et al., 2015). In the
clinic, dysregulation of dopamine leads to both motivational
changes, for instance with drug abuse (Everitt and Robbins,
2005), and to movement disorders, such as difficulties initiating
movement seen in Parkinson’s disease due to dopaminergic
neuron degeneration in the sNC (Redgrave et al., 2010). The
serotonergic system, in particular the raphe nuclei in the
brainstem, the largest of which is the dorsal raphe nucleus
(DRN), has also been associated with reward learning (Liu
et al., 2014; Cohen et al., 2015). In the clinic, serotonin
misregulation has been particularly implicated in depression,
impulsivity, and anxiety in psychiatric disorders (Ansorge et al.,
2004; Michelsen et al., 2007). Indeed, both dopaminergic and
serotonergic signaling are key targets of some of the most
widely used antipsychotic and antidepressant drugs (Li et al.,
2016a; Yohn et al., 2017). However, our understanding of the
functional roles of these circuits remains far from complete
and a much more detailed and nuanced understanding is
required to design better medications. The complexity and
wide-ranging roles of these systems is beginning to be revealed
using tools such as optogenetics which allow cell-type specific
manipulations and fine temporal control. For example, the use
of optogenetics has identified causal roles of VTA dopaminergic
neurons in mediating depression symptoms from chronic stress
(Tye et al., 2013), chronic defeat (Chaudhury et al., 2013), social
interaction reward (Gunaydin et al., 2014) and dissected the
dynamics of prediction error learning (Steinberg et al., 2013).
For the serotonergic system, optogenetics has helped elaborate
a complex role in reward-related behavior on multiple time
scales (Liu et al., 2014; Miyazaki et al., 2014; Cohen et al.,
2015) as well as diverse roles from signal processing in the
olfactory system (Kapoor et al., 2016; Lottem et al., 2016)
to regulating respiration and body temperature (Ray et al.,
2011).

Here, we present two mouse lines with sensitive eArchT3.0-
mediated silencing and high fidelity of expression in

dopaminergic and serotonergic neurons. We characterize
the specificity of the lines and their electrophysiology and
validate the effectiveness of one of the lines in a well-established
behavioral assay.

MATERIALS AND METHODS

Vector Construction
To construct the targeting vectors, a pBlueScript-derived vector
iTV1-WPRE was used to generate BAC targeting vectors, as
previously described (Ting and Feng, 2014). BAC specific
homology arms [dopamine transporter (DAT) box A and B
or tryptophan hydroxylase 2 (TPH2) box A and B] were PCR
amplified from template BAC DNA and cloned into iTV1-
WPRE. In a separate mammalian expression vector, eArchT3.0
[ArchT (Han et al., 2011) but with a trafficking sequence and
ER export motif added to the C-terminus similar to Mattis
et al. (2011)] and enhanced green fluorescent protein cDNAs
were combined using the P2A linker. We selected P2A with
a C-terminal GSG linker because this combination was shown
to be the most efficiently processed of all viral 2A elements
(Kim et al., 2011) and thus was the most likely to enable a
complete physical uncoupling of the opsin and fluorophore
with no significant unprocessed protein fraction. Verification of
proper expression and functionality were performed by transient
transfection of the eArchT3.0-P2A-EGFP plasmid DNA into
HEK293 cells and primary rat hippocampal neurons, followed
by epifluorescent imaging and patch clamp recording. The
eArchT3.0-P2A-EGFP cassette was then sub-cloned into the
multiple cloning site of iTV1-A/B-WPRE to complete the BAC
targeting vectors. In this final cloning step great care was taken to
ensure minimal disruptions to the junction between 5′ homology
arm and the start of the eArchT3.0 sequence, except for addition
of a Kozak consensus sequence. BAC recombineering steps,
including trimming of the DAT BAC clone, have been described
previously (Ting and Feng, 2014).

Animals
All experiments were done in accordance with NIH guidelines
and approved by the MIT Institutional Animal Care and
Use Committee. Mice were housed with a standard 12 h
light/12 h-dark cycle (lights on at 07:00, lights off at 19:00) and
given food and water ad libitum. eArchT3.0+ and eArchT3.0−
mice of both genders from the same litters were used for
experiments. Only heterozygous eArchT3.0+ mice were used for
all experiments.

Surgery
Five- to six-month-old mice were anesthetized with isoflurane
and placed in a small animal stereotax (David Kopf Instruments,
St. Tujunga, CA, USA). They were implanted with a manually-
constructed optic fiber [200 um core, NA = 0.22 (FG200UCC,
Thorlabs, Newton, NJ, USA)] held in a ceramic ferrule (CF270-
10, Thorlabs, Newton, NJ, USA). Measurements were made
relative to Bregma, coordinates: −3.1, 0.35–0.37, −4.3. The fiber
was held in place to the skull with adhesive cement (C&B
Metabond; Parkell Inc., Brentwood, NY, USA). The incision was

Frontiers in Neural Circuits | www.frontiersin.org 2 February 2019 | Volume 13 | Article 4

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Krol et al. Dopaminergic and Serotonergic eARCHT3.0 Lines

closed with vetbond and mice were recovered on a heat pad
in a clean cage. Mice were group housed pre and post surgery.
Fiber placement was confirmed after behavior with serial coronal
sections, anti-TH staining to identify the VTA and epifluorescent
imaging (Supplementary Figure S1).

Conditioned and Real-Time Place Aversion
Behavioral testing was performed 3.5 weeks post-surgery,
allowing time for recovery. Mice were tested between 7 am and
7 pm during their light cycle. Pre-testing, mice were habituated
at least 1 h in the behavioral testing room. For testing, single
mice were place in a clear plexiglass open top chamber with
equally sized left and right chambers (22 × 22 cm) and a smaller
central chamber (9 × 22 cm) separated by dividers leaving a
gap (9 cm) between the center chamber and the side chambers.
Each trial began with placement of the mouse in a corner
of the central chamber. Between each trial, the chamber was
cleaned with 70% ethanol. On the 1st day mice were allowed
to freely explore the chamber for 15 min with the light turned
off. On the 2nd and 3rd days mice were allowed to freely
move between the compartments for 30 min. Entry into one of
the side chambers was paired with photostimulation (532 nm
light, GL532T3-100 mW Shanghai Laser and Optics Century
Co.). Laser power was approximately 5 mW at tip of fiber, but
substantial ramping up of the laser seen upon turn on could
have led to approximately ±1 mW during stimulation. To avoid
overheating, optical stimulation was paused for 30 s if the mouse
stayed in the stimulated zone over 30 s. The stimulated side
was counterbalanced between animals and genotypes but kept
constant for each individual animal between days. On the 4th day
mice were allowed, as on the 1st day, to explore freely for
15 min with the laser turned off. Mouse movement was tracked
and paired with photostimulation control using a video camera
and EthoVision software (EthoVision XT, Noldus, Wageningen,
Netherlands) through a Master-9 Pulse Stimulator (A.M.P.I,
Jerusalem, Israel). For analysis, tracks were edited for the correct
start and end times blind to condition. Dwell time in each
predefined area was calculated automatically using EthoVision
software.

Immunohistochemistry and Image
Quantification
Mice were deeply anesthetized with isoflurane, transcardially
perfused with ice-cold PBS solution followed by fresh ice-cold
4% paraformaldehyde (PFA) in PBS. Brains were dissected out
and postfixed overnight with 4% PFA at 4◦C, and stored in
PBS at 4◦C. Sixty to hundred microgram sections were cut
on a vibratome (Leica VT100S). Floating brain slices were
permeabilized with 1.2% Triton X-100 in PBS for 15 min, washed
3 × 5 min in PBS and blocked 1 h in 5% normal goat serum,
2% BSA, 0.2% Triton X-100 in PBS (blocking buffer) for 1 h
at room temperature. Sections were incubated with primary
antibodies in blocking solution 1–3 overnights at 4◦C. Slices were
then washed three times with PBS for 20 min, incubated with
secondary antibodies for 1–2 h at room temperature, washed 1×
with DAPI (1:10,000) in PBS for 20 min then 2× with PBS for
20 min. Slice were mounted with 50% glycerol in Tris Buffer.

Primary antibodies used were ms anti-TPH2 (1:500, Sigma, St.
Louis, MO, USA to678), ms IgG1 anti-TH (1:1,000, immunostar
22941), rb anti p2A (1:1,000 Millipore, Burlington, MA, USA
ABS31), and rat anti-DAT (1:1,000 Millipore, Burlington, MA,
USA MAB369). Widefield epifluorescent images were capture
using a 4× lens on a Olympus BX61 microscope with a PRIOR
ProScan III motorized stage (Prior Scientific Instruments, UK)
and CellSens Dimension 1.11 stitching software (Olympus).
To quantify overlap, images were captured using Olympus
Fluoview FV1000 confocal microscope, 20× lens. Three mice
were imaged per condition, three sections per mouse. DAT
sections, since they were coronal, were imaged bilaterally. Cells
were counted manually using the ImageJ Cell Counter plugin
(Schindelin et al., 2012). To quantify cell number and TPH2 and
DAT expression levels in old animals over 1 year old, serial
60 um sagittal sections were collected from TPH2 and DAT-
eArchT3.0 BAC transgenic animals and immunostained with
TPH2, DAT or TH. Every third section from three animals
was confocal imaged as described above; sections were matched
referenced to the midline. Cells were counted automatically
with CellProfiler (Lamprecht et al., 2007) using primary object
detection and the Otsu global thresholding method. For the
DAT-eArchT3.0 transgenic line, DAT immunostaining did not
clearly distinguish individual dopaminergic cell bodies, so TH
staining was used. To quantify DAT expression levels, DAT
staining in the striatum was used to take advantage of relatively
uniform coverage by dopaminergic terminals. To correct for
absence of terminals around nuclei and fibers of passage, a mask
was used to remove those areas from quantification. For the
TPH2 transgenic line, TPH2 immunostaining was used both to
quantify cell number and to assess expression levels. To correct
for variable cell number between sections and animals, intensity
levels were only measured from detected cells and normalized to
total cell area per image.

Slice Preparation for Electrophysiological
Recordings
Sagittal or coronal slices (250 µm) were obtained from DAT-
eArchT3.0 or TPH2- eArchT3.0 expressing mice at 30–40 p.n.
days. Mice were anesthetized via isoflurane inhalation and
perfused transcardially using cold saline containing (in mM):
194 sucrose, 30 NaCl, 4.5 KCl, 1.2 NaH2PO4, 0.2 CaCl2, 2 MgCl2,
26 NaHCO3, and 10 D-(+)-glucose saturated with 95% O2 and
5% CO2, pH = 7.4, 320–340 mOsm/L. Slices were cut using a
slicer (VT1200 S, Leica Microsystems In., Grove, IL, USA) and
then incubated for 10–15 min in a holding chamber (BSK4,
Scientific System Design Inc., Little Ferry, NJ, USA) at 32◦C with
regular artificial cerebral spinal fluid containing the following
in mM: 136 NaCl, 3.5 KCl, 1 MgCl2, 2.5 CaCl2, 26 NaHCO3
and 11 glucose saturated with 95% O2 and 5% CO2, followed
by at least 1 h recovery at room temperature (21–25◦C) before
recording.

Electrophysiological Recordings
We performed whole cell patch-clamp recordings with
borosilicate glass pipettes (KG33, King Precision Glass)
heat polished to obtain direct current resistances of ∼4–6 MΩ.
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Pipettes were filled with an internal solution containing in
mM: 120 K-Gluconate, 2 MgCl2, 10 HEPES, 0.5 EGTA,
0.2 Na2ATP, and 0.2 Na3GTP. The recordings were made with a
microelectrode amplifier with bridge and voltage clamp modes
of operation (Multiclamp 700B, Molecular Devices, San Jose,
CA, USA). Cell membrane potential was held at −60 mV,
unless specified otherwise. Signals were low-pass filtered at
2 kHz and sampled at 10–20 kHz with a Digidata 1440A
(Molecular Devices, San Jose, CA, USA), and data were stored
on a computer for subsequent off-line analysis. Cells in which
the series resistance (Rs, typically 8–12 MΩ) changed by >20%
were excluded for data analysis. In addition, cells with Rs more
than 20MΩ at any time during the recordings were discarded. In
some cases conventional characterization of neurons was made
in voltage and current clamp configurations.

DAT+ or TPH+ neurons were identified for recordings
on the basis of GFP expression visualized with a microscope
equipped with a GFP filter (BX-51WI, Olympus). We also
targeted GFP negative (−) neurons to confirm the specificity
of eArchT3.0 effects in neurons. Photo stimulation parameters
were 532 nm and 1–4 mW per mm2 (GL532T3-100 mW
Shanghai Laser and Optics Century Co.). Neurons were held at
−70 mV during photocurrent measurements. To confirm the
ability of photo stimulation to inhibit action potential firing,
action potentials were induced by continuous positive current
injection until tonic firing was reached.

Statistics
All data were transferred to GraphPad Prism for analysis
and graphing. Electrophysiological data are presented as
mean ± SEM, and with the values given for each experiment
referring to the number of cells analyzed unless noted otherwise.
All error bars indicate SEM. The significance level for all tests
was p< 0.05. Group results were compared by using an unpaired
Student’s t-test. Quantification of cell immunohistochemistry
results are presented as mean ± SD. Cell number quantification
in old animals is presented as a scatter plot showing the number
of cells across three sections per animal withmean± SD overlaid.
For immunofluorescent intensity the median intensity of each
section from three animals is shown and for TPH2 staining
the intensity is normalized to the cell area coverage in each
section. Immunohistochemistry results were compared using an
unpaired Student’s t-test; the significance level for all tests was
p < 0.05. Behavioral testing data is presented as a scatter plot
with individual animal’s performance with mean and SEM error
bars overlaid. Results were compared using one-way analyses of
variance (ANOVA) and adjusted P values were calculated using
Sidak’s multiple comparison.

RESULTS

Generation of eArchT3.0 BAC Transgenic
Lines
Two eArchT3.0 lines were generated, the first to silence
dopaminergic neurons and the second to silence serotonergic
neurons using an optimized archeorhodopsin, eArchT3.0 (Han
et al., 2011;Mattis et al., 2011). Both lines were generated using an

improved BAC-transgenic approach that avoids overexpression
of endogenous genes (Ting and Feng, 2014). In both cases, the
eArchT3.0 cDNA was inserted into the BAC clone followed by
the self-cleaving peptide p2A and GFP. This allows both bright
visualization of expressing neurons, including in fresh tissue,
through cytoplasmic GFP expression as well as localization of
the Arch protein by immunochemical detection of the P2A
fragment remaining at the eArchT3.0 C-terminus. To improve
RNA stability, and hence protein expression levels, a woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE)
and a bovine growth hormone polyadenylation signal (BGHpA)
were added. For dopaminergic expression, this engineered
cDNA was placed after the translation initiation codon, ATG,
of the DAT gene in a BAC clone. DAT is present in
dopaminergic neurons to reuptake dopamine from the synaptic
cleft to be repackaged into synaptic vesicles and is selective
for dopaminergic neurons (Augood et al., 1993; Lammel et al.,
2015). For serotonergic expression, a TPH2 BAC clone was used.
TPH2 is an enzyme that catalyzes the first and rate limiting step
in serotonin production and is specific for serotonergic neurons
(Walther et al., 2003).

eArchT3.0 Expression in Dopaminergic
Neurons of DAT-eArchT3.0 BAC Transgenic
Mice
Accurate expression of GFP and eArchT3.0 protein in
dopaminergic neurons was found in neurons of the VTA
and SNc with excellent overlap between tyrosine hydroxylase
(TH) staining, the rate-limiting enzyme for dopamine synthesis,
and GFP expression (Figure 1). Quantification shows very
high overlap between GFP and TH with both high specificity
of GFP expression, most GFP positive cells were also TH
positive (Figure 1C; 96 ± 2%, VTA, Figure 1D; 96 ± 3%,
SNc) and high coverage of GFP expression, most TH positive
cells were also GFP positive (Figure 1C; 95 ± 3% VTA,
Figure 1D; 98 ± 2% SNc). These neurons were also DAT
positive (Supplementary Figure S2). Although TH is specific
for dopaminergic neurons of the midbrain, because TH
catalyzes the first step in catecholamine biosynthesis, TH is
also expressed in some neurons that are not dopaminergic
or DAT positive, such as the catecholamine neurons of the
locus coeruleus (Augood et al., 1993; Lorang et al., 1994).
Highlighting the specificity of this line, the locus coeruleus
(Figure 1A′′) though labeled by TH is not correspondingly
labeled by GFP (Figure 1A′). GFP expression was also present
in dopaminergic neurons of the olfactory bulbs (Pignatelli and
Belluzzi, 2017; Supplementary Figure S2) as well as small
TH-positive interneurons in the striatum (Ibáñez-Sandoval
et al., 2010; Xenias et al., 2015; Supplementary Figure S3F).
Notably, the GFP signal was bright enough to be seen and
quantified without enhancement. This indicated a high level
of eArchT3.0 expression since production of the two was
stoichiometric at the mRNA level and likely protein level.
Bright GFP expression also makes these mice a useful tool
for targeting dopaminergic neurons in slice recordings. To
determine possible effects of long-term eArchT3.0 expression
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FIGURE 1 | Dopamine transporter (DAT)-enhanced ArchT3.0 (eArchT3.0) expression pattern. (A) Merged image (A′–A′′′) of a sagittal section highlighting the ventral
tegmental area (VTA), substantia nigra pars compacta (SNc) and striatum. (A′) Native GFP expression labeling targeted neurons. (A′′) Tyrosine hydroxylase (TH)
staining labeling dopaminergic neurons. (A′′′) P2A staining labeling P2A-tagged- eArchT3.0 protein, localizing both to cell bodies in the VTA and SNc, and neuronal
terminals in the striatum. Scale bar 1 mm. (B) Example section used for quantification of overlap between TH and GFP. Scale bar 1 mm. (C–C′′) Quantification in the
VTA of GFP and TH overlap. (C–C′) Example image used for quantification. (C) GFP fluorescence. (C′) TH staining. (C′′) Specificity of GFP expression (left hand

(Continued)

Frontiers in Neural Circuits | www.frontiersin.org 5 February 2019 | Volume 13 | Article 4

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Krol et al. Dopaminergic and Serotonergic eARCHT3.0 Lines

FIGURE 1 | Continued
side): the proportion of cells labeled for both TH and GFP out of all GFP
positive cells (96 ± 2%). Coverage of TH positive cells by GFP expression
(right hand side): the proportion of cells labeled for both TH and GFP out of all
TH positive cells (95 ± 3%). (D–D′′) Quantification in the SNc of GFP and TH
overlap. (D–D′) Example images used for quantification. (D) GFP
fluorescence. (D′) TH staining. Scale bar 100 um. (D′′) Specificity of GFP
expression (left hand side): the proportion of cells labeled for both TH and
GFP out of all GFP positive cells (96 ± 3%). Coverage of TH positive cells by
GFP expression (right hand side): the proportion of cells labeled for both TH
and GFP out of all TH positive cells (98 ± 2%; quantification: mean ± SD,
bilateral images from eight sections from three animals).

or the transgenic approach on dopaminergic neuronal number
or DAT gene expression levels, cell number in the midbrain
(Supplementary Figures S4A,D) and DAT intensity levels in
the striatum (Supplementary Figures S4B,E) in old animals
over 1 year old were quantified. There was no difference
in cell number (689 ± 201, 793 ± 189, n.s. unpaired t-test,
n = 3 animals, Supplementary Figure S4D) or protein
levels (0.014 ± 0.006, 0.015 ± 0.004, n.s. unpaired t-test,
n = 12 sections, Supplementary Figure S4E) between the
controls and DAT-eArchT3.0 animals.

We observed some off-target expression of eArchT3.0-GFP in
subplate neurons and subiculum (Supplementary Figure S3F).
A low level of expression was also seen sparsely in cells of the
cortex (Supplementary Figure S3E). However, these neurons are
spatially distinct from the VTA and SNc. Thus, separable control
of these two populations should be easily achieved with optic
fiber placement.

eArchT3.0 Expression in Serotonergic
Neurons of TPH2-ArchT3.0 BAC
Transgenic Mice
Serotonergic neurons in both theDRN and the ventral brainstem,
which contains multiple more sparsely distributed serotonergic
nuclei, all faithfully expressed eArchT3.0-GFP (Figure 2).
Expression of GFP was as bright as in the DAT-eArchT3.0 line as
was the excellent fidelity of expression. Quantification confirmed
high overlap between GFP expression and TPH2; assessing
specificity of GFP expression determined most GFP positive
cells were also TPH2 positive (Figure 2C, 96 ± 1% in DRN,
Figure 2D, 86 ± 8%, ventral brainstem) and assessing coverage
of GFP expression determined most TPH2 positive cells were
GFP positive (88 ± 4% in DRN, Figure 2D, 89 ± 4% ventral
brainstem). TPH2 immunostaining was sometimes faint so
overlap may be underestimated. Altogether this indicates faithful
and robust expression of eArchT3.0 in serotonergic neurons in
the brain. As for the DAT line, we determined possible long-term
effects of the transgene in old animals over 1 year old by
quantifying serotonergic neuronal number and TPH2 intensity
levels in the DRN (Supplementary Figures S4C,F,G). There was
no difference in cell number (1,032 ± 159, 728 ± 224, n.s.
unpaired t-test, n = 3 animals, Supplementary Figure S4F) or
protein levels (0.006 ± 0.005, 0.004 ± 0.004, n.s. unpaired t-test,
n = 9 sections, Supplementary Figure S4G) between the controls
and TPH2-eArchT3.0 animals.

Off-target expression of eArchT3.0-GFP at a lower level
of expression was present in granule cells of the cerebellum
(Supplementary Figures S5A′,B′), as well as sparse scattered
cells in the cortex (Supplementary Figures S5A′′′,B′′′).

Electrophysiological Characterization of
eArchT3.0-Expressing Dopaminergic
Neurons
To analyze the ability of genetically encoded eArchT3.0 to
enable reversible silencing of neuronal activity, we recorded from
GFP-positive neurons in the VTA (n = 10, from five mice;
Figure 3A). These neurons had characteristic properties of TH
cells including: presence of a depolarized resting membrane
potential (RMP; −52 ± 8 mV), wide action potentials
(1.7 ± 0.16 ms half width) and Ih current (sag amplitude
34.9 ± 5.2 mV; Figure 3B; Chieng et al., 2011; Krashia
et al., 2017). We demonstrated that GFP-positive neurons were
sensitive to 532 nm light which led to eArchT3.0 mediated-
hyperpolarization and evoked photocurrent with similar kinetics
as reported previously (Figures 3C–E; Han et al., 2011; Mattis
et al., 2011). A roughly linear relationship between photocurrent
and light intensity was found as shown by the input-output
curve (Figure 3E). At −45 ± 4.1 mV neurons had spontaneous
tonic firing around 2.5 ± 0.9 Hz and application of 532 nm
light (1–4 mW) for 10 s was highly effective at silencing
firing precisely during light exposure (Figure 3D, paired t-test,
p = 0.01). We repeated this manipulation 3–5 times on each
neuron recorded and all cells showed inhibition. Lastly, to
confirm the specificity of GFP-eArchT3.0 expression we also
targeted GFP negative (−) cells in the VTA (Supplementary
Figures S6A–C).We did not observe any evoked photocurrent in
neurons recorded in VTA, or any significant changes in the RMP
(light OFF −52.4 ± 2.2 mV and light ON −53.2 ± 2.1 mV, n.s.
unpaired t-test, n = 9) or firing rate when there was spontaneous
spiking (light OFF 5.9 ± 2 Hz and light ON 6.1 ± 2.2, n.s.
unpaired t-test, n = 5; Supplementary Figure S6C). These
results give us confidence that neurons that do not express GFP
do not express eArchT3.0 and they are not affected by photo
stimulation.

Electrophysiological Characterization of
eArchT3.0-Expressing Serotonergic
Neurons
The same characterization was carried out in DRN neurons.
Recordings from GFP-positive cells (n = 11, from four mice)
showed typical characteristics of serotonergic neurons
(Figure 4A) with a RMP of −59 ± 2.5 mV and action
potential threshold of −40.5 ± 0.9 mV (Figure 4B; Mlinar
et al., 2016; Asaoka et al., 2017). As reported before for
eArchT3.0 activation and found in the dopaminergic neurons,
532 nm light led to neuron hyperpolarization and sustained
evoked photocurrent (Figure 4C; Han et al., 2011; Mattis et al.,
2011). Similarly, a linear relationship between photocurrent and
light intensity was found (Figure 4E). At −45 mV neurons had
spontaneous tonic or irregular firing patterns at 0.96 ± 0.3 Hz
and application of 532 nm light (1–4 mW) for 10 s was highly
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FIGURE 2 | Tryptophan hydroxylase 2 (TPH2)- eArchT3.0 expression pattern. (A) Merged image (A′–A′′′) of a coronal section, highlighting the dorsal raphe nucleus
(DRN). (A′) Native GFP expression labeling targeted neurons. (A′′) TPH2 staining labeling serotonergic neurons. (A′′′) P2A staining labeling
P2A-tagged-eArchT3.0 protein. Scale bar 1 mm. (B) Example section used for quantification of overlap between TPH2 and GFP. Scale bar 1 mm. (C–C′′)
Quantification in the dorsal raphe nucleus (DRN) of GFP and TPH2 overlap. (C–C′) Example image used for quantification. (C) GFP fluorescence. (C′) TPH2 staining.
(C′′) Specificity of GFP expression (left hand side): the proportion of cells labeled for both TPH2 and GFP out of all GFP positive cells (96 ± 1%). Coverage of
TPH2 positive cells by GFP expression (right hand side): the proportion of cells labeled for both TPH2 and GFP out of all TPH2 positive cells (88 ± 4%). (D–D′′)
Quantification in the ventral brainstem of GFP and TH overlap. (D–D′) Example image used for quantification. (D) GFP fluorescence. (D′) TH staining. Scale bar
100 um. (D′′) Specificity of GFP expression (left hand side): the proportion of cells labeled for both TPH2 and GFP out of all GFP positive cells (86 ± 8%). Coverage
of TPH2 positive cells by GFP expression (right hand side): the proportion of cells labeled for both TPH2 and GFP out of all TPH2 positive cells (89 ± 4%;
quantification: mean ± SD, bilateral images from eight sections from three animals).

effective at silencing neuronal activity (Figure 4D, paired
t-test, p = 0.014). We repeated this manipulation 3–5 times
on each neuron recorded and all cells showed inhibition.
Again, to confirm the specificity of GFP-eArchT3.0 expression
we also targeted GFP (−) cells in the DRN (Supplementary
Figures S6D–F). We observed that GFP (−) neurons did
not show any current when stimulated with light and only

showed a slight change in the firing frequency (light OFF
0.85 ± 0.26 Hz and light ON 0.81 ± 0.35 Hz, n.s. unpaired
t-test, n = 8) likely due to changes in the surrounding inhibited
neurons (Supplementary Figure S6F). These results give
us confidence that neurons that do not express GFP do
not express eArchT3.0 and they are not affected by photo
stimulation.
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FIGURE 3 | Electrophysiological characterization of eArchT3.0 in dopaminergic neurons. (A) Schematic representation of the recording and stimulation preparation.
(B) Typical VTA neuron response to hyperpolarizing and depolarizing current steps. (C) Whole cell recording in current (left) and voltage clamp (right) of the
photoresponse in an example eArchT3.0-GFP expressing neuron from DAT-eArchT3.0 transgenic mouse (green bar, 532 nm light). (D) Sample trace of light-induced
inhibition of spikes generated by current injection (left). During 10-s of photo stimulation (green bar), action potentials are suppressed. Population summary (right).
Total spike rate before and during 10 s of photo stimulation (n = 10 neurons, mean ± SEM paired two-tailed t-test, ∗∗∗p = 0.01, all cells showed inhibition). (E)
Intensity response curve, data represents mean ± SEM (n = 8, left). Sample traces for evoked photocurrent at different light intensities (right).

FIGURE 4 | Electrophysiological characterization of eArchT3.0 in serotonergic neurons. (A) Schematic representation of the recording and stimulation preparation.
(B) Typical DRN neuron response to hyperpolarizing and depolarizing current steps. (C) Whole cell recording in current (left) and voltage clamp (right) of the
photoresponse in an example eArchT3.0-GFP expressing neuron from TPH2- eArchT3.0 transgenic mouse (green bar, 532 nm light). (D) Sample trace of
light-induced inhibition of spikes generated by current injection (left). During 10-s of photostimulation (green bar), action potentials are suppressed. Population
summary (right). Total spike rate before and during 10 s of photostimulation. (n = 12 neurons, mean ± SEM paired two-tailed t-test, ∗∗∗p = 0.014, all cells showed
inhibition). (E) Intensity response curve, data represents mean ± SEM (n = 9, left). Sample traces for evoked photocurrent at different light intensities (right).
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Optogenetic Activation of eArchT3.0 in VTA
Is Sufficient to Drive Conditioned Place
Aversion
Our slice experiments determined that eArchT3.0 expression was
effective at silencing dopaminergic and serotonergic neurons.
To determine whether eArchT3.0 was effective in a behavioral
assay we used the dopaminergic eArchT3.0 line. Inhibition of
dopaminergic neurons has been shown to be sufficient tomediate
place aversion (Tan et al., 2012; Danjo et al., 2014). In place
aversion, a location in an arena is paired with either an aversive
condition, such as a foot shock, or a neuronal signal, such
as inhibition of the VTA, over several conditioning days. In
conditioned place aversion, aversive conditioning is delivered
to an animal restrained to the location. In real-time place
aversion, aversive conditioning is delivered to a freely exploring
animal upon entry into the location. In both assays, animals
avoid the aversive conditioned-location in a post-conditioning
test day. In real-time place aversion, a decreased dwell time
in the conditioned location can also be observed during
conditioning days. Both conditioned place aversion and real-time
place aversion have been reported previously upon inhibition
of dopaminergic neurons via optogenetic activation of local
inhibitory neurons in the VTA (Tan et al., 2012) or by direct
optogenetic inactivation of the VTA with viral-driven expression
of eNpH3.0 (Tan et al., 2012) or eArchT3.0 in a TH Cre mouse
(Danjo et al., 2014).

To validate our DAT eArchT3.0 line in a similar assay, we
used a three chamber arena with two equivalent larger chambers
connected by a smaller third one (Figure 5A”), allowing mice

to explore freely between the chambers, performing the assay
over 4 days (Figure 5A’). On the first, pretest, day mice were
allowed to explore with the laser turned off. On the next two,
conditioning, days, the laser was triggered whenmice entered the
designated conditioning side, leading to unilateral eArchT3.0-
mediated inhibition of the VTA. On the 4th day, mice were
tested as on day one without light delivery. As expected, on
the 1st day at pretest, mice showed no preference for one
chamber vs. the other (Figures 5B,D). Following conditioning
using eArchT3.0-mediated inhibition of DAT+ VTA neurons,
aversion to the conditioned side was seen upon the fourth
test day (Figures 5B,D). Mice spent significantly less time in
the conditioned side (Figure 5C) both in the fraction of time
spent (Figure 5B) and in net time (Figure 5D). Real-time place
aversion during training was also observed with less time spent
in the conditioned area each conditioning day (Figure 5B).
These changes were not seen for the control, wildtype, littermate
mice, which were implanted and stimulated the same way but
did not express eArchT3.0. Overall this demonstrates that the
DAT-eArchT3.0 line is a sensitive tool for effectively inducing
inhibition of dopaminergic neurons in vivo.

DISCUSSION

We have generated and characterized two new lines of transgenic
mice for optogenetically silencing dopaminergic or serotonergic
neurons robustly and reproducibly. These two mouse lines
will be shared with the community via Jackson Laboratory:
DAT-eArchT3.0-GFP (Jax# 031663) and Tph2-eArchT3.0-GFP

FIGURE 5 | Place aversion induced by DAT-eArchT3.0 mediated VTA inhibition. (A) Experimental timeline (A′) and schematic of arena (A′′). Mice were stimulated
unilaterally when in the stimulated (stim) zone during conditioning days. (B) Fraction of time spent in the stimulated zone on each day. (C) Heatmap of time spent in
each area (schematized above) on day 4 by example control or DAT-eArchT3.0 animal. (D) The difference in time spent in the stimulated zone vs. the unstimulated
zone before and after conditioning. Data are plotted mean ± SEM, n = 5–6. Analysis uses one-way analyses of variance (ANOVA) and reports Sidak’s multiple
comparison adjusted P values, ∗∗P < 0.01, ∗∗∗P < 0.001.
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(Jax# 031662). Generating these lines using optimized trimmed
BACs avoided unwanted overexpression of other genes in the
BAC clones, a concern with previous lines such as Chat-ChR2
(Kolisnyk et al., 2013; Ting and Feng, 2014). Reassuringly
quantification of cell number and DAT or TPH2 intensity levels
in old animals showed little long-term effects in transgenic
animals. Additionally, the characteristic electrophysiological
properties of both dopaminergic and serotonergic neurons
expressing eArchT3.0 were consistent with the published
literature for non-eArchT3.0 expressing neurons. Both lines
also showed good fidelity and coverage for dopaminergic and
serotonergic neurons. The co-expressed GFP fluorescence is also
clearly visible without immunostaining amplification and can
be used both to target cells for in vitro recordings and for
morphological studies, making these lines useful for a range of
eArchT3.0-independent applications. Both lines show excellent
and sensitive silencing in vitro, although it is worth noting that
the same level of photostimulation may not completely bock
firing in vivo, where neurons can display higher firing rates
and have additional extrinsic drives. Nonetheless our robust
behavioral results in the conditioned place aversion assay using
the DAT line indicate a substantial reduction in neuronal
activity.

Compared to the original ArchT pump (Han et al., 2011),
eArchT3.0 has an added endoplasmic reticulum export sequence
and neurite trafficking sequencing, enhancing localization of the
pump at the membrane (Mattis et al., 2011). Further, in our
lines, GFP is not fused to the pump and instead is produced
ratiometrically through a P2A self-cleaving peptide. Compared to
the other widely used pumps, eNpHR3.0 (Gradinaru et al., 2010),
unmodified Arch (Chow et al., 2010) and unmodified ArchT
(Han et al., 2011), eArchT3.0 has much greater photocurrent
and this difference is greater with increased light power density
(Mattis et al., 2011). Both enhanced Arch (eArch3.0) and
enhanced ArchT (eArchT3.0) proteins pass significantly more
current than the original variants and this difference increases
as the light power density increases (Mattis et al., 2011). Of
consideration for certain applications, the maximum wavelength
sensitivity of eArchT3.0 is between 520–560 nm. This is green
shifted compared to eNPHr3.0 which is 560–590 and Jaws,
which is further red shifted, with more photocurrent at 632 nm
compared to eNpHR3.0 (Gradinaru et al., 2010; Mattis et al.,
2011; Chuong et al., 2014). With all of these pumps caution is
warranted (Wiegert et al., 2017); all three for instance exhibit
comparable post-illumination rebound spiking (Chuong et al.,
2014; Mahn et al., 2016) which can be avoided using a gradual
off-ramp of illumination (Chuong et al., 2014; Mahn et al., 2016).
Additional challenges can arise from use of these inhibitors
at axon terminals. In such small cellular compartments, ionic
changes can be exacerbated. In particular, prolonged activation of
terminals on the 2–5minute timescale using eArchT3.0 can cause
significant increase in spontaneous activity, due to alkalinization
of the boutons and the subsequence pH-dependent increase in
intracellular calcium (Mahn et al., 2016; Wiegert et al., 2017).

The use of transgenic lines for targeted opsin expression
presents several advantages compared to expressing opsins
virally in combination with a Cre-line. Unlike virally mediated

opsin expression, these lines will have less variable levels of
expression from mouse to mouse which can result from variable
viral injection and neuronal uptake and will eliminate the need to
wait for viral expression post surgery. The ability to drive earlier
eArchT3.0 expression could also facilitate future studies of the
developmental roles of serotonergic and dopaminergic signaling.
Admittedly, the need to implant fibers to optically silence
the neurons may still limit developmental questions to acute
experiments, up to an age whenmice are not rapidly growing and
when they are not still dependent on maternal care. Additionally,
by dissociating eArchT3.0 expression from Cre expression,
crossed in Cre lines can be used to target additional tools or
neuronal populations of interest, for instance either for gene
knockout or other opsin expression. By expressing eArchT3.0 in
one cell population and channelrhodopsin in another, either
using Cre-mediated recombination or a different transgenic
line, different populations of neurons could be stimulated and
inhibited in the same animal. Such a combination of tools
could prove particularly powerful when exploring the effects of
neuromodulatory neurons on other circuits on both the short
and long timescales at which they act. We hope that these two
new DAT and TPH2-eArchT3.0 lines will help facilitate a refined
understanding of the roles of dopaminergic and serotonergic
systems.
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Recurrent moderate hypoglycemia
exacerbates oxidative damage and
neuronal death leading to cognitive
dysfunction after the hypoglycemic coma

Gabriela Languren, Teresa Montiel, Leticia Ramı́rez-Lugo,
Israela Balderas, Gustavo Sánchez-Chávez,
Francisco Sotres-Bayón, Federico Bermúdez-Rattoni
and Lourdes Massieu

Abstract

Moderate recurrent hypoglycemia (RH) is frequent in Type 1 diabetes mellitus (TIDM) patients who are under intensive

insulin therapy increasing the risk for severe hypoglycemia (SH). The consequences of RH are not well understood and

its repercussions on neuronal damage and cognitive function after a subsequent episode of SH have been poorly

investigated. In the current study, we have addressed this question and observed that previous RH during seven

consecutive days exacerbated oxidative damage and neuronal death induced by a subsequent episode of SH accompanied

by a short period of coma, in the parietal cortex, the striatum and mainly in the hippocampus. These changes correlated

with a severe decrease in reduced glutathione content (GSH), and a significant spatial and contextual memory deficit.

Administration of the antioxidant, N-acetyl-L-cysteine, (NAC) reduced neuronal death and prevented cognitive impair-

ment. These results demonstrate that previous RH enhances brain vulnerability to acute hypoglycemia and suggests that

this effect is mediated by the decline in the antioxidant defense and oxidative damage. The present results highlight the

importance of an adequate control of moderate hypoglycemic episodes in TIDM.

Keywords

Diabetes, antioxidants, cognitive impairment/decline, glucose, hippocampus, hypoglycemia, risk factors, selective neur-

onal death
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Introduction

Glucose is the major metabolic substrate in brain and
its continuous supply from blood is mandatory for its
correct functioning. Repeated episodes of moderate
hypoglycemia are frequently observed in 70–80% of
Type-1 (T1DM) and 40% of Type-2 (T2DM) diabetes
mellitus patients due to insulin therapy.1,2 Recurrent
moderate hypoglycemia (RH; <70�>55mg/dl blood
glucose) increases the risk for severe hypoglycemia (SH;
<55mg/dl), which has been reported in 36% and 7% of
TIDM and T2DM patients, respectively, with an inci-
dence of one episode per patient per year.3–5

Hypoglycemia is alleviated by the hormonal autonomic
counter-regulatory response, which stimulates glyco-
genolysis and glyconeogenesis.6,7 This response is

blunted in T1DM patients, who are unable to respond
to the autonomic signs of hypoglycemia (hypoglycemia
unawareness).4,7,8 A single episode of hypoglycemia
induces defective glucose counter-regulation, favoring
recurrent hypoglycemia (RH) and increasing the
patient’s vulnerability to SH.6,9 Conversely, patients
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treated for SH are at risk for RH.10 SH can progress to
seizures and the hypoglycemic coma in approximately
25% of the episodes.11 A prolonged period of hypogly-
cemic coma induces oxidative stress and neuronal
death12,13 and associates with cognitive dysfunction in
rodents and humans.10,14–16 However, the effect of
previous episodes of RH on brain damage induced by
SH, is poorly understood.

Moderate hypoglycemia is more common than SH
in T1DM patients, particularly in children and adoles-
cents. Although not an immediate threat, a repeated
history of RH might cause cognitive dysfunction.17,18

Studies show that RH in healthy animals induces syn-
aptic alterations, oxidative stress and limited neuronal
death in the cerebral cortex13,19,20 and even improve-
ment of spatial memory.20–22 In diabetic animals, RH
associates with increased cognitive deficit and oxidative
damage, suggesting that diabetes exacerbates the
damaging effects of hypoglycemia.13,23–25 Conversely,
diabetes is associated with oxidative stress26,27 and
cognitive decline, which might be enhanced by
hypoglycemia.28–31

The repercussions of RH on brain function after a
subsequent episode of SH are not well understood.
In the present study, we have addressed this question
in healthy animals, precluding the influence of diabetic
pathology. Results indicate that animals exposed to
RH do not show neuronal death, oxidative damage
or cognitive decline despite a partial decrease in the
content of reduced glutathione (GSH) and increased
lipoperoxidation (LPO). However, RH notably aug-
mented oxidative damage and the number of dead
cells in the cortex, the striatum and mainly in the
hippocampus of animals exposed to a subsequent
short period of hypoglycemic coma. These animals
showed a large decrease in GSH content and severe
cognitive impairment. Treatment with the antioxidant,
N-acetyl-L-cysteine (NAC), significantly reduced neur-
onal death and prevented cognitive decline. The present
results demonstrate that in non-diabetic animals, pre-
vious RH can enhance brain vulnerability to SH and
suggest that this effect is mediated by a decrease in the
antioxidant defense and oxidative damage.

Material and methods

Three-month-old male Wistar rats (280–300 g) obtained
from Instituto de Fisiologı́a Celular (IFC), Universidad
Nacional Autónoma de México were treated according
to The National Institute of Health Guide for the care
and use of laboratory animals (NIH publication No.80-
23 revised 1996), and experimental protocols were
approved by the Committee for the Care and Use of
Laboratory Animals (CICUAL) of the IFC (LMT101-
16). All efforts were made to minimize the number

of animals used. Animals were housed in individual
cages under standard dark/light cycle and temperature
conditions with food and water at libitum. Experiments
are reported in compliance with the ARRIVE guide-
lines (Animal Research: Reporting in Vivo
Experiments). A sample size of six to seven animals
per group was used to achieve reliable statistical
power and minimize the number of animals used.

Induction of recurrent moderate hypoglycemia

RH was induced (in the home cage) in non-anesthetized
non-fasted animals receiving a daily intraperitoneal
(i.p.) injection of 6.5 insulin units (IU, Humulin 70/
30, Eli Lilly, Indianapolis, USA) between 11 and
12:00 a.m. during seven consecutive days, while control
animals were injected with vehicle solution (0.1% acetic
acid) (Supplementary Figure 1(a)). Moderate hypogly-
cemia was defined as blood glucose between 40 and
55mg/dl, without loss of consciousness or seizures.
Blood glucose was measured from the tail vein using
a One Touch Ultra meter, every 60min after
insulin injection, and was maintained at 2.2–3.0mM
(40–55mg/dl) for 2.5–3 h (Supplementary Figure 1(a)).
Rats spontaneously recovered euglycemia after food
addition. Twenty-four hours after the last hypogly-
cemic episode, animals were euthanized under pento-
barbital overdose anesthesia and brains were prepared
for histology (see below). Independent groups were
used for behavioral tests (see below).

Induction of hypoglycemic coma (SH)

One week before the induction of hypoglycemia, ani-
mals were implanted with epidural electrodes under
2.5–3.0% isofluorane anesthesia for two channel
(right and left hemispheres) electroencephalographic
recordings (EEG). Meloxicam (1mg/kg i.p) was used
as post-surgery anesthesia. Before SH induction, food
was restricted to four pellets overnight. For EEG rec-
ording, animals were maintained in acrylic special
cages. The experimental animals were randomly distrib-
uted among the different experimental groups as fol-
lows: (1) SH: animals received an i.p injection of
32 IU (Humulin 70/30, Eli Lilly, Indianapolis, USA)
and after 2–3 h of SH (blood glucose levels <1.0mM),
they lost their righting reflex and hypoglycemia was
left to progresses to EEG isoelectricity (coma) for
7–10min. Animals were immediately rescued with an
i.p. (300ml) bolus of 25% glucose in Krebs-Henseleit
Buffer followed by a continuous intravenous perfusion
at a rate of 1.5ml/h during 3 h through the tail vein
using a perfusion pump (Harvard Apparatus 22,
South Natik, MA, USA) (Supplementary Figure
1(b)). (2) RH/SH: animals were treated with moderate
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RH during seven days and 24 h after the last episode
SH was induced and left to progress to 7–10min coma.
Immediately afterwards, rats were rescued with glucose
as described above (Supplementary Figure 1(c)).
(3) NAC: animals were identically treated to those of
the RH/SH group, except that they received one sub-
cutaneous administrations of 100mg/kg NAC in dis-
tilled water (Sigma–Aldrich St. Louis MO, USA) 1 h
after glucose reperfusion and one daily injection
during the following four days (five total administra-
tions at 2:00 p.m.). Experimental protocols are
described in Supplementary Figure 1. Twenty-four
hours after all treatments, animals were anesthetized
(pentobarbital overdose) and intracardially perfused
with 0.9% saline solution followed by 4% paraformal-
dehyde in 0.1mol/L phosphate buffer, pH 7.3; brains
were extracted and fixed during 24 h in paraformalde-
hyde and transferred to a 20–30% sucrose gradient
(24 and 72 h, respectively) and 25 mm coronal slides
were obtained in a cryostat for histological analysis.
Independent groups were treated and randomly distrib-
uted for behavioral tests; they were euthanized at the
indicated times. Animals showing seizures (less than
10%) were discarded. One animal from the NAC
group was discarded due to the lack of exploratory
activity in the open field test.

Evaluation of neuronal death

Neuronal death (n¼ 68 total animals, distributed as
follows: n¼ 7 per group evaluated at 24 h; n¼ 6 per
group evaluated at 5 days and n¼ 7 per group evalu-
ated at 16 days after the different treatments) was eval-
uated using Fluoro Jade B (FJB) for the identification
of degenerating neurons, as described.32 Sections were
imaged under a fluorescence microscope (Leica
DM1000) using a FITC filter (395–590 nm). The total
number of FJB-positive cells in the parietal cortex and
the striatum was quantified in 18 coronal sections of
25 mm (3.20 to �4.20 from bregma), while 4 sections
were used for the hippocampus. In this case, cells
were counted in an area of 200mm2 of the different
hippocampal subregions (CA1, CA3, dentate gyrus
(DG) and hilus) using the Image J program. Data are
expressed as the total number of degenerating cells in
these four sections. Cell damage was confirmed by Nissl
staining at 24 h (n¼ 7 per group) and five days (n¼ 4
per group), and the number of condensed darkly
stained cells or pyknotic nuclei were counted in con-
secutive brain sections to those labeled with FJB. In
the case of the NAC experiment, FJB and Nissl-positive
cells were counted in three areas of 200 mm2 of the DG
comprising the inferior and superior blades and the
crest of the DG. To monitor DNA fragmentation, the
TUNEL Roche In Situ Cell Death Detection Kit was

used following the manufacturer instructions (Roche
Applied Science, USA). Briefly, adjacent sections were
blocked with 3% peroxide in methanol for 10min at
room temperature. Slides were incubated in a mixture
containing sodium citrate 0.1%/triton 0.1% for 10min
followed by TUNEL reaction mixture (5 ml TdT
enzyme, 5 ml Biotin-dUTP, 90 ml TdT buffer) for
90min at 37�C. Slides were washed and counterstained
with Hoechst (0.001% in PBS) for 10min at room
temperature to facilitate the identification of TUNEL-
positive cells.

Immunohistochemistry

Twenty-four hours after the treatments (n¼ 7 per
group), oxidative protein modification was detected
using polyclonal anti-4-2-hydroxy-2-nonenal (4-HNE)
(Alpha Diagnostic International, San Antonio, Texas,
USA) and monoclonal anti-3-Nitrotyrosine (Cayman
Company, Ann Arbor Michigan, USA) antibodies.
Coronal 25 mm sections were incubated with anti-4-
HNE or anti-3-NT antibodies (1:200 dilution) for 72 h
at 4�C and anti-mouse DyLight 594 or anti-rabbit
DyLight 488 (Jackson ImmunoResearch Lab. Inc.
West Grove, Pennsylvania, USA, 1:250 dilution)
secondary antibodies, for 2 h at room temperature.
Three sections per animal were examined and represen-
tative images were obtained by confocal microscopy
(Leica TCS SP5) using a scanning mode for lasser 488
and 546 nm. As a control for antibody specificity, brain
sections were incubated with the secondary antibody in
the absence of the primary antibody and immunoreac-
tivity was observed.

LPO levels

Twenty-four hours after the treatments (n¼ 7 per
experimental group and n¼ 10 control group), brain
homogenates from parietal cortex, hippocampus and
striatum were obtained to determine malondialdehyde
(MDA) levels using the thiobarbituric acid-reactive
substances (TBARS) method as described in Haces
et al.33 Briefly brain tissues were homogenized in
0.5ml of 1.15% KCL/0.4mM sodium azide and incu-
bated at 37�C for 20min. Suspensions were centrifuged
at 14,000 rpm, mixed with thiobarbituric acid at 0.75%
(Merck, Darmstadt Germany) and incubated at 50�C
for 20min. The protein concentration was determined
by Bradford’s method and data are expressed as nmol
MDA/mg of protein.

Reduced GSH determination

Reduced GSH (n¼ 3–7) was determined using the
fluorometric o-phthalaldehyde (OPA) method as
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described by Senft et al.34 12 and 24 h after the treat-
ments. Briefly, parietal cortex, hippocampus and stri-
atum were dissected, weighed and homogenized in
detection buffer containing 20mM HCl, 5mM DTPA
and 10mM ascorbic acid; samples were rapidly centri-
fuged at 20,000 rpm for 20min. For GSH
determination, 5% trichloroacetic acid, 7.5mM
N-ethylmaleimide (Sigma-Aldrich, Steinheim,
Germany) and 100 ml o-phthaldialdehyde (Sigma-
Aldrich, Steinheim, Germany) (used as derivatizing
agent to react with GSH) were added to 5ml super-
natant. After mixing, samples were incubated at room
temperature for 30min. Fluorescence was read at
365 nm excitation and 430 nm emission. GSH concen-
trations were calculated and expressed as nmol/mg
tissue based on standard curve.

Behavioral tests

Water maze

Forty-eight hours after the treatments, animals were
habituated in an isolated testing room for 30min.
Rats (n¼ 7 per group, 28 total animals) were trained
(9:00 a.m.) during five days (five trials per day) in a
circular pool divided in four quadrants where a plat-
form was hidden 1 cm under the water at constant tem-
perature (21�C) as described in Delint-Ramı́rez et al.35

Twenty-four hours after the last day of training (7 days
and 15 days after the SH), the memory test was per-
formed. The platform was removed and animals were
allowed to swim during 60 s. The latency and number of
crossings through the quadrant where the platform was
initially placed were recorded with the Ethovision video
tracking.

Contextual fear conditioning

At 48 h after the treatments, different series of animals
(treated and non-treated with NAC, n¼ 6–9 per group,
33 total animals) were trained for contextual fear con-
ditioning (9:00 a.m.) and they were tested 24 h later.
This was carried out in standard operant chambers
(Coulbourn Instruments) located inside sound-attenu-
ating boxes (Med Associates) in an isolated testing
room. The floor of the chambers consisted of stainless
steel bars that delivered scrambled electric footshock.
Between experiments, shock grids and floor trays were
cleaned with soap and water, and the walls with wet
paper towels as described in Sotres-Bayon et al.36 On
day 1, rats habituated during 5min to the chamber were
immediately followed by fear conditioning to the con-
text consisting of five 2 s, 0.8 mA foot shocks. The inter-
val between successive foot shocks was variable with an
average of 2min. The next day (day 2), rats were tested

for contextual fear conditioning memory during 10min.
Behavior was recorded with digital video cameras.
Freezing was used as a measure of conditioned fear.
Freezing was defined as the absence of all movement
except for those related to breathing. The amount of
time spent freezing to the context was expressed as a
percentage of the total time in the chamber.

Open field

Twenty-four hours after contextual fear conditioning
memory test (10:00 a.m.), rats were placed at the
center of a wooden open arena (90 cm length� 90 cm
width� 60 cm height) with a textured floor illuminated
by 22 lux of intensity. Grid lines drawn on the floor of
the arena (30� 30 cm) divided it into a peripheral
region (within 60 cm of the walls) and a central region
(30� 30 cm) of approximately equal area. Behavior was
recorded for 10min with a digital video camera and
analyzed with commercially available video tracking
software (ANY-maze, Stoelting). The total distance
traveled (cm) was taken as an index of the locomotor
activity and the number of entries to the center of open
field as an anxiety index.

Statistical analysis

Data are expressed as mean�SEM (Standard Error of
the mean) and analyzed by one-way ANOVA followed
by a Fisher’s least multiple comparison test, except for
neuronal damage comparisons between NAC-treated
and non-treated groups, which were compared by
Student’s t test. Behavioral tests were analyzed by the
Kruskal–Wallis non-parametric test for Water Maze
and Tukey for fear conditioning.

Results

Changes in blood glucose and EEG recordings

No significant differences were found in mean basal
blood glucose concentration (99.66� 1.20mg/dl)
among the different animal groups. In animals exposed
to RH blood, glucose declined to 40mg/dl 30min after
insulin administration and remained between 40 and
45mg/dl during the following 3 h. Glucose was recov-
ered after food addition (Supplementary Figure 2(a)).
The daily mean blood glucose concentration reached
during the 3-h period of moderate hypoglycemia was
40mg/dl (Supplementary Figure 2(b)). In animals
exposed to SH alone and to RH/SH, glucose concen-
tration rapidly declined after 30min insulin administra-
tion and remained� 20mg/dl during the next 2.5–3.0 h
up to isoelectricity. It partially recovered 1 h after glu-
cose reperfusion and at 24 h it reached control values in
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all animals groups (Supplementary Figure 2(a)). Basal
cerebral activity was recorded for 30min before insulin
administration and no differences were observed
between the groups. After 2–3 h, the EEG characteristic
changes of hypoglycemia reported in previous studies
were observed.33 When glucose was close to 20mg/dl,
electrical brain activity slowed and was completely
absent during the coma period. Normal brain activity
was recovered 1 h after glucose reperfusion
(Supplementary Figure 2(c)).

Neuronal death induced by the hypoglycemic coma is
exacerbated by previous RH

Figures 1 to 2 show the number of degenerating cells at
24 h and 16 days after the induction of coma. No
degenerating cells were observed in animals from the
control and RH groups in any of the regions studied
(Figures 1(a) and (c) and 2(a)). Twenty-four hours after

the animals were exposed to the hypoglycemic coma
(9.5� 0.54min) alone (SH), degenerating cells were
observed in the parietal cortex and the dorsolateral stri-
atum (Figure 1), while in the hippocampus, degenerat-
ing cells were observed only in the crest of DG in 50%
of these animals (Figure 2(a), (b) and (d)). Animals
examined 16 days after the coma (8.0� 0.36min),
showed a lower number of FJB-positive cells in the
parietal cortex and the striatum (Figure 1(b) and (d)),
while in the crest of the DG, FJB-positive cells were no
longer visible (Figure 2(c)).

Animals exposed to coma (9.5� 0.20min) and pre-
viously treated with RH (RH/SH), exhibited a signifi-
cant increase in the number of degenerating cells in the
parietal cortex and the striatum as compared to those
treated with SH alone at 24 h. This increase was also
observed when animals were examined 16 days after
RH/SH (7.28� 0.42min of coma) (Figure 1(b) and
(d)). Representative micrographs showing FJB-positive

Figure 1. Neuronal death induced by the hypoglycemic coma in the parietal cortex and the striatum is exacerbated by antecedent

RH. Neuronal death was evaluated 24 h and 16 days after the treatments and the number of FJB-positive cells was counted.

Representative micrographs showing no FJB-positive in control and RH-treated animals and degenerating cells in the parietal cortex (a)

and the striatum (c) of animals exposed to SH and RH/SH. (b–d) Cell death was exacerbated in animals exposed to RH/SH at 24 h and

16 days after the treatments. Data are expressed as mean� SEM from seven animals per group. *p< 0.0001 relative to control and

RH, #p< 0.0001 relative to SH.
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cells of animals exposed to the different treatments are
shown in Figure 1(a) and (c). Similarly, the hippocam-
pus showed a dramatic elevation in the number of
degenerating neurons, which were present not only in
the crest of the DG but also in the superior and inferior
blades of the DG, the hilus, CA1 and CA3
(Figure 2(a)). This increase was statistically different
relative to the SH group at 24 h and 16 days in all
hippocampal regions (Figure 2(b) and (c)). These
results were corroborated by the quantification of
pyknotic cells in Nissl-stained sections
(Supplementary Figure 3). Representative micrographs
showing degenerating neurons in animals exposed to
the different treatments are shown in Figure 2(a) and
(d). The presence of pyknotic cells correlated with FJB

labeling in the parietal cortex, the striatum (not shown)
and the hippocampus (Figure 2(d)). Similarly,
TUNEL-positive nuclei, indicative of DNA fragmenta-
tion were found in the parietal cortex, the striatum
(Supplementary Figure 4) and the hippocampus
(Figure 3(a)) of animals of the RH/SH group, while
in animals exposed to coma alone, TUNEL-positive
nuclei were observed only in the DG (Figure 3(b)).
In control and RH groups, no TUNEL-positive
nuclei were observed in any region (Supplementary
Figure 4). Altogether, these observations indicate that
RH increases the vulnerability to neuronal death in the
parietal cortex, the striatum and mainly in the hippo-
campus of animals exposed to a subsequent short
period of coma.

Figure 2. Neuronal death induced by the hypoglycemic coma in the hippocampus is exacerbated by antecedent RH. Neuronal death

was evaluated 24 h or 16 days after the different treatments in brain sections stained with Nissl or FJB. (a) Representative micrographs

showing degenerating cells only in the crest of the DG of animals exposed to SH and extensive neuronal death in animals from the RH/

SH group. (b–c) Quantitative data showing exacerbated neuronal death in animals exposed to RH/SH at 24 h or 16 days. (d)

Representative micrographs showing FJB-positive and pyknotic cells in the different hippocampal subregions of rats exposed to the

different treatments. Data are expressed as mean� SEM from seven animals per group. *p< 0.0001 relative to control and RH,
#p< 0.0001 relative to SH.
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RH aggravates cognitive impairment induced by the
hypoglycemic coma

According to the above-described results, RH notably
enhanced neuronal death induced by the hypoglycemic
coma in the hippocampus. Therefore, we aimed to test
whether animals exposed to RH/SH showed memory
impairment using two hippocampal-dependent memory
tests. Figure 4(a) shows that during the five days of
training in the water maze, the latency to locate the
platform decreased similarly in all experimental
groups indicating no difference in learning acquisition.
At seven days after the coma, the SH and the RH/SH
groups exhibited a significant decrease in number of
crossings relative to controls, while animals exposed
to RH alone showed no significant decrease
(Figure 4(b)). At 15 days after the coma, only animals

from the RH/SH showed a significant decrease in the
number of crossings suggesting a long-term change in
spatial memory (Figure 4(c)).

Figure 4(d) shows the performance of animals on the
contextual fear conditioning. No statistical differences
were found during contextual fear acquisition (day 1)
since a similar percent freezing was observed in all
groups. In the retrieval test (day 2), only the RH/SH
group showed a significant decrease in the percent
freezing relative to the control and the RH groups
(Figure 4(d) right panel). No changes in locomotor
activity and anxiety were found in any of the groups
(Figure 4(e) and (f)). These data are in agreement with
the spatial memory test and suggest that RH preceding
the hypoglycemic coma exacerbates cognitive decline,
which correlates with the presence of degenerating neu-
rons in the hippocampus.

Figure 3. DNA fragmentation induced by the hypoglycemic coma is exacerbated by RH. The presence of DNA fragmentation

was examined by the TUNEL assay and Hoechst was used as counterstain. (a) Representative micrographs showing TUNEL-positive

cells in CA1 and the DG of rats treated with RH/SH. (b) In rats exposed to SH alone TUNEL-positive were detected only in the crest

of the DG.

814 Journal of Cerebral Blood Flow & Metabolism 39(5)



RH preceding the hypoglycemic coma induces
oxidative damage

Oxidative stress has been highly implicated in neuronal
death induced by the hypoglycemic coma.12,32,33,37

Therefore, we aimed to evaluate the presence of the
LPO product 4-HNE and 3-NT residues in proteins
by immunohistochemistry. 4-HNE positive cells were
observed in the parietal cortex, the striatum and all

hippocampal subregions of animals of the RH/SH
group, while in the control, RH and SH groups, 4-
HNE inmmunoreactivity was not observed (Figure 5).
As shown in the Figure 6, 3-NT-positive cells were
observed mainly in the parietal cortex, DG and hilus
of animals exposed to RH/SH. In contrast, no 3-NT
immunoreactivity was observed in control, and RH
groups, and only a few cells were observed in the par-
ietal cortex of some animals of the SH group (Figure 6).

Figure 4. Previous RH aggravates cognitive impairment induced by the hypoglycemic coma. Spatial memory test (Water maze) was

performed 7 and 15 days after the treatments. (a) Learning curve of animals exposed to the different treatments. (b) At day 7, animals

of the SH and RH/SH groups showed a decrease in the number of crossings. (c) At 15 days, only animals of the RH/SH group showed a

significant decrease in the number of crossings. Data are expressed as mean� SEM from seven animals per group. *p< 0.01 relative to

control #p< 0.05 relative to SH. Contextual fear conditioning test was performed 48 h after the treatments. (d) No statistical

differences between the groups were observed in the acquisition phase (day 1). The RH/SH group showed a significant decrease, while

the NAC group showed no change in the percent freezing relative to control and RH groups during retrieval (day 2). Data are

expressed as mean� SEM from six to nine animals per group. *p< 0.0001 relative to control and RH &p< 0.05 relative RH/SH. (e) No

significant changes were observed between groups in (e) locomotor activity and (f) anxiety tests. (g) Number of damaged cells (FJB-

positive group and pyknotic Nissl stained) in the dentate gyrus (DG) and CA1 of animals of the RS/SH and the NAC groups, 24 h after

the fear-conditioning test. Data are expressed as mean� SEM from four to six animals per group. &p< 0.002 relative to RH/SH). (h)

Representative images showing the protective effect induced by NAC administration against cell damage (FJB-positive cell and pyknotic

cells in Nissl stained section) induced in the DG and CA1 after exposure to RH/SH.
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Results suggest that RH facilitates oxidative damage to
proteins in animals exposed to a subsequent short
period of coma, which correlates with the presence of
cell death.

Then we aimed to investigate whether a decrease in
reduced GSH, the major antioxidant defense in brain,
was involved in oxidative damage observed in animals
treated with RH/SH. As observed in Figure 7, RH
induced a partial (from 23 to 30%) but significant
decrease in GSH, while animals of the RH/SH
group showed a further decrease (from 49 to 58%)
in GSH in all brain regions, the largest change was
observed in the hippocampus (58%). The changes in
GSH content were observed at 12 h after the end of
treatments and were maintained at 24 h in all regions.

These results suggest that a reduction in GSH contrib-
utes to enhanced oxidative damage in animals from
the RH/SH group. Supporting this hypothesis, we
observed that treatment with the antioxidant NAC,
completely prevented cognitive decline in the context-
ual fear conditioning test (Figure 4(d)) and reduced
hippocampal neuronal damage (Figure 4(g) and (h)).
The number of pyknotic neurons and neurons positive
to FJB was significantly reduced in the DG, CA1
(Figure 4(g) and (h)), CA3 and hilus (not shown). In
the RH group, a significant increase in LPO was
observed in all brain regions studied (Supplementary
Figure 5); however, as in the case of GSH, increased
LPO did not correlate with oxidative damage in these
animals.

Figure 5. Immunoreactivity to 4-HNE in the brain of animals exposed to RH/SH. Representative fluorescent images showing the

presence of 4-HNE-positive cells in (a) parietal cortex, (b) striatum and (c) hippocampus of animals treated with RH/SH. No 4-HNE-

positive cells were detected in control, RH and SH groups.
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Discussion

TIDM is a long-term disease frequently diagnosed
during infancy and a 3–4% annual increase rate in chil-
dren and adolescents has been estimated in Europe.3,18

TIDM patients under strict insulin treatment can show
one to two episodes per week of moderate hypogly-
cemia, which increases the risk for SH (one episode
per year) due to a blunted counter-regulatory hormonal
response and hypoglycemia unawareness.1–5 Mild to
moderate hypoglycemia has been described as blood
glucose< 70mg/dl and> 55mg/dl without loss of
consciousness, while SH is considered when blood glu-
cose falls below 50mg/dl, is accompanied by seizures,
altered consciousness or coma and requires external
assistance for treatment with carbohydrates or gluca-
gon.3,37,38 Hypoglycemic episodes can last for several
hours (from 1 to 5 h), as those reported during noctur-
nal hypoglycemia.39 TIDM patients are exposed to
mild RH for a life-time, and although at moderate
levels, hypoglycemia has not been considered a poten-
tial threat, its consequences on brain function either
alone or when it is followed by an episode of SH, are
unknown so far. In the present study, we have
addressed this question in a short-term period and as
such, the frequency of moderate hypoglycemia was
increased to seven consecutive episodes. To mimic
T1DM patient’s condition, moderate hypoglycemia
periods were induced by decreasing blood glucose
to 55–40mg/dl during 2.5–3 h, without loss of

consciousness or seizures and spontaneous recovery of
euglycemia after food addition. SH was induced by the
fall in blood glucose to 20mg/dl or below accompanied
by 7–10min of EEG isoelectricity (coma state).

The most important finding of the present study is
that previous RH exacerbates oxidative damage and
neuronal death, leading to memory impairment in ani-
mals subsequently exposed to a short period of coma.
In previous studies, we have demonstrated that short
5–10min coma episodes induce neuronal death mainly
in the parietal cortex but not in the hippocampus except
for the crest of the DG.32,33 In the present study, we
demonstrate that animals exposed to a brief period of
coma, which were previously treated with RH, show
enhanced neuronal death in the parietal cortex and
the striatum, but notably in the hippocampus, where
degenerating and pyknotic cells are present in all hip-
pocampal subregions. Degenerating neurons were
observed even 16 days after the coma and correlated
with deficient spatial memory. Cognitive decline was
confirmed by defective performance in the contextual
fear-conditioning retrieval test and interestingly we
observed that in both spatial and contextual memory
tests, mainly the consolidation of memory was
impaired. When animals were exposed to coma alone
(SH), only a transitory memory decline was present,
consistent with the lack of degenerating neurons in
the hippocampus, except for a small population
of cells in the crest of the DG. Previous studies have
implicated oxidative stress in neuronal death after

Figure 6. Immunoreactivity to 3-NT in the brain of animals exposed to RH/SH. Representative fluorescent images showing the

presence of 3-NT-positive cells in the parietal cortex and the hippocampus of animals treated with RH/SH. No 3-NT-positive cells

were detected in control and RH groups and only a few cells were observed in the parietal cortex of animals of the SH groups.
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a prolonged period of hypoglycemic coma.12,13,40,41 In
agreement, we observed immunoreactive cells to 4-
HNE and 3-NT in brain regions showing dead cells in
animals treated with RH/SH. 4-HNE and 3-NT react
with proteins altering their function.42,43 Thus, neur-
onal death correlates with oxidative alteration of pro-
teins, which might be caused by a deficient antioxidant
defense, based on the significant reduction in GSH con-
tent in all brain regions. Supporting this conclusion, it
was observed that animals treated with NAC showed a
significant reduction in the number of degenerating
neurons and pyknotic cells in the hippocampus and
no memory deficit in the contextual fear-conditioning

test. GSH is the main antioxidant defense in the ner-
vous system and its decrease is associated with oxida-
tive stress and cell damage.44,45 In addition, NAC has
been demonstrated to have antioxidant actions and to
restore GSH levels in rodents’ brain after systemic
administration.46 Furthermore, it was recently reported
that treatment with NAC prevents neuronal damage
induced by a prolonged period of hypoglycemic
coma.41 Besides a deficient antioxidant defense,
decreased glucose brain metabolism might also contrib-
ute to exacerbated hypoglycemic neuronal death
induced by antecedent RH. A previous study has
shown that three consecutive episodes of antecedent
hypoglycemia result in decreased glucose oxidation in
the brain of animals tested under acute hypoglycemia.47

The observed enhancement of hypoglycemic neur-
onal damage induced by antecedent RH, is in agree-
ment with previous studies showing that exposure to
RH in diabetic rats exacerbates brain injury induced
by a short period of acute ischemia. This effect correl-
ates with mitochondrial superoxide production impli-
cating oxidative stress.48 In contrast, a previous study
showed that previous RH during three days elicited a
preconditioning effect, reducing the number of degen-
erating neurons and preventing cognitive impairment
induced by acute hypoglycemia in non-diabetic ani-
mals.49 However, in that study, the presence of seiz-
ures possibly highly contributed to neuronal death,
masking the effect of RH on hypoglycemic damage.
In addition, a lower number of moderate hypoglycemic
periods was used.

Rats treated with RH alone showed a partial decrease
in GSH, which correlated with increased LPO but no
oxidative damage, cell death or cognitive decline. The
absence of neuronal death in this group of animals might
result from the lack of glucose infusion since they were
allowed to recover euglycemia after food addition. It is
well known that glucose reperfusion plays a major role
in neuronal death, mainly when blood glucose exceeds
physiological levels resulting in hyperglycemia.40,50,51

Previous data have reported a decrease in GSH content
even after a single episode of moderate hypoglycemia,52

and some studies have shown that RH in healthy ani-
mals produces an increase in LPO and 4-HNE immu-
noreactivity, without leading to significant neuronal
death or cognitive decline.13,19,25 Furthermore, studies
have reported that RH in healthy animals can even
improve cognitive performance due to synaptic changes
and brain metabolic adaptations.20,21,22,53

In summary, the present results demonstrate that
previous RH can have an adverse effect on subsequent
SH in healthy animals, and suggests that this effect is
mediated by the decline in the antioxidant defense and
oxidative damage. It is expected that the consequences
of RH treatment used in the present conditions could

Figure 7. Changes in GSH content after RH and RH/SH.

Animals were exposed to the different treatments and 12 and

24 h later reduced GSH levels were measured in different brain

regions. Animals exposed to RH show a significant moderate

decrease in reduced GSH in all brain regions, which is further

decreased in animals from the RH/SH group (n¼ 3–7 animals per

group). Data are expressed in means� SEM. *p< 0.01 relative to

control; #p< 0.01 relative to RH.
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be aggravated under diabetic conditions. Recent
studies have demonstrated that the effects of RH on
oxidative stress and the antioxidant defense are exacer-
bated in diabetic animals, enhancing cognitive
decline.13,24,25,54 Furthermore, depletion of Nrf2, a
major transcription factor regulating the antioxidant
defense, exacerbates RH-induced oxidative damage to
proteins and cognitive decline in control and diabetic
animals.25

The present observations demonstrate that RH ren-
ders the brain and particularly the hippocampus, more
vulnerable to oxidative damage and neuronal death
induced by a subsequent episode of hypoglycemic
coma, ultimately leading to cognitive dysfunction.
These observations highlight the relevance of the his-
tory of hypoglycemic episodes in TIDM patients and
help us to estimate the consequences of RH on a sub-
sequent episode of SH.
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Abstract—Parkinson's disease (PD) is a neurodegenerative illness presentingmotor and non-motor symptoms due to the

loss of dopaminergic terminals in basal ganglia,most importantly, the striatum. L-DOPA relievesmanymotor signs. Unfor-

tunately, in the long term, L-DOPA use causesmotor disabilities by itself and does not act in comorbid conditions such as

depression. These deficiencies have led to search for drugs such as dopamine (DA) receptor agonists (DA-agonists) that

allow the reduction of L-DOPA dose. Previously, we have identified the attributes of non-stimulated (resting) and cortical

stimulated (active) striatal microcircuits following the activity of dozens of neurons simultaneously using calcium imaging

in brain slices.Wealsohave characterized the changes that take place inDA-depletedmicrocircuits in vitro. In control con-

ditions, there is low spontaneous activity. After cortical stimulation (CtxS) sequences and alternation of neuronal ensem-

bles activity occur, including reverberations. In contrast, DA-deprived circuits exhibit high spontaneous activity at rest,

and a highly recurrent ensemble curtails alternation. Interestingly, CtxS briefly relieves these Parkinsonian signs in DA-

depleted tissue. Herewe compare the actions of some DA-agonists used in PD therapeutics on the pathological dynamics

ofDA-depletedmicrocircuits at rest andwithCtxS; taking L-DOPAas reference. D2-class agonists better reduce the exces-

sive spontaneous activity of DA-depleted microcircuits. All DA-agonists tend to maintain ensemble alternation seen in

control circuits after CtxS. However, quantitative analyses suggest differences in their actions: in general, DA-agonists

only approximate L-DOPA actions. Nonetheless no treatment, including L-DOPA, completely restores microcircuit

dynamics to control conditions. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: Parkinson's Disease, Dopaminergic agonists, 6-OHDA, Calcium imaging, L-DOPA, Microcircuit analysis.
INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disorder
characterized by motor deficits such as tremor, postural
instability, rigidity and bradykinesia (Lees et al., 2009; Obeso
et al., 2017). Motor signs correlate with the loss of 50–70% of
the dopaminergic terminals in the striatum (Burke and
O'Malley, 2013). Terminals loss causes alterations on both
the direct and indirect pathways of the basal ganglia (Kravitz
et al., 2010; Gerfen and Surmeier, 2011; Calabresi et al.,
2014; Parker et al., 2018). Even though L-DOPA, as dopamine
(DA) replacement therapy, has been the gold standard for PD
treatment (Carlsson et al., 1957; Foley, 2000; Mercuri and Ber-
nardi, 2005; Lees et al., 2015; De Deurwaerdère et al., 2017) in
the long-term its usage generates motor secondary effects
such as dyskinesia (L-DOPA induced dyskinesia), wearing-off
José Bargas).
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mulative distribution function;
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and on–off phenomena (Ahlskog and Muenter, 2001; Aquino
and Fox, 2015; Sharma et al., 2015; Picconi et al., 2017). In
addition, L-DOPA does not improve non-motor conditions of
the disease such as depression and cognitive deficits (Millan,
2010). Therefore, there has been a search for adjuvant thera-
pies, including dopaminergic receptor agonists (DA-agonists)
whose use has been associated with lower L-DOPA dosage
and a lower incidence of motor complications (Sprenger and
Poewe, 2013; Jimenez-Shahed, 2016). There are two main
classes of DA-agonists: the less selective D1,2 receptors ago-
nists such as rotigotine (Jenner and Katzenschlager, 2016;
Chen et al., 2017) and the more selective D2-class receptor
agonists such as pramipexole (Mizuno et al., 2014; Shen et
al., 2017).
The neurotoxic-based animal models of Parkinsonism

have been used for many years, since they mimic many of
the pathological and behavioral features of PD in humans,
which make them convenient for the development of new
therapies (Dunnet and Lelos, 2010; Morissette and Di
Paolo, 2018). Recently, calcium imaging in 6-OHDA injured
rodents allowed us to compare network activity of dopamine
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depleted (DA-depleted) and control microcircuits (Pérez-
Ortega et al., 2016; Aparicio-Juárez et al., 2019) with single
cell resolution, opening the possibility of in vitro drug testing
in brain slice preparations of histological scale to observe
changes in microcircuit dynamics. The present study is an
initial attempt to do that, using reproducible circuitry proper-
ties, easy to observe.
In control non-stimulated resting microcircuits, there is lit-

tle spontaneous neuronal activity. But after cortical stimula-
tion (CtxS), control microcircuits activity is enhanced
showing transient neuronal groups firing together. These
neuronal assemblies can alternate with other groups form-
ing sequences or closed cycles (Hebb, 1949; Edelman,
1993; Carillo-Reid et al., 2009; Buzsaki, 2010; Pérez-
Ortega et al., 2016). In contrast, non-stimulated DA-
depleted microcircuits exhibit enhanced spontaneous activ-
ity with respect to the controls and become particularly
engaged into a highly recurrent network state with
increased synchronization (Liang et al., 2008; Jáidar et al.,
2010, 2019; Lemaire et al., 2012; Pérez-Ortega et al.,
2016). This state may have a surplus activity of D2-
receptor expressing striatal projection neurons although
D1-receptor expressing striatal projection neurons activity
remains important (Parker et al., 2018; Jáidar et al., 2019).
The highly recurrent state is dissolved by the action of D1-
agonists, but the enhancement of spontaneous activity is
not reversed (Jáidar et al., 2010), in contrast to L-DOPA,
which restores spontaneous activity to resting-like condi-
tions (Lemaire et al., 2012; Plata et al., 2013). Interestingly,
CtxS in DA-depleted striatal microcircuits, though briefly,
also relieves the network from the excessive pathological
activity. Addition of L-DOPA to the stimulated microcircuit
prolongs this restoration (Aparicio-Juárez et al., 2019).
D2-class agonist have been used as mono-therapy in the

initial stages of PD (Baker et al., 2009) and co-applied with
L-DOPA in more advanced phases of the disease (Brooks,
2000; Linazasoro and Spanish Dopamine Agonists Study
Group, 2004; Stocchi, 2009; Millan, 2010). D2-agonists
restore the balance between direct and indirect pathways
(Ballion et al., 2009), decreasing pathological activity. Here
we want to correlate these findings in vitro using the activity
of neuronal networks of histological scale. We compare the
actions of less selective D1,2- agonists with those of more
selective D2-agonists (Hu and Wang, 1988; Wang and
Zhou, 2017) under two different conditions pertaining the
pathophysiological signatures of parkinsonism (Pérez-
Ortega et al., 2016): First, how agonists decrease excessive
spontaneous neuronal activity in non-stimulated DA-
depleted striatum. Secondly, how they act during network
dynamics restoration induced by CtxS (Aparicio-Juárez et
al., 2019). The results of this work show that both classes
of DA-agonists exhibit subtle differences in spontaneous
and stimulated network activity when compared with differ-
ent metrics during circuit dynamics, a finding that may have
clinical relevance. In vitro preparations appear to be poten-
tial bioassays to test combinations of adjuvant therapies
and new drugs, in addition to cellular, behavioral and clinical
tests. Their cost is low and the actions of several drugs can
be tested and correlated with other assays.
EXPERIMENTAL PROCEDURES

Research subjects

Protocols were designed and performed as approved by the
Institutional Committee for Laboratory Animals Care and
Use of the Instituto de Fisiología Celular (IFC), UNAM
(NOM-062-Z00–1999; laboratory protocols JBD-59-15) in
accordance with the international norms for the ethical use
of experimental animals established in the National Insti-
tutes of Health Guide for Care and Use of Laboratory Ani-
mals Eighth Edition (NIH, 2010). Male and female C57BL/
6 mice breaded in the animal facilities of the IFC were used
in all experiments. Mice were housed in a temperature con-
trolled, pathogen-free room, on a 12:12 light: dark cycle and
allowed food and water ad libitum.

Drugs

6-OHDA (6-Hydroxydopamine hydrochloride, Sigma-
Aldrich H4381-100MG) was dissolved in saline solution
and injected intracranially (0.1 mg/ml) to obtain hemi-
parkinsonian mice. Apomorphine (R-(−)-apomorphine
hydrochloride hemihydrate Sigma-Aldrich A4393-250MG)
was diluted in saline vehicle and administered via subcuta-
neous injection to measure rotational behavior in 6-OHDA
injected animals. Calcium Orange 8.2 μM (Molecular
Probes®, Life technologies, Mexico City, MX) was diluted
in dimethyl sulfoxide (DMSO) solution, 0.1% DMSO,
0.67% Pluronic Acid (Pluronic TM F-127, Life Technologies
Corporation, Oregon USA, P3000MP) and dissolved in arti-
ficial cerebral spinal fluid (ACSF) to be applied to brain
slices at 36 °C for 40 min for calcium imaging. NMDA (N-
Methyl-D-aspartic acid, Sigma-Aldrich M3262), L-DOPA
(3,4-Dihydroxy-L-phenylalanine, Sigma-Aldrich D9628),
apomorphine (R-(−)-apomorphine hydrochloride hemihy-
drate, Sigma-Aldrich A4393), quinelorane (quinelorane
hydrochloride, Tocris Bioscience. CAS97548–97-5), prami-
pexole (pramipexole dihydrochloride, Sigma-Aldrich
A1237), ropinirole (ropinirole dihydrochloride, Sigma-
Aldrich R2530) and rotigotine (rotigotine hydrochloride,
Sigma-Aldrich R9281) were dissolved in ACSF and applied
to the bath saline during calcium imaging. Saturating con-
centrations were employed in all cases reported.

6-OHDA model

The hemi-parkinsonian mouse obtained by 6-OHDA unilat-
eral injections is the most common Parkinsonian rodent
model used in research (Ungerstedt and Arbuthnott,
1970). For that purpose 125 mice 25–30 days old were
anesthetized intraperitoneally with ketamine (85 mg/kg)-
xylacine (15 mg/kg) for stereotaxic surgery. 0.8 μL of 6-
OHDA (0.1 mg/ml) were injected intracranially at a 0.2 μL/
min rate in −2.6 mm AP, −1.5 mm LM y − 4.7 mm DV from
Bregma, targeting the edge of SNc and MFB. Immediately
after surgery animals were placed on a heating pad until
fully awaken. After 15–30 days recovery period (Postnatal
day 45–60), DA-depletion was measured by rotational
behavior test, during this period mice received chocolate
pellets ad libitum and subcutaneous 100 μL glucose 2% in
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saline solution daily injections were administered if more
than 20% weight loss was detected. 80% of the injected
mice survived (100 mice) until rotational evaluation. For
turning behavior evaluation, apomorphine was injected sub-
cutaneously (0.5 mg/kg in saline vehicle with 0.02% ascor-
bate). Ipsilateral and contralateral rotations to the lesion
site were counted with the program RotaCount 2.0 (Omni-
Tech, Sioux Falls SD) for at least 50 min. The ratio of con-
tralateral vs ipsilateral rotations was used to identify
unilateral DA-depleted mice. Whenever mice presented
more contralateral rotations than ipsilateral rotations (ratio ≥
2) and total contralateral rotations were at least 50 (1 per
minute) mice were considered as successfully DA-
depleted. Lesion efficacy was 65% as measured by this test
(for rotation data see Fig. 1E). This test has previously been
reported as effective in detecting about 80% dopamine
depletion (Heuer et al., 2012). The lesioned hemisphere
used for in vitro experiments is referred to as dopamine
depleted (DA-depleted) in the present paper. Not every
DA-depleted mouse resulted in experiments reported here
since slices with less than 80% cell survival were discarded;
this was quantified based on videos with 20 mM KCl appli-
cation at the end of each experiment. In total, slices from
50 mice were used for calcium imaging experiments.
Immunohistochemistry

Tyrosine Hydroxylase (TH) immunohistochemistry staining
was performed as previously reported (Aparicio-Juárez et
al., 2019) to confirm DA depletion in some 6-OHDA lesioned
mice (Fig.1A-D). Briefly, 8 days after behavioral evaluation,
lesioned mice were anesthetized and perfused with phos-
phate buffer solution 0.1 M (PBS) (NaH2PO4 15 mM, Na2-
HPO4 80 mM, NaCl 50 mM, pH 7.4) and 4%
paraformaldehyde fixative (PFA) in PBS 0.1 M, pH 8). After
brain extraction, 50 μm coronal slices were obtained in a
vibratome (PELCO easiSlicer Ted Pella, Redding, CA)
and stored in PBS. Slices were blocked with 1% bovine
serum albumin (BSA) in PBS and 0.1 M- Tritón 3% for
40 min at room temperature and washed three times in
PBS 0.1 M. Primary antibody (Rabbit, anti-Tyrosine Hydro-
xylase, Chemicon International, 1:500 in PBS 0.1 M- Tritón
3%) was incubated at room temperature for 12 h and
washed three times with PBS 0.1 M. Slices were incubated
with secondary antibody (Cy3-conjugated Affini Pure Don-
key anti-Rabbit, Jackson Immuno Research, Inc. 711–165-
152 1:250 in PBS 0.1 M- Tritón 3%) at room temperature
for 2 h and washed three times with PBS 0.1 M. Finally,
slices were cover slipped with DAPI (Vecta Shield, Vector
Laboratories, Inc. H-1200) and images were obtained by
confocal microscopy (Zeiss LSM-710, objective: C-
Apochromat 10X N.A. 0.45, laser 543 nm). DA fibers in
the striatum were quantified as fluorescence intensity com-
pared to the intact side using ImageJ®, while DA somata
were manually counted from confocal micrographies. In
both cases DA depletion was confirmed to be at least
80%, as illustrated in Fig. 1C-D, across 17 slices taken from
different animals. Stereoscopic images were obtained on a
Nikon SMZ1500 (HR objective, Apo 1x WD 54).
Calcium imaging

Both controls and DA-depleted mice were anesthetized intra-
peritoneally with ketamine-xylacine (85 mg/kg-15 mg/kg) and
perfused intracardially with chilled sucrose solution (234 mM
sucrose, 28 mMNaHCO3, 7 mM dextrose, 4.54 mM pyruvate,
0.28 mM ascorbic acid, 2.5 mM KCl, 7 mM MgCl2, 1.44 mM
NaH2PO4, 0.4 mM CaCl2, 4 °C). For DA-depleted mice, there
was a 14 days delay between rotational behavioral tests and
calcium imaging experiments. Once brains were extracted,
300 μm thick para-horizontal sliceswith a 30° anglewere taken
(Fig. 1F). in a vibratome (PELCO easiSlicer Ted Pella, Red-
ding, CA) and kept in ACSF (126 mM NaCl, 15 mM dextrose,
26 mM NaHCO3, 0.2 mM thiourea, 0.2 mM ascorbic acid,
2.5 mM KCl, 1.3 mM MgCl2, 1.2 mM NaH2PO4 and 2.0 mM
CaCl2; pH = 7.4; 300 ± 5 mOsm/L) continually perfused with
95% O2 and 5% CO2. Slices from control (Ctr) and lesioned
(DA-depleted) animals were used. Since long-term data acqui-
sition was required, a low photobleaching fluorophore (Thomas
et al., 2000), Calcium Orange, was chosen. Slices were incu-
bated in a Calcium Orange solution (Calcium Orange 8.2 μM,
0.1% DMSO, 0.67% Pluronic Acid in ACSF) at 36 °C for
40 min and later located in a perfusion chamber with constant
ACSF flow under a 20X immersion objective (Olympus
XLUMPLFLN Objective, 1.00 NA, 2.0 mm WD). Observation
field was 750 × 750 μm. Fluorophore stimulation was carried
out with a Lambda LS Illuminator (Sutter Instruments, Peta-
luma, CA, USA) and a 570/30 nm light filter. Im-Patch© an
open source software designed in the LabView environment
(National Instruments, Mexico City, Mexico; available at http://
Impatch.ifc.unam.mx) was used for fluorescence recordings
controlling a CoolSnap K4 camera (Photometrics, Tucson,
AZ, USA). Videos were 720–2160 frames long and acquisition
rate was 6 frames/ s. To cover long periods, 7–10 videos were
taken per experiment, making up to 90 min per experiment.
In order to confirm calcium fluorescence reliability as

activity reporter simultaneous calcium and electrophysiolo-
gical recordings were obtained using whole cell current-
clamp configuration. Patch pipettes (3–6 MΩ) were filled
with a solution that contains in mM: 115 KH2PO4, 2 MgCl2,
10 HEPES, 0.5 EGTA,10 NaCl, 0.2 ATP, 0.2 GTP and
0.03 Calcium Orange salt, the pH was 7.24. As shown in
Fig. 1G, the positive derivative d(ΔF/F)/dt of fluorescence
transients coincide in time and duration with cell activity.

Data acquisition

Control striatum slices were compared in two main condi-
tions: spontaneous activity and stimulation-evoked activity.
Two stimuli were compared, the previously used pharmaco-
logical stimulation consisting in the application of 2 μM
NMDA (Carrillo-Reid et al., 2008) and CtxS (Aparicio-
Juárez et al., 2019) consisting in 10 pulses, at 40 Hz, 1.1–
1.3 mA through a bipolar concentric electrode 50 μm at
the tip (FHC, #CBCFE75, Bowdoin, ME, USA) inserted in
primary motor cortex (M1) layer V as shown in Fig. 1F.
Recordings were obtained in the adjacent dorsal, mostly
dorsolateral, striatum in every case. DA-depleted striatum
slices were also compared in two conditions: activity altered
solely by dopaminergic agonists application (10 μM L-
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Fig. 1. (A) Stereoscopic fluorescence microscopy showing decreased TH-CY3 on the lesioned hemisphere (right) compared to the intact hemisphere
(left) both on striatum (Str) and Substantia nigra compacta (SNc). (B) Confocal microscopy of chosen areas of the Str and SNc from both hemi-
spheres. (C) Percentage reduction of TH+ cells somata in the SNc as compared to the non-lesioned side (n = 17 mice). (D) Percentage reduction of TH-
immunoreactive (TH+) fibers (n = 17 mice; fluorescence intensity compared to the non-lesioned side). (E) Box plot showing unbalance in turning behavior
evaluated in a sample of experimental animals (n = 65 mice; apomorphine 0.5 mg/Kg). Note variability. (F) Diagram of a sagittal mouse brain slice
showing (dotted line) the orientation of a para-horizontal (30°) brain slice (top). Diagram of stimulation and recording sites: mostly motor cortex and dorso-
lateral striatum, respectively (bottom). (G) Simultaneous electrophysiological (top signal) and calcium imaging recordings (middle) are shown. An intra-
cellular current step of increasing strength was applied to evoke increasing numbers of action potentials and corresponding increases in calcium entry
seen as changes in the fluorescence signal (ΔF/F). The positive phase of the time derivative of the calcium transient, d(ΔF/F)/dt, reports the duration of
electrophysiological activity (bottom). These durations are denoted with dots in raster plots (bottom).
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DOPA, 20 μM apomorphine, 10 μM rotigotine, 10 μM pra-
mipexole, 10 μM ropinirole, 10 μM quinelorane) and activity
evoked by cortical stimulation (CtxS) in the presence of one
DA-agonist. Spontaneous activity of DA-depleted tissue
was always recorded before the addition of any drug to
the superfusion system.
Data analysis

Videos were processed with ImPatch©, as previoulsy reported
(Aparicio-Juárez et al., 2019). Briefly, cell activity was extracted
and transformed into activity matrices were 1 denotes an active
frame and 0 an inactive frame for each cell. Whole experiments
can be contained in these matrices and expressed as raster
plots, where each dot stands for a cell firing in that frame and
each row represents the activity of a cell along time (Fig. 1G).
The activity of all cells per frame was added to build coactivity
histograms. Significant coactivity peakswere determined using
several variants of Montecarlo simulations with 10,000 itera-
tions each (see Pérez-Ortega et al., 2016). The significant
coactivity peaks were built from the frames in which the thresh-
old was overcome, 12 to 18 frames time bins were used. Coac-
tivity peaks were compared based on a similarity index
calculated as the cosine of the angle between vectors obtained
with the dot product of each pair of column vectors (Carrillo-
Reid et al., 2008), and were associated using hierarchical clus-
ter analysis into groups of neurons that fire together in a time
bin, thus defining neuronal ensembles as neurons that transi-
ently fire together and can alternate their activity forming
sequences (Carillo-Reid et al., 2009; Buzsaki, 2010; Pérez-
Ortega et al., 2016). Ensemble sequences comprise network
dynamics (Buzsaki, 2010) which was compared under different
conditions: non-stimulated control (Ctr), cortical stimulated con-
trols (Ctr + CtxS or Ctr + NMDA), non-stimulated DA-depleted
microcircuits (DA-depleted) and cortical stimulated DA-
depleted microcircuits: DA-depleted + CtxS.
Activity of neurons forming ensembles defined by similar-

ity (see above) are colored differently in raster plots and are
symbolized as colored circles in temporal network
sequences, allowing to see circuit activity as the transitions
between distinct network states. In control conditions these
sequences may exhibit closed cycles or reverberations as
previously reported (Pérez-Ortega et al., 2016). A rever-
beration occurs when the transitions between network
states generate a closed loop, meaning that every state
appeared at least once and the initial state is equal to the
last state. To assess significance of coactivity peaks/min,
the number of frames in which the coactivity histogram
value was greater than the threshold determined by Monte-
carlo simulations was divided by the total length (min) of the
experiment. Numbers of coactivity peaks/min were com-
pared with Wilcoxon matched-paired signed rank tests (Wil-
coxon T tests).
Amount of activity per experiment was quantified by cumu-

lative activity plots, which were built by adding activity along
time. To consider samples of experiments in the same condi-
tion, a linear fit was approximated to cumulative activity plots.
Slopes of these fits from samples of neurons were then repre-
sented as Tukey box plots. Thismethodwas used to compare
cell activity in both spontaneous and stimulated conditions.
Cumulative activity was compared with Kruskal-Wallis
ANOVA corrected for multiple comparisons using the
Benjamini-Hochberg procedure (Benjamini et al., 2006) with
a false-discovery rate (FDR) of 0.05. To compare individual
cells activity trough different sections of a single experiment,
activity of each cell was defined as the total number of active
frames over the total number of frames. This value was used
to compare cellular activity between different microcircuit con-
ditions (see above), with or without a dopamine agonist (+ L-
DOPA, +apomorphine, +rotigotine, +pramipexole, +ropinir-
role, +quinelorane). Cumulative distribution functions (CDFs)
were performed for each condition using all neurons of a
given sample. CDFs were compared with Kolmogorov–Smir-
nov tests corrected for multiple comparisons using the
Benjamini-Hochberg procedure with a 0.05 FDR.
The DA-depleted microcircuit is characterized by enhanced

spontaneous activity with a highly recurrent ensemble (Jáidar
et al., 2010; Pérez-Ortega et al., 2016). To quantify its appear-
ance in DA-depleted conditions and in the presence of CtxS
and DA-agonists (+L-DOPA, +rotigotine, +pramipexole,
+ropinirole), we calculated a recurrence index for every state
with respect to the other states as previously reported. Recur-
rence is the consecutive repetition of a network state instead
of alternation of activity with another state. It is calculated as
the total sum of such events whose minimum value is 1 for
one state appearance. The recurrence index is the recurrence
of a single state divided by the sum of the recurrence of all the
other states (Aparicio-Juárez et al., 2019). Network states
recurrence was compared using the O'Brien Homogeneity
of variance test. Another characteristic of DA-depleted micro-
circuits is the almost complete absence of closed cycles
(recurrence impedes alternation and closed cycles). To mea-
sure this, we quantified the number of transitions required to
accomplish a closed loop between network states. If a closed
loop was not observed during the experiment, the value “infi-
nity” was assigned. The distribution of the number of transi-
tions required to close a loop was presented in pie plots and
their underlying distributions were compared with Kolmo-
gorov–Smirnov tests. To assess the transitions required to
close a loop, sequences that never closed were excluded
and the number of transitions before closure were compared
using Kruskal-Wallis tests. All multiple comparisons were cor-
rected using a Benjamini-Hochberg procedure with a 0.05
FDR.
Statistics

The determination of a significance threshold for coactivity
peaks has been described previously (see Pérez-Ortega et
al., 2016) using custom programs in MATLAB (The Math
Works, Inc. Natick, MA). Some statistical tests were run in
Graph Prism (GraphPad Software, Inc. La Jolla, CA) for the
following purposes: Mann–Whitney tests to compare
between samples, Wilcoxon's T test to compare conditions
in the same sample, Kruskal-Wallis ANOVA test to compare
cumulative activity and transitions to reach closed-loops,
and Kolmogorov–Smirnov test to compare distributions of
data sets. All multiple comparisons were corrected using a
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Benjamini-Hochberg procedure with a 0.05 FDR and recur-
rence index among different pharmacological conditions were
compared using O'Brian Homogeneity of variance test.
RESULTS

DA-depleted microcircuits differ from control
striatal microcircuits

Microcircuit activity can be accurately recorded by calcium
entry during neuronal firing (see Experimental Procedures
and Pérez-Ortega et al., 2016), the positive time derivative
of a calcium transient corresponds in time andmagnitude with
action potentials firing (Fig. 1G). Microcircuit activity can be
illustrated in the form of raster plots where rows in the y-axis
represent the activity of each neuron in the microcircuit along
time, and each dot the activity of a cell in one frame (Fig. 1G).
Every raster plot in this work corresponds to a single brain
slice taken from a single animal, there are no different experi-
ments coming from the same slice or animal (Videos using
calcium orange can be seen in Aparicio-Juárez et al., 2019
and in Video A of the present work).
As previously reported (Carrillo-Reid et al., 2008; Jáidar et

al., 2010; Pérez-Ortega et al., 2016), the non-stimulated
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control (Ctr) striatal microcircuit has little spontaneous activ-
ity (Fig. 2A), similar to that recorded in a resting subject in
vivo (Mink, 2003; Parker et al., 2018). In contrast, after cor-
tical stimulation (CtxS; 10 pulses at 40 Hz in cortex layer V
see Experimental Procedures), the striatal microcircuit exhi-
bits enhanced activity that may be recorded for a long time
after the stimulus (Fig. 2B; see also Aparicio-Juárez et al.,
2019), resembling that recorded during motor activity in vivo
(Mink, 2003; Cacace et al., 2017; Parker et al., 2018). A
similar increase in network activity and motor behavior
may be recorded during the administration of NMDA
(2 μM), a glutamatergic receptor agonist, into the striatum
(data not shown); see also Ossowska and Wolfarth, 1995;
Carrillo-Reid et al., 2008). Both cortical stimulation and
NMDA generate network dynamics characterized by the
alternation or transitions between network states activity.
Histograms of cellular coactivity at the bottom of raster

plots show the sum of neuronal activity per frame in each
panel (Fig. 2A-D). The threshold to consider a significant
peak of coactivity is represented by a dotted line
(P < 0.001). In control conditions there are no significant
peaks of coactivity (Fig. 2A; n = 12 experiments) due to
low spontaneous activity; frames with no activity can be
recorded. In contrast, after delivering a cortical stimulus
(CtxS; Fig. 2B; n = 5; see Aparicio-Juárez et al., 2019),
network activity is enhanced and displays significant peaks
of neuronal coactivity (Fig. 2B) as compared to non-
stimulated controls (cf., Fig. 2A). Similarly, the non-
stimulated DA-depleted striatal microcircuit (Fig. 2C; n =
33) exhibits significant spontaneous activity as compared
to the non-stimulated controls (cf., Fig. 2A) accompanied
by several significant coactivity peaks (histogram below ras-
ter plot in Fig. 2C) without any electrical or chemical stimu-
lus. Significant coactivity peaks in a stimulated control
(Fig. 2B), non-stimulated DA-depleted microcircuit (Fig. 2C)
and stimulated DA-depleted microcircuits (Fig. 2D) are illu-
strated as colored circles below the histograms (network
states). Note that in stimulated control and DA-depleted micro-
circuits (Fig. 2B and D) network states form chain-like
sequences with alternation of activity between network states
(Buzsaki, 2010; Pérez-Ortega et al., 2016) including closed
Fig. 2. Striatal microcircuit activity in vitro: comparing spontaneous, stimulated, D
tative raster plots showing neuronal activity in single experiments of Ca2+ imagin
activity of a single cell - numbered; x-axis is time in min, in this and other related fi
the somatic Ca2+ transient from a single cell (Pérez-Ortega et al., 2016). Histogra
neuronal coactivity peaks (dotted line denotes significance level). Neurons belong
their respective coactivity peaks. (A) Control striatal activity without stimulation s
significant coactive events (bottom). (B) Administration of an adequate cortical s
2019) increases overall activity in the circuit (top) reflected by significant peaks
significant coactivity peak is represented by a colored circle at the bottom showin
shows alternation between states which may reach closed cycles or reverberati
stimulated dopamine (DA) depleted striatum shows high overall spontaneous ac
coactivity peaks are also present (middle). However, sequences of network stat
behavior disrupts alternation and reverberations during the time shown (bottom
dissolves the highly recurrent state and more diverse neuronal ensembles reapp
states shows again alternation (bottom) and reverberation (bottom right) between
each condition (non-stimulated control, n = 12 experiments; Ctr + CtxS, n = 5 e
DA-depleted +CtxS, n = 7 experiments).
ring-like cycles, or reverberations. In contrast, the non-
stimulated DA-depleted microcircuit exhibits a sequence of
network states in which a highly recurrent state greatly curtails
the alternation with other states (Fig. 2C bottom, dominant
state colored in red; n = 33), as previously described in rats
and mice (Jáidar et al., 2010; Pérez-Ortega et al., 2016;
Aparicio-Juárez et al., 2019; Jáidar et al., 2019).
We then compared network activity in these microcircuits.

The cumulative activity of every neuron, that is, the area
obtained under the histograms of summed activity, was calcu-
lated for each experiment, and representative examples are
shown in Fig. 3A. Straight lines were fitted to these data and
the slope values for each neuron representing activity of each
cell along time (active / non-active frames) were graphed as
box plots (Fig. 3B). The non-stimulated Ctr microcircuit had sig-
nificantly less activity than all the other conditions (P < 0.001;
Kruskal-Wallis ANOVA, FDR correction: Ctr + CtxS, *P =
0.008; Ctr + NMDA, **P = 0.002; non-stimulated DA-depleted
striatum, ***P < 0.0001; DA-depleted + CtxS striatum, ** P =
0.0015). Activity levels between stimulated controls (P = 0.74)
and DA-depleted stimulated microcircuits (Ctr + CtxS, P =
0.96; Ctr + NMDA, P = 0.74) and non-stimulated DA-
depleted microcircuits to stimulated conditions (Ctr + CtxS,
P = 0.5; Ctr + NMDA, P = 0.8; DA + depleted + CtxS, P =
0.43) showed no significant differences using this test. We con-
clude that differences between stimulated and non-stimulated
DA-depleted microcircuits are not based on the number of
active neurons but the dynamics represented by the
sequences of network states (Fig. 2, see also Aparicio-Juárez
et al., 2019).
We next calculated cumulative distribution functions

(CDFs) for cell activity by adding up the cells from all experi-
ments in each condition (Fig. 3C). Extremes of the CDFs
are non-stimulated Ctr (n = 449 cells, black trace) and non-
stimulated DA-depleted (n = 1258 cells, gray trace). Stimu-
lated controls and stimulated DA-depleted cases stand
between both extreme conditions (Ctr + CtxS, n = 173 cells
and DA-depleted + CtxS, n = 287 cells). Ctr + CtxS vs. DA-
depleted + CtxS were not significantly different, suggesting
that stimulation relieves the pathologic state found in the
DA-depleted microcircuit (Pérez-Ortega et al., 2016;
A-depleted and DA-depleted stimulated conditions. (A-D top) Represen-
g recording with single cell resolution (each row in the y-axis shows the
gures). Each dot in the plot represents firing as the first time derivative of
ms at the middle in panels A to D show cellular coactivity and significant
ing to the same neuronal ensembles are presented by different colors in
hows little spontaneous activity (top), intervals without activity, and no
timulus (CtxS; see Experimental Procedures and Aparicio-Juárez et al.,
of coactivity (middle) made by different neuronal groups (colored). Each
g a sequence of activation of network states. The sequence of activation
ons (triangle at bottom right). (C) In contrast to control (panel A), non-
tivity (top), without applying any electrical or chemical stimuli. Significant
es show that most activity is due to a highly recurrent state (red). This
right). (D) Administration of a cortical stimulus in a DA-depleted striatum
ear as significant peaks of coactivity (middle). The sequence of network
network states. Raster-plots are representative examples of samples in
xperiments; non-stimulated DA-depleted striatum, n = 33 experiments;



Fig. 3.Measurements of microcircuit activity in different conditions: control (Ctr) without any stimulus, control plus cortical stimulation (Ctr + CtxS), control
plus NMDA administration (Ctr + NMDA), non-stimulated DA-depleted tissue (DA-depleted) and cortically stimulated DA-depleted microcircuits (DA-
depleted +CtxS). (A) Cumulative activity graphs from single representative experiments as those in Fig. 2 were built adding the areas under activity his-
tograms along time. Straight lines are fitted to the data and the slopes of fitted lines denote cellular activity along time (activity/time). (B) Box and density
plots of cellular activity along time in samples of different conditions, each point is a slope obtained as in (A). All conditions are significantly different to the
control (Kruskal-Wallis test with post-hoc FDR test; P < 0.001) but there are no differences between Ctr + CtxS, Ctr + NMDA and DA-depleted +CtxS
with or without stimulation, suggesting that the level of activity is equivalent (Ctr, n = 12 experiments; Ctr + CtxS, n = 5 experiments; Ctr + NMDA,
n = 5 experiments; non-stimulated DA-depleted, n = 33 experiments; DA-depleted +CtxS, n = 7 experiments), implying that differences between control
and DA-depleted circuits reside in the dynamics and not the level of activity. (C) Still, we built Cumulative distribution functions (CDFs) using all cells from
the different experimental samples in each condition: (Ctr, n = 449 cells; Ctr + CtxS, n = 173 cells; Ctr + NMDA, n = 127 cells; DA-depleted, n = 1258
cells; DA-depleted +CtxS, n = 287 cells). For these data, Kolmogorov Smirnov test (with post hoc pair-wise comparisons using FDR (Benjamini et al.,
2006)) yielded significant differences between the non-stimulated DA-depleted circuit and stimulated Ctr and DA-depleted circuits. (D) A matrix of the sig-
nificant P values confirms that control non-stimulated microcircuit differs from all four conditions. The non-stimulated DA-depleted condition shows activity
significantly higher to that from Ctr + CtxS, Ctr + NMDA and DA-depleted + CtxS microcircuits. No significant differences between Ctr + CtxS, Ctr +
NMDA and DA-depleted + CtxS conditions were found. *denotes statistical significance in this and other figures. FDR stands for false discovery rate
correction.
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Aparicio-Juárez et al., 2019). A difference with non-stimulated
DA-depleted microcircuits and Ctr stimulated circuits was
revealed (P < 0.03; Kolmogorov Smirnov tests, FDR
correction test). A color matrix with post hoc FDR corrected
test P-values is shown in Fig. 3D. Note that there are no sig-
nificant differences between Ctr + NMDA and Ctr + CtxS



Fig. 4. D1,2-class of DA-agonists decrease the spontaneous activity of DA-depleted microcircuits in vitro. Left sections of the raster plots (A and C) show
representative non-stimulated DA-depleted microcircuit activity. Notice that in both cases peaks of significant coactivity and a highly recurrent ensemble
are evident (green) prior to DA-agonists administration as shown in the histograms bellow. DA-agonists were added after the vertical line. (A) Addition of
apomorphine (20 μM) reduces the number of significant coactivity peaks. (B) The reduction of coactivity peaks per minute significantly decreased after
apomorphine administration compared with DA-depleted microcircuit without treatment (n = 6 experiments; Wilcoxon matched pairs signed rank test or
Wilcoxon T test, P = 0.0313). (C) Addition of rotigotine (10 μM) not only decreased overall activity but also eliminated most significant peaks of coactivity
(bottom). (D) This is clear when comparing significant peaks of coactivity per minute before and after rotigotine administration (n = 6 experiments; P =
0.0313; Wilcoxon T test).
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conditions, suggesting that both ways to activate striatal
microcircuits are equivalent.
Dopamine receptor agonists reduce enhanced
spontaneous activity in the DA-depletedmicrocircuit

Typically, the DA-depleted microcircuit exhibits an excess of
activity compared to non-stimulated controls (cf., Fig. 2A
and C). Previously, we demonstrated that the application of
L-DOPA reduces spontaneous activity of the DA-depleted
microcircuit to control-like levels and that this action is reversi-
ble upon washing off L-DOPA (Plata et al., 2013). Now, we
compare dopamine receptor agonists (DA-agonists) in the
absence of stimulus. First, we tested less selective DA-
agonists (Fig. 4), that is, agonists with considerable actions
on both D1 and D2 receptor classes. The most used in PD
treatment are apomorphine and rotigotine, which bind to both
D1- and D2-class receptors with different affinities.
D1,2-class agonists reduced the enhanced spontaneous

activity of DA-depleted microcircuits. Both 20 μM apomor-
phine (Fig. 4A; representative raster; the gray line divides
activity before and after administering the drug) and 10 μM
rotigotine (Fig. 4B, representative) showed similar effects by
reducing microcircuit activity significantly. Coactivity peaks
per minute were compared before and after drug administra-
tion (Wilcoxon T test), and their reduction was demonstrated
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in samples of both apomorphine (Fig.4B, n = 6 experiments;
P = 0.0313) and rotigotine (Fig. 4D; n = 6 experiments; P =
0.0313). The assay shows that at therapeutic but saturating
concentrations rotigotine performance is better than that of
apomorphine.
More selective D2-class (D2/3) receptor agonists are also
used for the early treatment of PD (Stocchi et al., 2016). To
explore the effects of these agonists on the enhanced sponta-
neous activity of DA-depleted microcircuits, 10 μM pramipex-
ole (Fig. 5A; n = 6 experiments), 10 μM ropinirole (Fig. 5C;
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n = 7 experiments) and 10 μM quinelorane (Fig. 5E; n = 6
experiments) were applied. All of them reduced the excess
in spontaneous activity of DA-depleted microcircuits (prami-
pexole: Fig. 5B, P = 0.0313; ropinirole: Fig. 5D; P = 0.0156;
quinelorane: Fig. 5F; P = 0.0313; Wilcoxon T tests). To con-
clude, all DA-agonists tested reduced the pathological spon-
taneous activity of DA-depleted microcircuits.

D2-class receptor agonists were more effective in
decreasing the spontaneous activity of DA-
depleted microcircuits

All DA-agonists reduced the excess in pathological sponta-
neous activity of non-stimulated DA-depleted microcircuits
(see previous section). To better evaluate whether there were
differences between the different DA-agonists, a Kruskal-
Wallis ANOVA analysis with FDR post hoc correction test
between the cumulative cellular activity was made (Fig. 6A).
As previously mentioned, spontaneous neuronal activity of
the non-stimulated DA-depleted microcircuit was significantly
enhanced in comparison with non-stimulated Ctr microcircuit
(P < 0.0001; control: n = 12 experiments; DA-depleted
microcircuit: n = 33 experiments). Then we compared the
activity of DA-depleted microcircuits after a DA-agonist was
added with that of non-stimulated DA-depleted microcircuits
(Kruskal-Wallis ANOVA, P < 0.0001, post hoc FDR correc-
tion test). Activity in non-stimulated DA-depleted circuits was
significantly larger than the activity in DA-depleted microcir-
cuits plus L-DOPA (Fig. 6A; P = 0.0004; n = 7 experiments),
confirming previous studies (Plata et al., 2013). Surprisingly,
however, DA-depleted microcircuits treated with apomor-
phine or rotigotine were not significantly different from the
non-stimulated DA-depleted microcircuits (Fig. 6A; P = 0.99;
n = 6 experiments and Fig. 6A; P = 0.5; n = 6 experiments),
suggesting that less selective agonists have a more limited
action on the spontaneous activity of DA-depleted microcir-
cuits (Jáidar et al., 2010). Nonetheless, when adding more
selective D2-agonists to DA-depleted microcircuits, activity
was significantly less than that found in untreated DA-
depleted microcircuits, namely: pramipexole (Fig. 6A; P =
0.00015; n = 6 experiments), ropinirole (Fig. 6A; P = 0.0001;
n = 8 experiments) and quinelorane (Fig. 6A; P = 0.0001;
n = 6 experiments). These results suggest that more selective
D2-class agonists were better than less selective D1,2-class
agonists in reducing the excess of spontaneous activity
observed in non-stimulated DA-depleted microcircuits.
An even more stringent test was performed by comparing

cumulative probability distribution functions (CDFs) for each
condition using all cells fromeach experiment (Fig. 6B-D). First,
we compared non-stimulated control CDF (n = 449 cells, black
trace; Fig. 6B) with that of the non-stimulated DA-depleted
Fig. 5. Comparison of D2-class receptor agonists effects on DA-depleted microci
DA-depleted microcircuits before and after addition of a dopamine D2-class rec
significant peaks of coactive neurons in the same frame. Dotted lines on the his
ensemble. (A) Representative experiment showing DA-depleted microcircuit spo
pramipexole. (B) Pramipexole reduced the number of significant peaks of coact
the vertical line 10 μM ropinirole was added to the DA-depleted microcircuit. (D) R
Wilcoxon T test). (E) When adding 10 μM quinelorane reduction of activity was
ments; P = 0.0313; Wilcoxon T test).
microcircuit (n = 1258 cells, gray trace; Fig. 6B), and with the
DA-depleted + L-DOPA (n = 232 cells, red trace; Fig. 6B).
There was no significant difference between control microcir-
cuit activity and DA-depleted microcircuit plus L-DOPA (P =
0.15; Kolmogorov–Smirnov test with FDR correction), suggest-
ing that in this stage of experimental early Parkinsonism (i.e.,
“L-DOPA honey moon”), L-DOPA tends to return the microcir-
cuit dynamics to control conditions. As expected, the CDF of
the non-stimulated DA-depleted microcircuit was significantly
different from these two conditions, its CDFwas far right to con-
trol and L-DOPA CDFs (Fig. 6B; see graded pseudocolored
matrix of paired P-values in Fig. 6E).
Using this stringent test, most DA-agonists employed could

notmatch L-DOPAactions (Fig. 6C andD; see graded pseudo-
colored matrix of paired P-values in Fig. 6E Kolmogorov–Smir-
nov test with FDR corrections). However, quinelorane was not
significantly different from the non-stimulated control (207 cells,
P = 0.06). Every other CDF was significantly different from
control CDF: apomorphine = 262 cells, P = 6.6 × 10−12; roti-
gotine = 139 cells, P = 5.0 × 10−6; pramipexole = 255 cells,
P = 0.004; ropinirole = 249 cells, P = 0.006. This analysis
showed that apomorphine and rotigotineCDFswere to the right
of the control and L-DOPA CDFs (Fig. 6C), while D2-agonists
CDFs superimpose in part with control and L-DOPA CDFs
(Fig. 6D). We conclude that D2-agonists better reduce the
excess of spontaneous activity of non-stimulated DA-depleted
microcircuits, but no agonist completely emulates L-DOPA
actions in this respect. Up to now, we have compared non-
stimulated DA-depleted microcircuits before and after addition
of L-DOPA or DA-agonists: all DA-agonists reduced sponta-
neous resting pathological activity when compared one by
one. Though, only L-DOPA (and to aminor extent quinelorane)
approached the activity of non-stimulated controls. Activity
remained significantly different from control microcircuit after
the reduction of pathological activity by any of the DA-
agonists. It has been previously demonstrated (Aparicio-
Juárez et al., 2019, Fig. 2D) that cortical stimulation reduces
overall activity restoring neural ensembles sequences similar
to control for a limited period of time. Therefore, we asked
how DA agonists would interact with this action, perhaps
prolonging it. In addition, a comparison between DA agonists
actions may suggest which are the more effective.

DA-agonists actions on cortical stimulated DA-
depleted microcircuits

To answer the previous questions CtxS was applied to DA-
depleted microcircuits previously infused with L-DOPA or
other DA-agonists. First, a representative raster plot of L-
DOPA is shown in Fig. 7A (top) divided into three different
epochs separated by vertical lines. Left epoch shows the
rcuits in vitro. Panels: representative raster plots of spontaneously active
eptor agonist (separated by a vertical line). Histograms at bottom show
tograms show the significance coactivity threshold to record a neuronal
ntaneous activity and the reduction of this activity after addition of 10 μM
ivity per min (n = 6 experiments; P = 0.0313; Wilcoxon T test). (C) After
eduction of coactivity peaks is obvious (n = 7 experiments; P = 0.0156;
evident and (F) coactivity peaks were virtually abolished (n = 6 experi-
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typical spontaneous activity of a DA-depleted microcircuit.
Middle epoch shows the decrease of this spontaneous
activity due to L-DOPA administration. Right epoch illus-
trates network activity after cortical stimulation (CtxS) in
the continuous presence of L-DOPA, showing that activity
is enhanced again. Coactivity histograms and sequences
of transitions between network states (below the raster
plots) show significant coactivity peaks in the DA-depleted
microcircuit both before and after CtxS + L-DOPA.
However, a difference is evident: the untreated DA-
depleted microcircuit exhibits a highly recurrent network
state that impedes reverberation (bottom), while the stimu-
lated DA-depleted microcircuit in the presence of L-DOPA
shows a variety of coactivity peaks and alternation between
network states including reverberation (bottom; n = 4
experiments, see also Aparicio-Juárez et al., 2019) resem-
bling control activity (see Fig. 2A). In the presence of L-
DOPA the DA-depleted microcircuit is able respond to a
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cortical command with near control-like dynamics: a
sequence of network states. This experimental protocol
was then applied to DA-depleted microcircuits when admin-
istering rotigotine, a representative D1,2-agonist (Fig. 7B),
pramipexole, a more selective D2-agonist (D2,3; Fig. 8A)
and ropinirole, another D2-agonist (Fig. 8B). Similar results
to the sole administration of L-DOPA were obtained: prior
to stimulation a highly recurrent state is impeding alternation
and DA-agonists application have a silencing effect. When
CtxS was delivered in the continuous presence of DA-
agonists, network dynamics became a sequence of alter-
nating network states.
Specifically, rotigotine induced less peaks of coactivity

than L-DOPA (Mann–Whitney T test, P = 0.02), although it
restored alternation between network states and closed
cycles. On the other hand, pramipexole induced a more
balanced alternation between network states, although in
the experiment shown, closed cycles did not appear (see
statistics below). Ropinirole did not restore alternation com-
pletely during the sequence of network states, but closed
cycles could be present in some cases.
Performance comparison of DA-agonists on
cortical activated DA-depleted microcircuits

As shown in Fig. 2, CtxS briefly and transiently recovers
control stimulated network dynamics in DA-depleted micro-
circuits by inducing a sequence of network states activity,
similar to that induced in Ctr circuits. However, this change
towards control dynamics only lasts approximately 30 min
(Fig. 9A top), unless L-DOPA is administered (see
Aparicio-Juárez et al., 2019). In that case, a DA-depleted
circuit activated by CtxS maintains the alternation of net-
work states for a longer period of time, e.g., 60 min. There-
fore, here we compare the actions of CtxS plus the
presence of L-DOPA or other DA-agonists (after 60 min),
and solely CtxS (30 min), over DA-depleted circuits. First,
we used the number of transitions between network states
to achieve a closed cycle, a measure of how much alterna-
tion between network states is allowed by the circuit (Pérez-
Ortega et al., 2016), presented in pie plots (Fig. 9A). A
Fig. 6. D2-class receptor agonists weremore effective in decreasing the excess of s
activity over time was compared among the different experimental conditions (exp
depleted = 33, non-stimulated DA-depleted+L-DOPA = 7, +apomorphine = 6, +
previouslymentioned, activity over time of the non-stimulated DA-depletedmicrocir
(P < 0.0001). DA-depleted microcircuit activity significantly decreased (Kruskal-W
DOPA (P < 0.0004), and D2-class agonists, namely: pramipexole (P = 0.00015), r
agonists: apomorphine (P = 0.99) and rotigotine (P = 0.5) failed to differ from the D
activity from: non-stimulated control (n = 449 cells; black trace); non-stimulated DA-
cells; red trace) microcircuits. Note that when adding L-DOPA to the DA-depletedm
0.15; Kolmogorov–Smirnov test with FDR correction). Non-significant differences
respect, CDFs from DA-depleted microcircuits after the addition of apomorphine (n
showed significant differences with non-stimulated controls, that is, less selective DA
non-stimulated Ctr and non-stimulated DA-depleted circuits. (D) In addition, compa
of D2-class selective DA-agonist were also significantly different to non-stimulated
0.006) and quinelorane (n = 207 cells; P = 0.06). However, the CDFs of theseDA-a
pairwise comparisons, based on CDFs (Kolmogorov–Smirnov test with FDR corre
from control activity. All DA-agonists statistically differ from the control using this st
colored scale (at the bottom) shows the number of transi-
tions required to reach a closed cycle, where black color
indicates the cases in which a closed cycle was not reached
during the time of recording. Even in control conditions
(Ctr + CtxS) sequences of neuronal ensembles may not
reach a closed cycle during the course of the experiment
(12%). When DA-depleted microcircuits receive a cortical
stimulus (DA-depleted + CtxS) the highly recurrent state is
transiently abolished and microcircuit dynamics resembles
that of the Ctr + CtxS microcircuits (Fig. 9A top): where only
a minority of sequences do not reach closed cycles (18%;
P = 0.206; Kolmogorov–Smirnov test with post hoc FDR
correction). This confirms that cortical stimulation briefly
(30 min) relieves the microcircuit from the highly recurrent
state as previously reported (Aparicio-Juárez et al., 2019).
The maintenance of control-like network dynamics in stimu-
lated DA-depleted microcircuits for longer time, e.g., 60 min,
requires the action of L-DOPA (Aparicio-Juárez et al.,
2019). Therefore, here we compared to what extent different
DA-agonist could prolong the action of CtxS in terms of net-
work alternation sequences and closed cycles (Pérez-
Ortega et al., 2016).
It was found that, even if L-DOPA induces alternation of

network states in the stimulated condition, a higher percen-
tage of non-closed cycles, 36%, is revealed as compared
with Ctr + CtxS (P = 0.007; n = 4 experiments; Kolmo-
gorov–Smirnov test with post hoc FDR correction in this
and next comparisons of this section). Still, most sequences
had closed cycles. Using the same test other agonists yield:
rotigotine (P = 0.002, n = 4 experiments), pramipexole
(P = 0.016, n = 4 experiments) and ropinirole (P =
1X10−9, n = 4 experiments). The results suggest that even
when active DA-depleted circuits exhibit sequences of net-
work states. However, no DA-agonist, including L-DOPA,
is capable of completely resembling the Ctr + CtxS circuit.
Since all active DA-depleted circuits exhibit several

closed cycles we asked how many transitions between net-
work states were needed to reach them, excluding the
instances in which there were no closed cycles during
recording time. Fig. 9B shows this comparison with density
plots: Ctr + CtxS distribution was compared (Kruskal-Wallis
pontaneous activity in DA-depletedmicrocircuits. (A) As in Fig. 3B, cellular
eriments/condition: non-stimulated control (Ctr) =12, non-stimulated DA-
rotigotine = 6, +pramipexole = 6, +ropinirole = 8, +quinelorane = 6). As
cuit is significantly larger than that of the non-stimulated control microcircuit
allis ANOVA, P < 0.0001, with FDR correction) after administration of L-
opinirole (P = 0.0001) and quinelorane (P = 0.0001). However, D1,2-class
A-depletedmicrocircuit. (B) Cumulative distribution functions (CDFs) of cell
depleted (n = 1258 cells; gray trace) and DA-depleted + L-DOPA (n = 232
icrocircuit its CDF greatly resembles the one from control microcircuit (P =
with non-stimulated controls predicts a good therapeutic effect. (C) In this
= 262 cells; P = 6.6X10−12) and rotigotine (n = 139 cells; P = 5.0X10−6)
-agonists did not approach the control; these DA-agonists stay in between
red to control CDF, CDFs from DA-depleted microcircuits after the addition
Ctr: pramipexole (n = 255 cells; P = 0.004), ropinirole (n = 249 cells; P =
gonists are nearer to control CDF (black line). (E) Amatrix of P-values from
ctions) shows that only the action of L-DOPA was not statistically different
ringent test. D2-agonists do not differ much among them.
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ANOVA with post hoc FDR correction) with: DA-depleted
microcircuits plus CtxS at 30 min (P = 0.149), and with
DA-depleted microcircuits plus CtxS and DA-agonists at
60 min: L-DOPA (P = 0.736), rotigotine (**P = 0.003), pra-
mipexole (P = 0.199) and ropinirole (***P = 0.001). These
results suggest that L-DOPA and pramipexole have a better
performance than rotigotine and ropinirole in DA-depleted
microcircuit dynamics.
In order to unveil drugs' efficacy while making a hierarch-

ical scale between them we used the recurrence index test



90 Esther Lara-González et al. / Neuroscience 410 (2019) 76–96
(Aparicio-Juárez et al., 2019), a measure of how much a
pathological microcircuit has a highly recurrent network
state that curtails alternation between neuron groups. Using
this metric, all DA-agonists were significantly similar to con-
trol stimulated circuits (O'Brien homogeneity of variance
test): DA-depleted + CtxS (30 min) P = 0.073, and at
60 min: L-DOPA + CtxS (P = 0.186); rotigotine + CtxS
(P = 0.079); pramipexole + CtxS (P = 0.214); ropinirole +
CtxS, P = 0.071). These results suggest that clinically avail-
able DA-agonists help maintaining microcircuit dynamics
away from the typically highly recurrent dominant state net-
work seen in DA-depleted conditions, even if they fail to
completely preserve CtxS effects along time.
DISCUSSION

Previously, we have described some properties of the stria-
tal microcircuit at histological scale (dozens of neurons) in
vitro, to compare controls with DA-depleted microcircuits
(Carrillo-Reid et al., 2008; Jáidar et al., 2010; Carrillo-Reid
et al., 2011; López-Huerta et al., 2013; Pérez-Ortega et
al., 2016). Because between molecular-cellular studies
(Millan, 2010) and in vivo animal models (Liang et al.,
2008; Dunnet and Lelos (2010) or clinical studies (Lam,
2000), there is a gap: pharmacological tools or studies at
the microcircuit level in vitro, where drug concentrations
can be controlled. The present work intends to use some
previously described striatal microcircuit properties in vitro
to compare antiparkinsonian agents used in PD
therapeutics.

Spontaneous striatal activity

As seen in vitro, non-stimulated control striatal microcircuits
at a histological scale show little activity (Plata et al., 2013;
Aparicio-Juárez et al., 2019), similar to the activity seen in
resting subjects in vivo (Mink, 2003; Parker et al., 2018).
In contrast, striatal microcircuits depleted of dopamine show
a significantly enhanced spontaneous activity, mainly con-
sisting of a highly recurrent network state (Liang et al.,
2008; Jáidar et al., 2010; Pérez-Ortega et al., 2016; Jáidar
et al., 2019), with both indirect and direct pathway striatal
projection neurons (Parker et al., 2018; Jáidar et al.,
2019). Because the non-stimulated microcircuit behaves
differently in control and after DA-depletion, exhibiting differ-
ent functional network architectures (Pérez-Ortega et al.,
2016), here we considered the non-stimulated and stimu-
lated microcircuits separately.
The present results show that pramipexole, ropinirole and

quinelorane, more selective D2-class DA-receptor agonists
Fig. 7. Cortical stimulation activates DA-depleted microcircuits similarly to contro
sent. Representative raster-plots are divided by vertical lines into three epochs. 1
L-DOPA (A) or 10 μM rotigotine (B) to the microcircuit, and 3) Activity after cortic
each raster plot show significant coactivity events, which are colored according
microcircuits show a highly recurrent state (colored in red) and less alternation,
loops. Both L-DOPA (A) and rotigotine (B) eliminate significant coactivity peaks
reignites activity in the DA-depleted circuit in the presence of the DA-agonists. M
(histogram and sequences at bottom). Activation sequences now allow reverbera
to occur after cortical stimulation in the presence of rotigotine as compared to L
(D2,3-types), greatly decrease the enhanced spontaneous
activity of non-stimulated DA-depleted microcircuits. Less
selective D1,2-agonists such as apomorphine and rotigotine
were not that good in decreasing this enhanced sponta-
neous activity. L-DOPA was better in suppressing this
enhanced spontaneous activity than any other DA-
receptor agonist, suggesting that when a Parkinsonian sub-
ject is at rest, D2-class DA-agonists signaling would better
control rigidity and resting tremor, the clinical correlates of
this enhanced activity.
Cortical stimulated striatal microcircuits

Striatal microcircuit activity in vitro can be elicited in control
conditions by chemical or electrical stimulus. Low concentra-
tions of NMDA (2 μM in mice) maintains in vitro microcircuits
activated for long periods of time (Fig. 3, see also Carrillo-
Reid et al., 2008), as well as, electrical cortical stimulation
(Control + CtxS). Activation of control microcircuits signifi-
cantly above spontaneous activity can last about half an hour
or more (Fig. 2B, Aparicio-Juárez et al., 2019), resembling in
vivo microcircuits during movement (Mink, 2003; Cui et al.,
2014; Parker et al., 2018). The mechanism by which the stria-
tal microcircuit remains active long after the stimulus is
unknown. A working hypothesis is that spontaneously active
excitatory interneurons, such as cholinergic interneurons
(Goldberg and Wilson, 2005; Tepper et al., 2018; Surmeier
et al., 2011) may ignite microcircuit activation.
Once activated, striatal microcircuits are characterized by

sequences of significant and transient coactivity peaks,
given by different neuronal groups or ensembles (Hebb,
1949; Edelman, 1993; Carrillo-Reid et al., 2008; Buzsaki,
2010; Carrillo-Reid et al., 2017; Klaus et al., 2017), com-
posed of functionally connected neurons (Buzsaki, 2010;
Carrillo-Reid et al., 2015). Different neuronal groups show
alternation between them (Carrillo-Reid et al., 2008, 2009;
2017), reflecting behavioral stages in vivo (Klaus et al.,
2017; Owen et al., 2018; Parker et al., 2018). In contrast,
alternation between ensembles is restricted in DA-
depleted microcircuits in which a highly recurrent network
state which correlates with in vivo locked or disturbed loco-
motion, and reduced encoding specificity (Parker et al.,
2018). Changes in synaptic plasticity after DA-depletion
have been reported (e.g., Calabresi et al., 2006; Gerfen
and Surmeier, 2011; Barroso-Flores et al., 2015; Deffains
and Bergman, 2015) and those might underlie the lack of
alternation between ensembles.
Interestingly, in CtxS DA-depleted microcircuits, the

highly recurrent state disappears temporarily, mitigating
l stimulated circuits when D1,2-class dopamine receptor agonists are pre-
) Non-stimulated DA-depleted spontaneous activity, 2) Addition of 10 μM
al stimulation (CtxS) in the presence of DA-agonists. Histograms bellow
to network states. In both cases (A and B) non-stimulated DA-depleted
confirmed by the sequence of network states which fail to form closed
and decrease spontaneous activity. In that condition, cortical stimulation
icrocircuits exhibit several and alternating significant peaks of coactivity
tions during recording time. At glance, peaks of coactivity are less likely
-DOPA.
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pathological network dynamics (Figs. 2, 3). There are no
significant differences when comparing Ctr + CtxS with
DA-depleted + CtxS circuits within 30 min of stimulation (in
early Parkinsonism). However, after 30 min the highly
recurrent state is reestablished. L-DOPA administration
prolongs the improvement (e.g., 60 min), which in in vitro
activated circuits is seen as a recovery of network states
alternations (Aparicio-Juárez et al., 2019). We used differ-
ent statistical analyses to compare the actions of different
DA-agonists in DA-depleted + CtxS microcircuits 60 min
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after the stimulus, using the property of alternation between
ensembles activity. We focused on the actions of the most
used DA-agonists in PD therapeutics (Blandini and Armen-
tero, 2014; Stocchi et al., 2016). Future work will test other
drugs (Millan, 2010).
Dopamine receptor agonists actions on cortical
stimulated striatal microcircuits

At a first glance (see statistical comparisons below), all DA-
agonists had an action similar to that of L-DOPA on DA-
depleted + CtxSmicrocircuits (Figs. 7, 8): alternation between
network states and closed cycles during the time of recording
were recovered. The highly recurrent network state was dis-
solved (Jáidar et al., 2010; Aparicio-Juárez et al., 2019).
However, we quantitatively compared the actions of DA-

agonists with different metrics. First, distributions of the num-
ber of transitions required to close a cycle were compared
(pie plots in Fig. 9A black color indicates that no cycle was
closed during recording time; Kolmogorov–Smirnov tests with
post hoc FDR corrections). Within the first 30 min after the sti-
mulus, DA-depleted + CtxS circuits yielded a distribution that
was not significantly different than that from Ctr + CtxS cir-
cuits (P = 0.206). In contrast, all DA-agonists tested 60 min
after CtxS inDA-depleted circuits had distributions of the num-
ber of transitions required to close a cycle significantly differ-
ent than Ctr + CtxS circuits, suggesting that no DA-agonist,
including L-DOPA, is capable of maintaining CtxS effects.
Thereafter, we excluded the cases with unclosed cycles.

The measurements showed that L-DOPA and pramipexole
produce a better performance than rotigotine and ropinirole,
suggesting that L-DOPA and pramipexole will better
improve movement in Parkinsonian subjects.
Finally, the presence of a highly recurrent network state is

another signature of in vitro DA-depleted microcircuits. The
presence of this condition may be measured with a recur-
rence index (Aparicio-Juárez et al., 2019). This is shown in
box plots as increased variance (Fig. 9C; O'Brien homoge-
neity of variance test). A comparison of DA-agonists in
DA-depleted + CtxS circuits after 60 min of stimulation
showed that all DA-agonists have some benefit on stimu-
lated DA-depleted circuits.
Correlations

The present work aims to show that the use of behavioral
tests in animal models of PD (Liang et al., 2008; Dunnet
Fig. 8. Cortical stimulation activates DA-depleted microcircuits similarly to the c
present. Representative raster-plots are divided by vertical lines into three epoc
10 μM pramipexole (A) or 10 μM ropinirole (B) to the microcircuit, and 3) activity
grams bellow each raster plot show coactivity events, and significant peaks are
lated DA-depleted microcircuits show a highly recurrent state (colored in red) and
to form closed loops. Both pramipexole (A) and ropinirole (B) are sufficient to a
activity in the DA-depleted circuit in the presence of DA-agonists. Stimulated netw
and sequences at bottom) that alternate their activity forming sequences. In thes
work state, however, in this case closed cycles did not appear during recording
network states but closed cycles or reverberations were commonly completed.
and Lelos, 2010) as well as molecular and cellular studies
(Millan, 2010) to investigate neurological therapies may be
assisted with in vitro bio-assays that record several neurons
during microcircuit dynamics. The theoretical framework to
find circuit features to measure quantitatively posits that ver-
tebrate neurons work together forming neuronal ensembles
or groups (e.g., motoneurons pools) and that a microcircuit
of histological scale can be seen as a temporal sequence
of neuronal ensembles (Hebb, 1949; Edelman, 1993;
Carrillo-Reid et al., 2008; Buzsaki, 2010; Carrillo-Reid et
al., 2017; Klaus et al., 2017). In addition, synaptic plasticity
abnormalities during PD have been described (Calabresi
et al., 2006; Gerfen and Surmeier, 2011), as well as the con-
nections within an ensemble (Carrillo-Reid et al., 2017) and
closed cycles or reverberations (Carrillo-Reid et al., 2008).
Moreover, sequences of neuronal ensembles have been
correlated with motor actions in vivo (Klaus et al., 2017;
Owen et al., 2018; Parker et al., 2018), showing the crucial
role of interneurons (Owen et al., 2018).
By using this framework, we provide circuitry correlates to

the usefulness of D2-class agonists as initial mono-therapy
in early PD, evidencing insufficient performance in the case
of ropinirole, and supporting L-DOPA as the leading option
in advanced PD (Rascol et al., 1998; Reichmann, 2000;
Radad et al., 2005; UK PD MED Collaborative Group,
2014; Zesiewicz et al., 2017). Further, we show a poorer
performance of the less selective D1,2 DA-agonists. Not
expected in the logic that occupancy of both receptors
may be thought to prevent the disarray in their signaling,
but consistent with previous results showing that bath appli-
cation of a selective D1-agonist (SKF81297) does not revert
the enhanced spontaneous activity in non-stimulated DA-
depleted microcircuits (Jáidar et al., 2010). Microcircuit
results support previous multivariate binding analyses that
show that these two classes of agonists belong to different
pharmacological families (Millan, 2010). In addition, a subtle
difference between pramipexole and ropinirole was dis-
guised. In the present bio-assay the chosen DA-agonists
were administered continuously and for a short period of
time, in contrast to a pulsatile activation for a very long time
(Fabbrini et al., 1988). Long-lasting and dramatic reduction
in motor complications have been observed in advanced
PD patients when the treatment is not pulsatile (Nutt et al.,
2000; Devos and DUOPOPA Study Group, 2009). There-
fore, our results support the development of an oral long-
acting form of L-DOPA (Olanow and Stocchi, 2017) since
all DA-agonists were below L-DOPA performance. At the
ontrol stimulated circuit when D2-class dopamine receptor agonists are
hs. 1) Non-stimulated DA-depleted spontaneous activity, 2) Addition of
after cortical stimulation (CtxS) in the presence of DA-agonists. Histo-

colored according to network states. In both cases (A and B) non-stimu-
less alternation, confirmed by the sequence of network states which fail
bolish significant coactivity peaks. Finally, cortical stimulation reignites
ork activity now exhibits different significant coactivity peaks (histogram
e cases, pramipexole better reduced activity of the highly recurrent net-
time (A), on the other hand, ropinirole shows less alternation between



Fig. 9. Performance comparisons of DA-agonists on cortical activated DA-depleted microcircuits. (A) Pie plots show number of network state transitions
necessary to close a cycle (see color scale below), including the cases in which there were no closed cycles during recording (in black). Top: the first
30 min after cortical stimulation of the DA-depleted microcircuit in absence of any drug (n = 4 experiments) was compared with control stimulated micro-
circuits (n = 5 experiments): there is no significant difference (Kolmogorov–Smirnov test with post hoc FDR correction, P = 0.206). Then, actions of DA-
agonists on DA-depleted + CtxS circuits were compared with CtxS control circuits 60 min after stimulation (Aparicio-Juárez et al., 2019). In this condition,
we compared different DA-agonists to find which one was not statistically different (resembled more) to control activated circuits: L-DOPA (P = 0.007,
n = 4 experiments), rotigotine (P = 0.002, n = 4 experiments), pramipexole (P = 0.016, n = 4 experiments) and ropinirole (P = 1X10−9, n = 4 experi-
ments). The results of this stringent test were that no DA-agonist, including L-DOPA, is capable to completely resemble the control activated (Ctr + CtxS)
circuit. (B) To see if these results were due to the number of incomplete cycles, we excluded them from the analyses and simply looked at the number of
transitions required to close a cycle (when they could be closed during recording time). These data are displayed in density plots: Ctr + CtxS distribution
was compared (Kruskal-Wallis ANOVA with post hoc FDR correction) with: DA-depleted +CtxS at 30 min (P = 0.149) and with CtxS plus a given DA-ago-
nist at 60 min: L-DOPA + CtxS (P = 0.736), rotigotine + CtxS (**P = 0.003), pramipexole + CtxS (P = 0.199) and ropinirole + CtxS (***P = 0.001). This
metric shows that L-DOPA and pramipexole produce a better microcircuit performance than rotigotine and ropinirole after CtxS. (C) A third metric was the
recurrence index (Aparicio-Juárez et al., 2019) which indicates the appearance of a highly recurrent network state, shown in Tukey box plots as increased
variance, and compared with the O'Brien homogeneity of variance test. In this perspective, DA-depleted + CtxS (30 min) P = 0.073 was not significantly
different. While DA-agonists +CTxS compared at 60 min yield: L-DOPA + CtxS (P = 0.186); rotigotine + CtxS (P = 0.079); pramipexole + CtxS (P =
0.214); ropinirole + CtxS, P = 0.071), showing that all DA-agonists have some positive effect on active stimulated DA-depleted circuits, maintaining them
out of a complete Parkinsonian dynamics after being activated by CtxS.
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same time we confirm that no drug, including L-DOPA, com-
pletely restores circuitry function. However, new drugs and
drug combinations (Millan, 2010) can also be tested with
the present preparation. In addition, the action of CtxS to
the DA-depleted circuit suggests that a combination of elec-
trical plus pharmacologic stimulation may be helpful.
In conclusion, the present results show that microcircuit

properties can be used to compare different drugs used in
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neurological disorders, in particular, Parkinson's disease.
By using calcium imaging with single cell resolution and
recording dozens of cells simultaneously we found different
effectiveness of DA-agonists in reversing pathological net-
work dynamics in both, the resting non-stimulated tissue
and the active stimulated one. A hierarchy in agonists per-
formance was found: L-DOPA>selective D2-class ago-
nists> less selective D1,2-class agonists. Paralleling
cellular, behavioral and clinical studies (Baker et al., 2009;
Bello et al., 2017; Blandini and Armentero, 2014; UK PD
MED Collaborative Group, 2014).
Supplementary data to this article can be found online at

https://doi.org/10.1016/j.neuroscience.2019.04.058.
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Abstract: Hyperpolarization-activated cationic HCN channels comprise four members (HCN1–4) that
control dendritic integration, synaptic transmission and action potential firing. In the kidney, HCN1,
HCN2 and HCN3 are differentially expressed and contribute to the transport of sodium, potassium
(K+) and ammonium into the nephrons. HCN3 is regulated by K+ diets in the kidney. In this work we
performed a proteomic analysis of HCN3 expressed in human embryonic kidney cells (HEK293 cells).
More than 50% of the interacting proteins belonged to mitochondria. Therefore, we explored the
presence of HCN channels in kidney mitochondria. By immunoblotting and immunogold electron
microscopy HCN3 protein expression was found in rat kidney mitochondria; it was also confirmed in
human kidney. Patch-clamp recordings of renal mitochondria and mitochondria from HEK293 cells
overexpressing HCN1, HCN2 and HCN3 channels, stained with MitoTracker Green FM, indicated
that only HCN3 could produce inwardly K+ currents that were inhibited by ZD7288, a specific blocker
of HCN channels. Furthermore, ZD7288 caused inhibition of the oxygen consumption coupled to
ATP synthesis and hyperpolarization of the inner mitochondrial membrane. In conclusion, we show
for the first time that pacemaker HCN channels contribute to K+ transport in mitochondria facilitating
the activity of the respiratory chain and ATP synthesis by controlling the inner mitochondrial
membrane potential.

Keywords: mitochondria; kidney; mitochondrial potassium channel; hyperpolarization-activated
cyclic nucleotide-gated cationic HCN channels in mitochondria; potassium transport in mitochondria;
mitochondria uncoupling

1. Introduction

The large number of mitochondria in the kidney provides the energy required to remove waste
products and maintain electrolyte balance. Mitochondria are important organelles for cell viability,
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since they produce ATP via oxidative phosphorylation (OXPHOS) and play an active role in calcium
homeostasis, reactive oxygen species (ROS) production and apoptosis. The electron transport system
(ETS) and the ATP synthase are located in the inner mitochondrial membrane (IMM) and are essential
components for the generation and preservation of energy metabolism [1]. The high negative value
of the IMM potential (∆Ψm) required for oxidative phosphorylation is a powerful driving force for
potassium (K+) uptake. Therefore, dynamic regulation of mitochondrial K+ flux in vivo is necessary to
maintain the structural and functional membrane integrity for oxidative phosphorylation. To avoid
swelling and lysis, the ion leakage in the mitochondria has to be balanced by extrusion of ions against
the electrical gradient and this mechanism is accomplished by the mitochondrial K+ cycle [2].

The electrogenic transport of K+ into the mitochondrial matrix is strictly ion-channel-dependent.
Activation of mitochondrial K+ channels is a hallmark of cell death and plays a central role in
cardiomyocytes and neuron protection [3–5]. Mitochondrial K+ channels, such as the ATP-regulated
(mitoKATP) channel, the Ca2+-activated K+ (mitoKCa) channel, the voltage-gated Kv1.3 (mitoKv1.3)
channel and the two-pore domain TASK-3 (mitoTASK) channel, have been documented at the IMM
of different organs, tissues or glioma cell lines. IMM K+ channels contribute to the regulation of the
matrix volume, to establish ∆Ψ and ∆pH, to calcium influx and to ROS production [6,7]. Activation of
IMM K+ channels favors an uncoupling effect that could in turn decrease energetic efficiency [8]. So far
only an ATP-sensitive K+ transport pathway has been documented in the rat kidney mitochondria [9].

The hyperpolarization-activated cyclic nucleotide-gated cationic (HCN) channels comprise four
members termed HCN1–4 [10]; they have a pacemaker activity in excitable tissues controlling excitability,
establishment of the resting membrane potential, dendritic integration, synaptic transmission and
action potential firing [11,12]. Previously, we found that HCN channels transport ammonium (NH4

+)
in addition to Na+/K+ in the acid-secretory type-A intercalated cells of distal nephron segments of the
kidney [13], contributing to the acid-base balance. Among HCN channel subtypes only HCN1, HCN2
and HCN3 are expressed and differentially distributed in the proximal convoluted tubule, the thick
ascending limb of Henle, connecting tubule and collecting ducts of the rat kidney [14]. Due to the wide
and abundant distribution of HCN3 in the kidney, in this work we performed a proteomic analysis of
HCN3 overexpressed in HEK293 cells. Analysis of the proteomic data revealed interaction of HCN3
with mitochondria proteins. By immunoblotting, immunogold electron microscopy, patch-clamp
recordings, oximetry and ∆Ψ measurements, we confirmed this prediction and determined that HCN
channels behave as open K+ channels in the kidney mitochondria, contributing to oxygen consumption,
ATP synthesis and ∆Ψ establishment.

2. Results

2.1. Proteomic Analysis of HCN3 Channel

HCN3 is differentially expressed in the rat kidney: proximal tubules and thick ascending limb of
Henle and its protein abundance is regulated by K+ metabolism [14]. In this study, proteomics and
bioinformatics analyses were performed to establish a protein-protein interaction network (interactome)
associated with HCN3. For this purpose, HCN3 protein was immunoprecipitated from transfected
HEK293, electrophoretically separated and analyzed by mass spectrometry. Mitochondrial proteins
were the most prominent protein family identified (Table 1).
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Table 1. List of HCN3 channel-interacting proteins identified by LC/MS/MS during mass spectrometry.

Protein Name UniProt Accession UniProt Entry Name Gene Name Molecular Mass
(kDa)

40S ribosomal protein S3 * E9PPU1 E9PPU1_HUMAN RPS3 17.4

ATP synthase subunit
alpha_ mitochondrial * P25705 ATPA_HUMAN ATP5F1A 59.9

ATP synthase subunit
beta_ mitochondrial * P06576 ATPB_HUMAN ATP5F1B 56.6

ATP-dependent RNA helicase DDX3X * A0A2R8Y5G6 A0A2R8Y5G6_HUMAN DDX3X 69.4

C-1-tetrahydrofolate
synthase_ cytoplasmic * P11586 C1TC_HUMAN MTHFD1 102.2

Clathrin heavy chain 2 A0A087WX41 A0A087WX41_HUMAN CLTCL1 144.1

Elongation factor Tu_ mitochondrial * P49411 EFTU_HUMAN TUFM 49.9

Eukaryotic translation initiation factor 4
gamma 1 Q04637 IF4G1_HUMAN EIF4G1 176.2

Fatty acid synthase A0A0U1RQF0 A0A0U1RQF0_HUMAN FASN 275.8

Filamin-A A0A087WWY3 A0A087WWY3_HUMAN FLNA 248.3

Golgin subfamily B member 1 Q14789 GOGB1_HUMAN GOLGB1 377.4

Heat shock 70 kDa protein 1A * P0DMV8 HS71A_HUMAN HSPA1A 70.3

Heat shock-related 70 kDa protein 2 P54652 HSP72_HUMAN HSPA2 70.3

Isoform 2 of Clathrin heavy chain 1 Q00610-2 CLH1_HUMAN CLTC 189.7

Isoform 2 of
Glyceraldehyde-3-phosphate

dehydrogenase
P04406-2 G3P_HUMAN GAPDH 31.7

Isoform 2 of Heat shock protein 75
kDa_ mitochondrial * Q12931-2 TRAP1_HUMAN TRAP1 74.5

Isoform 3 of Pyruvate kinase PKM P14618-3 KPYM_HUMAN PKM 56.9

Isoform 3 of Vacuolar protein
sorting-associated protein 13C Q709C8-3 VP13C_HUMAN VPS13C 419.6

Isoform MBP-1 of Alpha-enolase P06733-2 ENOA_HUMAN ENO1 37.3

Isoform Short of
Delta-1-pyrroline-5-carboxylate

synthase *
P54886-2 P5CS_HUMAN ALDH18A1 87.8

Matrix-remodeling-associated protein 5 Q9NR99 MXRA5_HUMAN MXRA5 314.3

Polyadenylate-binding protein 4 Q13310 PABP4_HUMAN PABPC4 71.1

Polyubiquitin-B (Fragment) * J3QS39 J3QS39_HUMAN UBB 10.5

Prohibitin (Fragment) * C9JZ20 C9JZ20_HUMAN PHB 22.3

Prohibitin-2 * Q99623 PHB2_HUMAN PHB2 33.3

Receptor of activated protein C kinase 1 P63244 RACK1_HUMAN RACK1 35.5

RuvB-like 2 Q9Y230 RUVB2_HUMAN RUVBL2 51.3

Tubulin beta chain Q5JP53 Q5JP53_HUMAN TUBB 48.2

Tubulin beta-4B chain P68371 TBB4B_HUMAN TUBB4B 50.3

Vimentin P08670 VIME_HUMAN VIM 53.7

The resulting candidate proteins had a percentage ≥95% of reliability (Protein AutoCurate green), highlighting the
robustness of the analytical method. * Proteins identified with at least one Gene Ontology (GO) term related with
mitochondria (www.geneontology.org, www.pantherdb.org and www.string-db.org) and these proteins are listed in
the actual version of the MitoProteome database (www.mitoproteome.org).

2.2. Identification of HCN Potassium Channels in Kidney Mitochondria

To investigate HCN3 expression in mitochondria, we performed immunoblot analysis with
mitochondria isolated from the renal cortex. Immunoblotting of all HCN subtypes revealed very low
amounts of HCN2 and abundant expression of HCN3 in kidney mitochondria. α-tubulin and VDAC
were used as negative and positive controls of mitochondria abundance, respectively (Figure 1a).
Therefore, we proceeded to study HCN3 protein expression in HEK293 cells. Before the transfection

www.geneontology.org
www.pantherdb.org
www.string-db.org
www.mitoproteome.org
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assay with each member of the HCN family (HCN1–4) in HEK293 ells, we analyzed and confirmed the
expression of endogenous HCN1, HCN2 and HCN3 (Figure 1b). However, only HCN3 was detected in
the mitochondrial fraction. In contrast, overexpression of HCN1–4 channels in HEK293 cells showed
that HCN3 and HCN4 could be trafficked to mitochondria (Figure 1b,c).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 4 of 19 

 

 
Figure 1. HCN3 channel expression in mitochondria isolated from renal cortex and HEK293 cells. (a) 
Immunoblotting of HCN1, HCN2, HCN3 and HCN4 with polyclonal antibodies detected only HCN2 
(~94 kDa) and HCN3 (~86 kDa) in renal mitochondria. α-tubulin (~50 kDa) and voltage dependent 
anion channel (VDAC, ~31 kDa) were used as negative and positive controls of mitochondria 
abundance, respectively. (b) Immunoblotting of HCN1, HCN2, HCN3 and HCN4 in supernatant (S) 
and mitochondria (M) of control HEK293 cells. (c) Immunoblotting of HEK293 cells transfected with 
HCN1, HCN2, HCN3 and HCN4 in supernatant (S) and mitochondria (M). Only HCN3 (86 kDa) and 
HCN4 (160 kDa) were observed in HEK293 mitochondria. Immunogold electron microscopy 
localization of HCN3 (arrows) in the inner mitochondrial membrane of mitochondria from (d) rat 
(renal cortex) and (e) human kidney. (f) Negative control was performed in the absence of the primary 
antibody. 

HCN3 immunogold labeling was developed in rat and human renal tissue and examined by 
electron microscopy. HCN3 was localized specifically in the IMM in rat and human (Figure 1d,e). 
Human mitochondria looked smaller than rat mitochondria since they were recovered from formalin-
fixed paraffin-embedded tissues. 

2.3. Functional Characterization of HCN Channels in Mitochondria 

We aimed to study HCN3 functional expression in mitochondria isolated from the renal cortex 
(Figure 2a–c). To identify clearly mitochondria and separate them from cell debris, we incubated the 
isolated mitochondria with the mitochondria-selective fluorescent label MitoTracker Green FM 
(Figure 2a). Patch clamp recordings obtained from isolated mitochondria (whole-mitochondria 
recordings) evidenced the presence of hyperpolarization-activated K+ currents (Figure 2b,c) that were 
inhibited by the HCN-specific inhibitor, ZD7288 (Figure 2b,c). Based on immunoblotting assays 

Figure 1. HCN3 channel expression in mitochondria isolated from renal cortex and HEK293 cells.
(a) Immunoblotting of HCN1, HCN2, HCN3 and HCN4 with polyclonal antibodies detected only
HCN2 (~94 kDa) and HCN3 (~86 kDa) in renal mitochondria. α-tubulin (~50 kDa) and voltage
dependent anion channel (VDAC, ~31 kDa) were used as negative and positive controls of mitochondria
abundance, respectively. (b) Immunoblotting of HCN1, HCN2, HCN3 and HCN4 in supernatant (S) and
mitochondria (M) of control HEK293 cells. (c) Immunoblotting of HEK293 cells transfected with HCN1,
HCN2, HCN3 and HCN4 in supernatant (S) and mitochondria (M). Only HCN3 (86 kDa) and HCN4
(160 kDa) were observed in HEK293 mitochondria. Immunogold electron microscopy localization of
HCN3 (arrows) in the inner mitochondrial membrane of mitochondria from (d) rat (renal cortex) and
(e) human kidney. (f) Negative control was performed in the absence of the primary antibody.

HCN3 immunogold labeling was developed in rat and human renal tissue and examined by
electron microscopy. HCN3 was localized specifically in the IMM in rat and human (Figure 1d,e).
Human mitochondria looked smaller than rat mitochondria since they were recovered from
formalin-fixed paraffin-embedded tissues.

2.3. Functional Characterization of HCN Channels in Mitochondria

We aimed to study HCN3 functional expression in mitochondria isolated from the renal cortex
(Figure 2a–c). To identify clearly mitochondria and separate them from cell debris, we incubated
the isolated mitochondria with the mitochondria-selective fluorescent label MitoTracker Green FM
(Figure 2a). Patch clamp recordings obtained from isolated mitochondria (whole-mitochondria
recordings) evidenced the presence of hyperpolarization-activated K+ currents (Figure 2b,c) that were
inhibited by the HCN-specific inhibitor, ZD7288 (Figure 2b,c). Based on immunoblotting assays
(Figure 1a) and the time constant of activation (τ) at −100 mV of 1120 ± 450 ms (n = 17), the currents
observed in kidney mitochondria were produced mostly by HCN3 channels (Figure 1a) since HCN2
displays a fast activation (τ = 562 ± 198) [15].
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Figure 2. Inwardly potassium (K+) currents recorded in isolated mitochondria from the renal
cortex and HEK293 cells correspond to HCN3. (a) Fluorescence microscopy imaging from isolated
mitochondria obtained from the renal cortex. Mitochondria were incubated for 10 min with 5 µM of the
fluorescent indicator MitoTracker Green FM. Excitation was 490 nm and emission collected at 525 nm.
By fluorescence microscopy it was possible to separate mitochondria from debris during patch clamp
experiments. (b) Whole-mitochondria voltage clamp currents were recorded with 20 mV steps from
−120 mV to +60 mV and a holding potential of 0 mV. Basal shows a representative family of HCN
currents obtained from a single mitochondrion and the same family of currents after 2 min of incubation
with 50 µM of the inhibitor ZD7288. (c) Currents obtained at −120 mV from different independent
mitochondria under basal conditions and after addition of ZD7288. Each filled circle represents a single
measurement and the horizontal line indicates the mean value. (d) HEK293T cells labeled with the
fluorescent indicator MitoTracker Green FM. (e) Isolated mitochondria from HEK293 cells labeled
with MitoTracker Green FM. (f) Family of currents obtained in whole-cell configuration and (g) in
whole-mitochondria, under basal conditions and from cells overexpressing HCN1, HCN2 and HCN3.
(h) Currents recorded at −120 mV from mitochondria isolated from HEK293 control cells (Basal) and
cells overexpressing HCN1, HCN2, HCN3 and HCN3 + ZD7288. Each filled circle represents a single
measurement and the horizontal line indicates the mean value.
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We proceeded next to explore the presence of HCN currents in HEK293 cells comparing whole-cell
currents with currents from isolated mitochondria (whole-mitochondria recordings). Firstly, we labeled
mitochondria with MitoTracker Green FM in intact living HEK293 cells (Figure 2d) and isolated
mitochondria (Figure 2e). As illustrated in the Figure, MitoTracker Green FM labeled selectively
mitochondria in culture cells and also in isolated mitochondria. Transfecting of all HCN1–3 plasmids
resulted in whole-cell currents associated with each channel (Figure 2f). These results indicated that
although each HCN channel subtype is expressed and localized at the plasma membrane of HEK293
cells (therefore identified by whole-cell recordings), only HCN3 produced functional currents in
isolated mitochondria (Figure 2g,h).

2.4. ZD7288 Decreased the Mitochondrial Respiratory Control Index and ∆Ψm

To elucidate the functional role of HCN3 in mitochondria, the effect of ZD7288 was evaluated
on isolated mitochondria from the renal cortex and HEK293 cells transfected with HCN3. It is well
established that activation of NADH quinone oxidoreductase (Complex I) in respiratory state 2 (S2),
increases hyperpolarization of the IMM by the electron transport chain proton pumping. Also, the
addition of ADP or state 3 (S3) stimulates oxygen consumption due to ATP synthesis; this effect is
inhibited by oligomycin (S4o). ZD7288 did not affect S2 and S4o. In contrast, ZD7288 drastically reduced
oxygen consumption in S3 from 1202 ± 166.6 pmol O2 s−1 mg−1 to 330.4 ± 29.72 pmol O2 s−1 mg−1

(Figure 3a). As a consequence, mitochondrial coupling decreased: the respiratory control index
(RCI) changed from 6.71 ± 0.70 to 2.09 ± 0.27 with ZD7288 (Figure 3b). Therefore, ZD7288 reduced
the mitochondrial OXPHOS capacity. Interestingly, ∆Ψm measured with safranin O diminished
progressively from S2 to S3 to S4 with ZD7288. This effect was exacerbated in S3. Furthermore, ∆Ψ in
S4o also diminished with respect to the control group (Figure 3c).

Cationic dyes preferentially accumulate in the mitochondrial matrix because of the higher ∆Ψ
(−120 to −160 mV) with respect to plasma membrane ∆Ψ (−60 to −90 mV) [16]. To further estimate
the contribution of HCN3 to ∆Ψm, JC-1 assays were performed in control and transfected HEK293
cells with HCN3. As expected, ∆Ψm was significantly lower in cells transfected with HCN3 than in
control cells, which is consistent with the reduction in both routine and leak respiration observed in
HEK293 transfected cells. Strikingly, addition of CCCP did not further diminish ∆Ψ of the transfected
cells, confirming the strong uncoupling effect of recombinant HCN3 K+ channel in the mitochondria
(Figure 4a,b).

Each merge image of Figure 4a corresponds to one representative experiment captured during
four to eight independent assays performed for each experimental condition. Therefore, conclusions
were extracted from the statistical analysis of the values plotted in Figure 4b.

It is well known that not all potential energy in mitochondria is transformed into ATP, as some
processes like substrate transport and thermogenesis also depend on ∆Ψm. Therefore, cell respiration
in vitro is regulated by aerobic ATP demand but also by mitochondria processes that are required for cell
growth, such as mitochondrial anabolism, and by processes that reduce mitochondrial coupling such
as proton leak, electron leak and electron slip. So, cells incubated in the corresponding culture medium
maintain this “basal (or routine) respiration”. The oxygen consumption of all mitochondrial processes
that do not produce ATP can be evaluated by the oligomycin induction of the non-phosphorylating
resting state (an uncoupled state) known as “leak respiration”. According to our results, endogenous
HCN3 in kidney mitochondria and in mitochondria from HEK292 cells reduce ∆Ψm. In fact, a stronger
∆Ψm reduction effect was observed by overexpressing HCN3 in HEK293 cells (Figure 4b). Therefore,
we performed an additional experiment in an attempt to explain the origin of this effect. In general,
overexpression of HCN3 lowers “routine respiration” but also reduces “leak respiration” (Figure 5a,b).
Although the value of respiration attributable to oxidative phosphorylation (P) decreased (Figure 5c),
recombinant HCN3 did not change the respiratory control (RCI) (Figure 5d). Together these findings
indicated that although mitochondrial ATP production decreased with channel overexpression, this
was not due to a lower efficiency of mitochondrial function, but rather to a lower activity of all
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mitochondrial processes in the HCN3 group. A possible explanation could be a decrease in the
mitochondrial mass since both groups produced ATP with equal efficiency (RCI did not change). In
summary, the fact that both routine and leak respiration decreased with HCN3 overexpression seems
to indicate fewer mitochondria. This hypothesis should be confirmed in the future.
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Figure 3. Effect of ZD7288 on the mitochondrial respiration rate and mitochondrial membrane potential
(∆Ψm) on isolated mitochondria from renal cortex. (a) Respiratory parameters: state 2 (S2), state 3 (S3)
and state 4 induced by oligomycin (S4o) and (b) respiratory control index (RCI). (c) ∆ψm in S2, S3 and
S4o. Data are mean ± SEM, n = 5. *** p < 0.001, ** p < 0.01 and * p < 0.05.
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Figure 4. Effect of ZD7288 and carbonyl cyanide m-chlorophenylhydrazone (CCCP) on mitochondrial
membrane potential (∆Ψm) in HEK293 cells (control) and HEK293 cells transfected with HCN3.
(a) Visualization by Cytation 5 showing JC-1 red, JC-1 green and merge images of HEK293 cells.
(b) The JC-1 fluorescence was quantified as the ratio of the red fluorescence (590 nm) to green
fluorescence (525 nm) using Cytation 5 and the fluorescence was normalized with HEK293 cells (control)
without inhibitor. ZD7288 (50 µM), CCCP (50 µM). Data are mean ± SEM, n = 4–8. *** p < 0.001,
** p < 0.01 and * p < 0.05 vs. HEK293 cells control. ### p < 0.001 vs. HCN3 without inhibitor.
JC-1 = 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide.
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Figure 5. Respiratory parameters for control and HCN3 overexpressed in HEK293 cells. (a) Cellular
routine respiration; (b) leak of respiration; (c) respiration associated to oxidative phosphorylation
(P); (d) respiratory control index (RCI). Data is presented as mean ± SEM, n = 4–5. Unpaired t-test.
*** p < 0.001, ** p < 0.01 and * p < 0.05 vs. control (CT).

3. Discussion

The kidney is, after the heart, the organ with the highest resting metabolic rates, mitochondrial
content and oxygen consumption. The kidney contains abundant mitochondria to provide the energy
necessary to recover or eliminate nutrients from the filtrated blood (amino acids, glucose, urea,
electrolytes) and maintain the acid-base balance. Furthermore, healthy mitochondria are essential for
the Na+-K+-ATPase activity and to generate the electrochemical gradients across the plasma membrane
of epithelial cells.

The development of quantitative high-throughput assays for identification of candidate proteins
that interact with membrane proteins represents a powerful approach for biomarker discovery. In this
work, targeted proteomics provided a sensitive assay to develop the hypothesis of the presence of the
HCN3 channel in the kidney mitochondria.

The HCN family has been widely studied in the brain and heart, where they play a key role in the
initiation and regulation of the electrical rhythmic activity [17,18]. In the mammalian heart and nervous
system HCN channels contribute to spontaneous beating in pacemaker cells [17]. In nonpacing cells,
inward cationic currents carried by HCN channels facilitate the establishment of the resting membrane
properties by limiting the fluctuation of membrane potentials [18]. Although HCN channels form
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cationic non-selective channels, they display a higher selectivity for K+ over NH4
+ and Na+. Our

assays of ∆Ψm helped to determine that HCN channels are K+ channels in the IMM and that their
topology seems to be a mirror of the HCN channels in the plasma membrane but facing the cytosol
instead of the extracellular side.

Previously we found that HCN channels are differentially distributed along the rat nephron.
In particular HCN3 is observed near luminal membranes and the cytosol in the proximal convoluted
tubule and towards basolateral membranes of the medullary thick ascending limb of Henle [14]. HCN3
has been found in the bladder and the junction of renal pelvis and has been implicated in ureteral
peristaltic activity [19,20].

In this work we demonstrated for the first time and through several approaches that HCN channels,
mostly HCN3, are located in mitochondria of the rat and human kidney by immunogold-labeling.
Remarkably, by transfecting each HCN subtype in HEK293 cells, we observed that only HCN3 and
HCN4 subtypes could be trafficked to mitochondria. In fact, we predicted these finding by proteomic
analysis of HCN3 in HEK293 cells (Table 1).

Mitochondria HCN3 functional expression was confirmed by patch-clamp recordings in rat
kidney and HEK293 mitochondria. The magnitude of HCN inward K+ currents (100–300 pA) that
were recorded by patch-clamp (Figure 2) should correspond to the electrical activity of several fused
mitochondria. This experiment confirmed not only the presence of HCN K+ currents in the kidney
mitochondria but, by HCN1–3 subtype transfection in HEK293T cells, that only HCN3 could be
trafficked to these organelles. In the distal NH2 and COOH termini exist multiple regions specific to
each of the four vertebrate HCN paralogs. These multiple regions of variable length and sequence
confer isoform-specific properties. For example, in the COOH terminus of the HCN1, HCN2 and HCN4
isoforms, there is a block of residues conserved immediately downstream of the cyclic nucleotide
binding domain [21,22]. Even when HCN3 subtype lacks this conserved block of residues, this would
not explain HCN3 targeting to mitochondria since HCN4 is also trafficked to this organelle (Figure 1c).
Further experiments should be performed to identify the targeting signals of HCN3 and HCN4 to
mitochondria that have not been identified for other mammalian mitochondrial K+ channels.

Since patch-clamp recordings of HCN channels in the whole mitochondria does not allow to
distinguish between the outer and the IMM, we evaluated the effect of the HCN channel blocker
ZD7288 on the mitochondrial oxygen consumption and ∆Ψm on isolated renal mitochondria. Oxygen
consumption by the respiratory chain in S2 or when ATP synthesis was inhibited with oligomycin in
S4o was not affected by ZD7288. In contrast, oxygen consumption during ATP synthesis in S3 decreased
to basal conditions with ZD7288. These results suggested that HCN3 K+ channel participates in the
respiratory chain activity, especially during ATP synthesis. The effect of ZD7288 on the respiratory
control index (RCI) confirmed this conclusion. It is important to underline that the control group is
defined as the assay in the absence of ZD7288. States 2 and 4o (induced by oligomycin) must not be
considered as basal respiration; these states are bioenergetic parameters determined according to the
protocol followed in oxygraphic experiments with isolated mitochondria. Briefly, state 2 corresponds
to the respiration due to the added substrates: sodium pyruvate, malate and glutamate in the absence
of exogenous ADP. Later, ADP is added to achieve a stationary state of maximum oxygen flux triggered
by oxidative phosphorylation (OXPHOS) or state 3. Finally, oligomycin is added to inhibit ATP
synthase developing a non-phosphorylating stationary state (state 4o) when oxygen flux is maintained
to compensate proton leak [1,3]. The difference between state 2 and state 4o is that in state 2 an
ATPase residual activity may cause a recycling of ATP to ADP and, therefore, a residual activation of
respiration. In contrast, in state 4o oligomycin inhibition of ATP synthase eliminates this contribution.
Oxygen consumption in S3 is mostly determined by OXPHOS and depends highly on changes in
∆Ψm [1]. Therefore, small changes in ∆Ψm more severely affect the respiration rate in S3 than in S2
or S4o, where OXPHOS is not present. In conclusion, our results support that inhibition by ZD7288
affects OXPHOS more than it does leak states of respiration.
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Regarding ∆Ψm, changes in safranine O fluorescence were more sensitive to inhibition of HCN3
by ZD7288 than oximetry assays: safranine O fluorescence in states 2, 3 and 4o diminished by about
20%, 40% and 50%, respectively, with respect to basal conditions (Figure 3c). These results supported
that HCN3 is an open K+ channel and its blockade by ZD7288 provoked a higher IMM polarization
(i.e., a more negative ∆Ψm). Therefore, HCN3 represents a K+ leak towards the mitochondrial matrix
in resting conditions.

To further confirm the effect of HCN3 channel on the polarization of the IMM, assays were carried
out with culture control HEK293T cells and HEK293T cells transfected with HCN3, using the lipophilic
cationic dye JC-1. JC-1 forms aggregates with intense red fluorescence in healthy mitochondria
with high ∆Ψm (hyperpolarization) and monomers with green fluorescence when ∆Ψm diminishes
(depolarization). The higher the ratio of red to green fluorescence, the higher the polarization of the
IMM [23]. The red to green fluorescence intensity ratio is not dependent on the mitochondrial size,
density and shape. Therefore, JC-1 can be used both as qualitative and quantitative measure of ∆Ψm.
ZD7288 more than doubled JC-1 the fluorescence ratio with respect to control cells, supporting that
endogenous expression of HCN3 enhances mitochondrial K+ fluxes with a mild uncoupling effect.
Moreover, enrichment of mitochondria with HCN3 revealed a stronger uncoupling effect similar to that
obtained with CCCP. In these circumstances, 50 µM ZD7288 reverses partially the uncoupling effect of
overexpression of mitochondrial HCN3 since most probably not all HCN3 channels were blocked.

The fact that recombinant HCN3 did not change the respiratory control (RCI) indicated that,
although mitochondrial ATP production decreased with channel overexpression, this was not due
to a lower efficiency of mitochondrial function. A decrement in the mitochondrial mass might be
implied since mitochondria of both groups were equally efficient producing ATP. Furthermore, these
results help to explain why ∆Ψm is lower with HCN3 overexpression compared to ∆Ψm in control
HEK293 cells.

Only an ATP-sensitive K+ transport has been identified in kidney mitochondria [9]. In contrast
to this ATP-K+ channel (KATP), which is inhibited by ATP, HCN channels are constitutively open
in the mitochondria. Interestingly, voltage-gated mitochondrial K+ channels documented so far
are closed in physiological conditions, for example: the maxi-conductance K+ channel (BKCa)
and voltage-gated Kv1.3 channel. TWIK-related acid-sensitive K+ channel 2 (TASK3) regulates
mitochondrial morphology, membrane potential and aldosterone production in adrenal cortex [24].
All K+ channels have been involved in the regulation of mitochondrial respiration, ∆Ψm and ROS
production within mitochondria. Opening of mitochondrial K+ channels has been associated with
cytoprotection, while closed K+ channels may facilitate cell death [6,7]. The IMM K+ channels identified
so far comprise BKCa [25], intermediate-conductance K+ channel (IKCa) [26], small-conductance K+

channel (SKCa) [27], Kv1.3 [28], KATP channel [29], two-pore TASK-3 [30], Kv1.5 [31], ROMK2 and
Kv7.4 [32].

The proton pumps of the respiratory chain maintain ∆Ψm in the range of −150 to −180 mV in
the IMM. While ∆p (combination of both ∆Ψm and the mitochondrial pH gradient, ∆pHm) provides
the bioenergetic driving force for and regulates ATP production, ∆Ψm provides the charge gradient
required for mitochondrial Ca2+ sequestration and production of reactive oxygen species (ROS) [33].
The opening of K+ channels provokes depolarization (uncoupling effect) while their blocking induces
hyperpolarization in the IMM [34].

The mitochondrial electrochemical equilibrium is continuously maintained by the coupling of K+

channels and K+ efflux mediated by exchangers [35]. Mitochondrial swelling occurs after continuous
K+ entry, caused by osmotic entrance of water through aquaporins and triggers the blockade of
mitochondrial functions, favoring the release of cytochrome c. To avoid osmotic volume changes and
mitochondrial depolarization, the positive K+ influx is counterbalanced by the efflux of protons (H+)
through the activities of the respiratory chain complexes and by the K+/H+ antiporter (i.e., K+ “futile
cycle”) [36].
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4. Materials and Methods

4.1. Reactives, Antibodies and Plasmids

Antimycin A, adenosine diphosphate (ADP), (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(HEPES), fat-free bovine serum albumin (BSA), carbonyl cyanide m-chlorophenylhydrazone (CCCP),
D-sucrose, ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-
tetraacetic acid (EGTA), K-lactobionate acid, mannitol, magnesium chloride (MgCl2) tetrahydrate,
oligomycin, rotenone, safranin O, sodium phosphate dibasic (Na2HPO4), sodium phosphate monobasic
(NaH2PO4), sodium glutamate, sodium malate, sodium pyruvate, taurine, polylysine, mannitol
and anti-α-tubulin (t9026) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s
Modified Eagle Medium (DMEM, 31600-083) Optimem (22600-134) were purchased from Gibco,
Life Technologies. Dynabeads protein G (10003D), MitoTracker Green FM, NuPAGE® LDS buffer
4×, NuPAGE (NP0007) 10% Bis-Tris protein gels, MOPS sodium dodecyl sulfate (SDS) buffer,
5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolylcarbocyanine iodide (JC-1, T3168), anti-green
fluorescent protein (GFP, clone 3E6) HindIII and kpnI were purchased from Invitrogen by Thermo
Fisher Scientific. Fetal Bovine Serum was purchased from Biowest (S1650). Normal mouse IgG
(sc-2025) and polyethyleneimine (PEI, sc360988A) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Bio-safe Coomassie G250 was purchased from Bio-Rad (Hercules, CA, USA).
Polyclonal voltage-dependent anion channel (VDAC, ab34726) was purchased from Abcam (Cambridge,
UK) and Immobilon Western Chemiluminescent horseradish peroxidase (HRP) substrate was
from Millipore (Mexico City, México). Anti-HCN1, anti-HCN2, anti-HCN3 and anti-HCN4 were
purchased from Alomone (Jerusalem, Israel). cOmplete™ Protease Inhibitor Cocktail Roche, Mexico.
ZD7288 was purchased from Tocris (Minneapolis, MN, USA). pcDNA3-mHCN1, pcDNA3-mHCN2,
pcDNA3-hHCN4 and pEGFP·C3 were provided by Luis Vaca. pcDNA3-mHCN3 was provided by
Andreas Ludwig.

4.2. DNA Constructs

pcDNA3-mHCN3 was subcloned into eukaryotic expression vector pEGFP·C3 using HindIII and
KpnI. After subcloning, the sequence was confirmed by restriction assay and DNA sequencing analysis
using an automated DNA sequencing technique.

4.3. Cultures and Transfection of HEK293 Cells

Human embryonic kidney cells (HEK293T cells) were grown in DMEM supplemented with
100 U/mL penicillin, 100 mg/mL streptomycin and 10% fetal bovine serum at 37 ◦C in a humidified
atmosphere with 5% CO2. HEK293T cells were grown in tissue culture and transfected at 80% confluence
using 1 mg/mL PEI and Optimem. Briefly, 1 µg of each plasmid pcDNA3-mHCN1, pcDNA3-mHCN2,
pcDNA3-mHCN3 and pcDNA3-hHCN4 were diluted in low serum medium Optimem and mixed
with the transfection reagent PEI, incubated at room temperature for 20–25 min and added to cultures.
HEK293 cells were washed with cold phosphate buffer saline (PBS). For IP, 5 µg of GFP-HCN3 was
transfected in HEK cells.

4.4. Proteomic Assays

For GFP-HCN3 immunoprecipitation from HEK293T cells lysate, 5 µg of anti-GFP and 50 µL
of Dynabeads protein G were mixed and incubated at 4 ◦C for 2 h. Then, 2 mg/mL of sample was
added to the antibody-beads complex and incubated at 4 ◦C for 2 h. As control we used 2 µg/mL
normal mouse IgG. Sample was extensively washed with radioimmunoprecipitation (RIPA) buffer
with Protease Inhibitor Cocktail. NuPAGE LDS buffer was added and boiled for 7 min to separate the
beads. The supernatant (30 µL) was loaded on NuPAGE 10% Bis-Tris protein gels in MOPS SDS buffer.
Electrophoresis was run at 150 V for 20 min and the gel was stained with Bio-safe Coomassie G250.
Samples from gel were enzymatically digested according to the modified protocol from [37]. Then, 4 µL
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per sample were loaded into Symmetry C18 Trap V/M precolumn (Waters, MA, USA); 180 µm × 20 mm,
100 Å pore size, 5 µm particle size desalted using as a mobile phase A, 0.1% formic acid (FA) in H2O;
and mobile phase B, 0.1% FA in acetonitrile; under the followed isocratic gradient: 99.9% mobile phase
A and 0.1% of mobile phase B at a flow of 5 µL min-1 for 3 min. After, peptides were loaded and
separated on a HSS T3 C18 Column 75 µm × 150 mm (Waters); 100 Å pore size, 1.8 µm particle size;
using an UPLC ACQUITY M-Class (Waters) with the same mobile phases under the following gradient:
0 min 7% B, 30.37 min 40% B, 32.03–35.34 min 85% B, 37–47 min 7% B at a flow of 400 nL min−1 and
45 ◦C. The spectral data were acquired in a mass spectrometer with electrospray ionization (ESI) and ion
mobility separation (IMS) Synapt G2-Si (Waters) using data-independent acquisition (DIA) approach by
HDMSE mode (Waters). The tune page for the ionization source was set with the following parameters:
2.60 kV in the sampler capillary, 30 V in the sampling cone, 30 V in the source offset, 70 ◦C for the source
temperature, 0.6 bar for the nano flow gas and 120 L h−1 for the purge gas flow. Two chromatograms
were acquired (low- and high-energy chromatograms) in positive mode in a range of m/z 50–2000 with
a velocity of 0.5 scans s−1. No collision energy was applied to obtain the low-energy chromatogram,
while for the high-energy chromatograms, the precursor ions were fragmented in the transfer using
a collision energy ramp of 19–55 V. Generated raw files containing MS and MS/MS spectra were
deconvoluted and compared using ProteinLynx Global SERVER (PLGS) v3.0.3 software Waters [38]
against a reversed Homo sapiens database (downloaded from Uniprot, 71,785 protein sequences, last
modification 1 December 2017). Workflow parameters were as follows: trypsin as a cut enzyme and
one missed cleavage allowed; carbamidometh©(C) as a fixed modification and amidation (N-term),
deamidation (N,Q), oxidation (M), Phosphoryl (S,T,Y) as variable modifications. Automatic peptide
and fragment tolerance, two minimum fragment ion matches per peptide, five minimum fragment ion
matches per protein, one minimum peptide match per protein and a false discovery rate (FDR) ≤4%.
All identifications had a percentage of reliability ≥95% (Protein AutoCurate green). Synapt G2-Si was
calibrated with [Glu1]-Fibrinopeptide, [M + 2H]2+ = 785.84261 at ≤ 1 ppm.

4.5. Isolation of Kidney and HEK293 Cell Mitochondria

Male Wistar rats (200–250 g) were anesthetized by intraperitoneal administration of pentobarbital
sodium (50 mg/Kg). Kidney cortex was excised and cooled by immersion in isolation buffer (225 mM
D-mannitol, 75 mM sucrose, 1 mM EDTA, 5 mM HEPES, 0.1% fatty acid-free BSA, pH = 7.4) at 4 ◦C
and then cut in small pieces. The isolation procedure was performed at 4 ◦C. The kidney capsule was
removed; tissues were washed with isolation buffer to remove blood, were cut and homogenized with
three up/down strokes in a glass Potter-Elvehjem homogenizer with a Teflon@ pestle with 2 mL of
isolation buffer. The homogenates were centrifuged at 4000× g for 5 min to precipitate debris and
unbroken tissue. The supernatant was transferred to new tubes and centrifuged at 12,500× g for 15 min
without centrifuge brake. The supernatant was recovered as control and the mitochondrial-enriched
fraction (bottom) was gently resuspended in 1 mL of BSA-free isolation buffer and centrifuged at
10,000× g for 10 min. Finally, the pellet was gently resuspended in 180 µL of BSA-free isolation buffer.
Isolation of HEK293 cells mitochondria for immunoblotting was prepared as previously described [39]
with minor modifications. Briefly, HEK293 were collected in cold PBS and centrifuged at 700× g for
10 min at 4 ◦C. The cell pellet was resuspended and homogenized in a mitochondrial isolation buffer
(MIB; 200 mM sucrose, 10 mM Tris/MOPS pH 7.4, 1 mM EGTA/Tris), using a Teflon pestle attached
to a drill at medium speed for three passes. Homogenized cells were passed through two syringes
(18 gauge 1 1

2 inch and 27 gauge 1
2 inch). To isolate the mitochondria, the homogenate was centrifuged

at 600× g for 10 min at 4 ◦C. The supernatant was transferred to a new tube and centrifuged at 10,000× g
for 10 min at 4 ◦C. The mitochondrial pellet was washed 2× with MIB, centrifuged at 10,000× g for
10 min at 4 ◦C, and resuspended with RIPA buffer. For purification of mitochondria for patch-clamp
assays, the supernatant obtained from either HEK293T cells or renal cortex was mixed with Percoll to
form an 8% (v/v) solution that was stratified with a 15% (v/v) Percoll solution carefully added through
the walls. Tubes were centrifuged at 12,500× g for 10 min without centrifuge brake. The supernatant
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was discarded and the mitochondrial-enriched fraction (bottom) was gently resuspended in 1 mL of
BSA-free isolation buffer and centrifuged at 10,000× g for 10 min. Finally, the pellet was resuspended
in 100 µL of BSA-free isolation buffer. All procedures were performed at 4 ◦C. The protein content was
measured by the Lowry method.

4.6. Immunoblotting

For SDS-PAGE electrophoresis, the samples were mixed with loading buffer and boiled for 5–8
min. Proteins were separated in 10% acrylamide gels and transferred to 0.2 mm PVDF membrane.
Blots were blocked for 1 h at room temperature (RT) in Tris-buffered saline with 0.1% Tween-20 (TBST)
containing 5% blotting-grade dry milk, incubated overnight with primary antibody diluted in blocking
buffer at 4 ◦C and washed 3× for 10 min in TBST. Then were incubated with secondary antibody
horseradish peroxidase-conjugated for 1h at RT and washed 3× for 10 min in TBST. Dilution of primary
antibodies applied to blots from transfected HEK293T cells and isolated mitochondria was 1:1000 for
anti-HCN1–3, and 1:1200 for anti-HCN4. As positive control of mitochondrial purification we used
polyclonal anti-VDAC and as negative control, anti-α-tubulin. Immunoreactivity was detected using
Immobilon Western Chemiluminescent HRP Substrate.

4.7. Immunogold Electron Microscopy

For immunogold labeling, adult Wistar rats were euthanized with intraperitoneal Pentothal, both
kidneys were immediately removed, thin tissue slices were obtained and immersed into Karnovsky
fixer solution (4% paraformaldehyde and 1.5% glutaraldehyde). Animals were treated in accordance to
“Technical specifications for the production, use and care of laboratory animals” (NOM-062-ZOO-1999),
and experiments approved by the School of Medicine UNAM, Committee on Animal Research and
Ethics (86-2008, date of approval 8 September 2008). The kidney cortex was selected and sectioned
in small tissue fragments that were deposited into glass tubes and fixed by immersion in the same
fixer solution during 4 h at 20 ◦C, dehydrated and infiltrated with LR-White hydrosoluble resin.
Ultrathin sections of 60–70 nm were placed on nickel grids and incubated overnight at 4 ◦C with specific
anti-HCN-3 (1:100) rabbit antibodies followed by a 2-h incubation at room temperature with goat
anti-rabbit IgG conjugated to 5-nm gold particles. The grids were contrasted with uranyl acetate and
examined with FEI Tecnai G2 Spirit transmission electron microscope (Hillsboro, OR, USA). The human
sample was from a transplant donor and was recovered from formalin-fixed paraffin-embedded tissues;
later it was fixed for a day in formaldehyde at 10% in PBS buffer. These conditions did not help to
preserve the sample for electron microscopy.

4.8. Patch-Clamp Recordings of Whole-Cell and Whole-Mitochondria

HEK293T cells expressing the different constructs described in Figure 2 were placed on coverslips
coated with polylysine. Cells were studied between 24–48 h post-transfection. Coverslips were
mounted on an open perfusion chamber (TIRF Labs, Cary, NC, USA). The patch clamp amplifier used
for whole-cell recordings was the EPC-10 (HEKA Electroniks, Lambrecht Germany). The patch clamp
pipettes were prepared from Corning 7052 glass and had a resistance of 5–10 MΩ when filled with the
pipette solution (see below). Pipette tip diameter under these conditions was smaller than 1 micron
which was sufficiently small to patch large mitochondrion. An Ag/AgCl electrode was utilized to
attain electrical continuity and was connected to the bath solution via a KCl-agar bridge. Whole-cell
currents were studied in the whole-cell mode with cells expressing the different constructs carrying
HCN channels. The pipette solution was: KCl 150 mM, EGTA 5 mM, HEPES 10 mM, pH 7.2. The bath
solution contained: KCl 150 mM, glucose 30 mM and HEPES 10 mM, pH adjusted to 7.2. Osmolarity
of both solutions was adjusted to 310 mOsm with mannitol. The voltage protocol consisted of 20 mV
steps from −120 mV to +60 mV with a holding potential of 0 mV with a duration of 2 s.

For whole-mitochondria currents, mitochondria were isolated either from HEK293 cells expressing
the different HCN channels indicated in Figure 2, or from the renal cortex. Isolated mitochondria were
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identified using fluorescence microscopy to separate mitochondria from cellular debris. Mitochondria
were incubated for 3 min with 5 µM of the fluorescent indicator MitoTracker Green FM. Mitochondria
were identified under fluorescence microscopy using the emission filter 525/50 nm (peak emission
for MitoTracker Green FM is 516 nm). Excitation was produced using a 490 nm, 205 mW LED from
Thorlabs (excitation peak for MitoTracker Green FM is 490 nm). Whole-cell and whole-mitochondria
currents were imported into Igor pro v. 7 (Wavemetrics, Tigard, OR, USA) for further analysis and
plotting. Final figures were created with Adobe Illustrator (Adobe Systems).

4.9. Mitochondrial Oxygen Consumption

Mitochondrial oxygen consumption rates were evaluated with a high resolution respirometry
(oxygraph O2k, OROBOROS, Innsbruck, Austria) at 37 ◦C. Isolated mitochondria were loaded into the
chamber with 2 mL of MiR05 respiration buffer (0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate,
20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g/L essentially fatty acid free
BSA). The mitochondrial electron transfer system (ETS) was started by addition of complex I (CI)
linked substrates: 5 mM sodium pyruvate, 2 mM malate and 10 mM glutamate. After stabilization, the
corresponding inhibitor (100 µM ZD7288) or vehicle (water) was added and respiration in state 2 (S2)
was determined. Respiration in state 3 (S3) was stimulated by the addition of 2.5 mM ADP, later 2.5 µM
oligomycin was used to induced state 4 (S4o) respiration. All the above parameters were corrected by
residual respiration (ROX), which was obtained by addition of 0.5 µM rotenone (complex I inhibitor)
and 2.5 µM antimycin A (complex III inhibitor). The respiratory control index (RCI) was defined as the
S3/S4o ratio. All values were normalized by total protein content measured by the Lowry method.

Oxygen consumption in HEK293 cells was performed using 2 mL of culture medium. Each
experiment was initiated by addition of the cells. The respiratory parameters were: 1. Routine
respiration defined as oxygen consumption by the cells; 2. Leak of the respiration, corresponding
to oxygen consumption in the presence of 5 µM oligomycin; 3. Respiratory control index (RCI)
corresponding to the ratio basal/leak; 4. Respiration attributable to oxidative phosphorylation (P) was
calculated by the formula: Routine minus Leak. All parameters were corrected by subtracting the
non-mitochondrial respiration, obtained by the addition of 1 µM rotenone, 5 µM antimycin A, and
normalized by the number of cells determined by trypan blue.

4.10. Mitochondrial Membrane Potential (∆Ψm) Monitored by Safranin O and JC-1 Staining

∆Ψm was determined in tandem with the oxygen consumption assays using an O2k-Fluorometer
module (OROBOROS). Briefly, the changes in safranin O fluorescence (3 µM) in MiR05 medium were
used to monitor changes in ∆Ψm. To stimulate complex I linked respiration, 5 mM sodium pyruvate,
2 mM malate and 10 mM glutamate were added. ∆Ψm in S2 was obtained after addition of the
corresponding inhibitor or vehicle (see above); ∆Ψm in S3 was estimated by addition of 2.5 mM ADP
and in S4o 2.5 µM oligomycin was added. Finally, 0.5 µM rotenone and 2.5 µM antimycin A were
used to completely dissipate ∆Ψm and correct by non-specific interactions. Calibration curves of
safranin O were employed to ensure the linearity of the assay and the ∆Ψm sensibility to CCCP was
employed to confirm the veracity of the assay. Results were expressed as the percent of changes in the
measurable concentration of safranin O of the sample with respect to the control change. To measure
∆Ψm potential by JC-1, 7000 cells were cultured into wells of 96-well plate. Cells were transfected
with pcDNA3 (control) or pcDNA3-HCN3 (see above, transfection of HEK cells). After transfection,
cells were incubated with 8 µg/mL JC-1 for 60 min on non-supplemented medium. To remove excess
probe, cells were washed three times with PBS; fresh supplemented medium was placed on cultures.
Depolarized-related (green) fluorescence was measured at 525 nm and polarized-related (red) signal
was read at 590 nm, both emissions were obtained at 488 nm excitation. ZD7288 and CCCP were used
at 50 µM. Data and representative images were obtained with a Cytation 5 Cell Imaging Multi-Mode
reader (BioTek Instruments, Winooski, VT, USA), with GFP and RFP filters. JC-1 fluorescence was
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calculated as the ratio of red fluorescence and green fluorescence and were normalized with HEK cells
(control) without inhibitor.

5. Conclusions

HCN3 constitutes a novel mitochondrial K+ channel in the kidney that is coupled to the respiratory
chain and ATP synthesis. HCN3 produces a mild uncoupling effect in renal mitochondria and therefore
would alter the rate of ROS production and be protective in the kidney. HCN pacemaker channels
in the kidney mitochondria contribute importantly to the bioenergetic field and open a new route
to the understanding of mitochondrial diseases and new therapeutic avenues. Finally, our study
predicts that mitochondria from other organs like heart, brain and liver should also express HCN3 and
HCN4 channels.
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The RPE is the predominant component of the outer 
blood–retina barrier (BRB), and plays an essential role in 
the maintenance of the functional and structural integrity 
of the neural retina required for visual function. The RPE 
is involved in the trans-epithelial transport of nutrients, the 
storage and metabolism of vitamin A derivatives, the renewal 
of photoreceptor outer segments, and the release of trophic 
compounds, cytokines, chemokines, and growth factors 
required for the proper function of the neural retina [1,2].

As a main component of the epithelium that separates 
the inner eye from the bloodstream, the RPE also contrib-
utes to establishing the immune privilege of the eye. Under 
pathological conditions, which alter the BRB, such as rheg-
matogenous retinal detachment, contact with blood-contained 
thrombin may contribute to the induction of the epithelial-
mesenchymal transition (EMT) of RPE cells [3-5], which, 
in turn, results in the death of retinal neurons and the loss 
of vision [6-8]. Within the eye, several pathological insults 
which disrupt the BRB may induce RPE cells to undergo 
EMT, which has been identified in several proliferative 

ocular diseases [9]. Among these ailments, the pathogenesis 
of proliferative vitreoretinopathy (PVR), a major cause of 
failure in retinal surgery aimed to the correction of retinal 
detachment or severe ocular trauma, includes a fibrotic reac-
tion leading to the formation of contractile membranes on 
both retinal surfaces formed mainly by transformed RPE and 
glial cells [9]. This process involves EMT through which RPE 
cells become fibroblastic, proliferate, and acquire the ability 
to migrate [10].

In addition to the well-known role in hemostasis, the 
proinflammatory serine protease thrombin, activated upon 
tissue injury, is involved in the regulation of cell proliferation, 
invasiveness, and tumor growth [11]. Through the activa-
tion of distinct signaling cascades, thrombin may provide 
cytoprotective effects or lead to cell degeneration [12,13]. 
Thrombin is present in the brain during primary cerebral 
hemorrhage, ischemia, or after trauma episodes which disrupt 
the blood–brain barrier [14,15]. Thrombin also seems to be 
involved in neurologic complications in HIV [16], and it is 
accumulated in Alzheimer senile plaques [17]. Despite this 
evidence, information concerning the signaling mechanisms 
mediating thrombin actions in the retina is scarce.

Cell responses to thrombin occur via the protease-
activated receptors 1, 3, and 4 (PARs) [18], coupled to 
members of the G-protein families, particularly Gq, Gi, 
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Purpose: We analyzed the molecular mechanisms leading to glutamate release from rat primary cultures of RPE cells, 
under isosmotic conditions. Thrombin has been shown to stimulate glutamate release from astrocytes and retinal glia; 
however, the effect of thrombin on glutamate release from RPE cells has not been examined. Our previous work showed 
that upon the alteration of the blood–retina barrier, the serine protease thrombin could contribute to the transformation, 
proliferation, and migration of RPE cells. In this condition, elevated extracellular glutamate causes neuronal loss in 
many retinal disorders, including glaucoma, ischemia, diabetic retinopathy, and inherited photoreceptor degeneration.
Methods: Primary cultures of rat RPE cells were preloaded with 1 µCi/ml 3H-glutamate in Krebs Ringer Bicarbonate 
(KRB) buffer for 30 min at 37 °C. Cells were rinsed and super-perfused with 1 ml/min KRB for 15 min. Stable release 
was reached at the 7th minute, and on the 8th minute, fresh KRB containing stimuli was added.
Results: This study showed for the first time that thrombin promotes specific, dose-dependent glutamate release from 
RPE cells, induced by the activation of protease-activated receptor 1 (PAR-1). This effect was found to depend on the 
Ca2+ increase mediated by the phospholipase C-β (PLC-β) and protein kinase C (PKC) pathways, as well as by the reverse 
activity of the Na+/Ca2+ exchanger.
Conclusions: Given the intimate contact of the RPE with the photoreceptor outer segments, diffusion of RPE-released 
glutamate could contribute to the excitotoxic death of retinal neurons, and the development of thrombin-induced eye 
pathologies.
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and G12/13. Through this interaction, thrombin elicits various 
downstream signaling cascades [12,19]. Thrombin effects 
are direct, mediated by the activation of PAR signaling, or 
indirect, triggered by the release of chemokines, growth 
factors, neurotransmitters, and angiogenic factors [20]. In 
RPE cells, thrombin activation of PAR-1 induces the release 
of epidermal growth factor (EGF) [21] and the stimulation 
of monocyte chemoattractant protein 1 (MCP1) and GRO 
chemokine expression and release [22].

Glutamate (Glu) has been shown to regulate the prolifera-
tion, migration, and survival of several cell types within the 
nervous system [23,24], and to play a key role in synaptic 
plasticity and gene expression [25]. However, the excessive 
release of glutamate is an early and critical event in the Ca2+-
mediated death of neurons implicated in neurodegenerative 
processes associated with ischemia, epilepsy, and other 
neuropathological conditions [26,27].

Glutamate is the main excitatory neurotransmitter in 
the radial signaling pathway of the vertebrate retina from 
photoreceptors to ganglion cells, acting at ionotropic and 
metabotropic glutamate receptors (GluRs) [28]. Stimulation 
of GluRs has been shown to induce the release of glutamate 
from the retina [29], and to promote the excitotoxic death of 
retinal neurons [30]. In such a system, any additional factor 
enhancing glutamate efflux from retinal cells will exacerbate 
the excitotoxic damage.

Retinal photoreceptors lie between the inner retina 
and the RPE. Efficient photoreceptor function depends on 
short- and long-term support from the RPE [31]. The apical 
membrane of the RPE is separated from the plasma membrane 
of the photoreceptor outer segments by an extracellular space 
of only 10–20 nm [32]. Thus, glutamate released by RPE cells 
may influence synaptic transmission at the main signaling 
pathway of the retina. Although glutamate release from 
photoreceptors to inner retinal neurons has been extensively 
documented, the role of glutamate in communicating the RPE 
with the neural retina is largely unexplored. Thrombin has 
been shown to stimulate glutamate release from astrocytes 
and retinal glia in response to ATP and osmotic stress [33-35]. 
In turn, glutamate promotes ATP release and RPE cell prolif-
eration acting through N-Methyl-D-aspartic acid (NMDA) 
and metabotropic receptors [31,36,37]. Thus, the autoactiva-
tion of glutamate receptors may contribute to the induction 
of RPE cell transformation and the development of PVR. 
However, the effect of thrombin on glutamate release from 
RPE cells is unexplored. We demonstrated that thrombin-
induced activation of PAR-1 glutamate release from RPE is 
protein kinase C (PKC)-regulated and calcium-dependent.

METHODS

Reagents: All reagents used were cell culture grade. 
Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM, 
Hanks’ balanced salt solution (HBSS), trypsin-EDTA, fetal 
bovine serum (FBS), penicillin, streptomycin, and dispase 
were obtained from Invitrogen (Carlsbad, CA). Bovine serum 
albumin (BSA) was from Equitech-Bio Inc. (Kerrville, 
TX). Thrombin, hirudin, KN-93, and Ro-32–0432 were 
from EMD Millipore (Burlington, MA). Ser-Phe-Leu-Leu-
Arg-Asn-amide trif luoroacetate salt (SFLLRN), amino-
oxyacetic acid (AAOA), L-methionine sulfoximine, EGTA, 
ryanodine, dantrolene, and wortmannin were obtained from 
Merck KGaA (Darmstadt, Germany). L-trans-2, 4-L-trans-
Pyrrolidine-2,4-dicarboxylic acid (PDC), U73122, U0126, 
and KB-R7943 were from Tocris Bioscience (Bristol, UK). 
1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid 
tetrakis(acetoxymethyl ester) (BAPTA AM) was obtained 
from Molecular Probes (Eugene, OR). D-Phenylalanyl-prolyl-
arginyl Chloromethyl Ketone (PPACK) was from Enzo Life 
Sciences (New York, NY).

Cell culture: RPE cells were isolated as previously 
described [36]. Briefly, 8- to 10-day-old Long Evans rats 
(RRID:RGD_2308852) were anesthetized with pentobarbital 
(100 mg/kg) and euthanized following the Animal Care and 
the Guidelines for Animal Care of the ARVO Statement for 
the Use of Animals in Ophthalmic and Vision Research and 
Mexican NOM-062-ZOO-1999. Eyes were enucleated, rinsed 
in DMEM, containing 100 U/ml penicillin and streptomycin, 
and incubated in DMEM containing 1% v/v dispase for 30 
min at 37 °C. The RPE was detached from the neural retina, 
the choroid, and the sclera in calcium- and magnesium-free 
HBSS. The tissue was then incubated in the presence of 0.1% 
trypsin–EDTA, for 5 min at 37 °C. The cells were mechani-
cally dissociated using a Pasteur pipette. Trypsin digestion 
was stopped with the addition of 4% FBS. Cells were sepa-
rated with centrifugation at 195 ×g for 5 min, suspended in 
Opti-MEM containing 4% FBS, and seeded onto six-well 
culture plates at 2 × 105 cells/cm2 density. After 4 days in the 
presence of FBS, the medium was replaced with serum-free 
Opti-MEM for 24 h to synchronize the cells. All experiments 
were performed in confluent, passage 1 cultures 2 weeks 
after seeding.

Immunocytochemistry: RPE cells from the primary cultures 
were seeded on 22 mm glass coverslips and allowed to 
reach confluence for 2 weeks with the medium (Opti-MEM 
containing 4% FBS) changed every 4 days. Cells were fixed 
in 4% paraformaldehyde for 10 min, washed with PBS (137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 
pH 7.4), and permeabilized with 0.1% Triton X-100 for 5 min, 
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and then blocked for 1 h with either PBS-Tween-0.05%, FBS 
10% (for zonula occludens 1 [ZO-1]), PBS-Tween-0.05%, FBS 
10%, 1% BSA (for RPE), and PBS-casein 0.5%-saponin 0.1% 
(for CRALPB). Primary antibody was incubated overnight at 
4 °C in blocking buffer. For ZO-1 (Santa Cruz, Santa Cruz, 
CA, Cat No sc33725), the antibody was diluted 1:50, RPE65 
(Novus Biologicals, Centennial, CO, Cat No NB100355) 
1:250, and CRALPB (Abcam, Cambridge, UK, Cat No 
15051), 1:50. Fluorescein isothiocyanate (FITC)-labeled 
secondary antibodies were incubated in blocking buffer 
1:100 for ZO-1 and cellular retinaldehyde-binding protein 
(CRALBP); 1:500 for RPE65. The cells were washed three 
times with PBS for 5 min. Samples were mounted with Dako 
Fluorescence Mounting Medium (Dako North America, Inc., 
Carpinteria, CA), and visualized using a microscope Eclipse 
TE 2000-U. Images were acquired with a DXM1200F camera 
and 40X objective (0.6 NA) using ACT-1 software (All from 
Nikon, Tokyo, Japan).

Release experiments: Cultures of rat RPE cells were incu-
bated in the presence of the glutamate decarboxylase inhibitor 
amino-oxyacetic acid (1 mM), methionine sulfoximine 
(0.5 mM), and reuptake inhibitor 1-transpyrrolidine-2,-4-di-
carboxylic acid (trans-PDC) 50 μM for 30 min before loading 
with 1 µCi/ml 3H-glutamate in Krebs Ringer Bicarbonate 
(KRB; 118 mM NaCI, 4.7 mM KCI, 2.5 mM CaCl2, 1.2 mM 
KH2PO4, 1.17 mM MgSO4, 25 mM NaHCO3, 5.6 mM glucose, 
pH 7.4) solution for 30 min at 37 °C. Cells were rinsed and 
superfused with KRB, and samples of 1 ml were collected 
every minute for 10–15 min. Once stable release was attained, 
stimulus was applied in fresh KRB. The values in the bar 
graphs represent the percentage of 3H-Glu released on the 
first minute following stimulation, compared to the value in 
an unstimulated control. The results in the line graphs repre-
sent the percentage of 3H-Glu released each minute compared 
to the total 3H-Glu incorporated in the cells. When inhibitors 
were used, they were included 30 min before thrombin or 
SFLLRN stimulation.

Statistical analysis: The paired Student t test was applied for 
statistical analysis, using the Prism V7.0 program (GraphPad 
Prism, RRID:SCR_002798). Results are expressed as the 
mean ± standard error of the mean (SEM) of at least three 
independent experiments.

RESULTS

RPE cell morphology and identity: RPE cells in culture are 
considered a suitable model in which dedifferentiation and 
proliferation of these cells can be studied [38]. Previous 
studies conducted by our group showed some of the biochem-
ical features of cultured RPE cells in response to thrombin 

and the glutamate receptors expressed by these cells [22,36]. 
To confirm the identity of the cultured cells, we tested the 
expression of RPE65. RPE-specific 65 kDa protein (RPE65) 
is a critical enzyme in the vertebrate visual cycle that cata-
lyzes the conversion of all-trans-retinyl esters to 11-cis-retinol 
during phototransduction. RPE65 expression is considered 
a hallmark of RPE cells [39], and as shown in Figure 1A, it 
is widely expressed in these cultures. CRALBP also plays 
an important role in the visual cycle, and it is considered a 
marker for RPE cells [39]. As shown in Figure 1E, CRALBP 
was negative in these cells, suggesting that they were not 
mature RPE cells. However, the RPE cultures showed a 
typical epithelial morphology, with the presence of melano-
somes (Figure 1B,D,E). The tight junction (TJ) protein ZO-1 
is a membrane-associated TJ adaptor protein that plays a key 
role in cell-cell adhesion and epithelial function, particularly 
in BRB function. Figure 1C shows that ZO-1 expression 
is restricted to the cell membrane, and reveals a polygonal 
structure characteristic of differentiated RPE. However, it 
is noticeable that not all cells express ZO-1. These results 
suggested that although these cultures have many features of 
differentiated RPE cells, they are probably not fully mature 
cells, and could resemble RPE cells transitioning into PVR 
cells.

Thrombin induces 3H-glutamate release from RPE cells: Our 
previous work showed that thrombin activation of PAR-1 
signaling promotes RPE cell transformation, prolifera-
tion, and migration, characteristic of fibroproliferative eye 
pathologies [22]. In addition to these effects directly derived 
from PAR signaling, Glu release from RPE may induce RPE 
proliferation by stimulating Glu receptors on the same RPE 
cells [36], which may contribute to excitotoxicity through 
diffusion to the inner retina [29]. To assess this possibility, 
we tested the effect of thrombin (2 U/ml) on the release of 
3H-glutamate from rat RPE cells in primary culture, and 
showed that the inclusion of 2 U/ml thrombin stimulated 
Glu release by about 40% over control, which was increased 
to 60% upon preincubation with the glutamate metabolism 
inhibitor AAOA and the Glu reuptake inhibitor PDC (Figure 
2A). Thrombin-induced Glu release was fast, attained 1 min 
after the addition of thrombin. Glu release was shown to be 
specifically prevented by the thrombin inhibitors hirudin (4 
U/ml) and PPACK (10 μM; Figure 2B).

Thrombin-induced Glu release is dose-dependent, medi-
ated by the activation of PAR-1: The dose–response curve 
for thrombin stimulation of glutamate release from 1 pM 
to 20 nM concentration showed that glutamate release was 
evident from 100 pM, and reached a saturation value at 10 nM 
thrombin (Figure 3A). These results indicated that thrombin 
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concentration in plasma [40] suffices for the induction of 
glutamate release upon RPE exposure to blood due to disrup-
tion of the BRB.

To determine if the thrombin effect is mediated by the 
activation of PAR-1, RPE cells were stimulated with the 
highly specific PAR-1 agonist peptide SFLLRN. Figure 3B 
shows that PAR-1 activation induces the dose-dependent 
release of glutamate, with the maximum effect (100% stimu-
lation over control) attained at 10 μM SFLLRN concentration. 

This result demonstrated that thrombin-induced Glu release 
is mediated by activation of PAR-1.

PAR-1-induced glutamate release requires calcium increase 
from intra- and extracellular stores: Thrombin has been 
shown to increase intracellular calcium through PAR-1 
activation. To investigate if PAR-1-mediated Glu release is 
calcium-dependent, RPE cells were stimulated with 10 μM 
SFLLRN in nominally calcium-free medium. As shown 
in Figure 4A, SFLLRN-induced release was decreased by 

Figure 1. RPE cell morphology and 
identity. RPE cultures without any 
treatment were stained with anti-
bodies against RPE65 (A), zonula 
occludens 1 (ZO-1) (C), and cellular 
retinaldehyde-binding protein 
(CRALBP) (E), as described in the 
experimental procedure section. 
The corresponding bright-field 
images are shown in the right 
column (B, D, F).
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about 40% in this condition. Furthermore, the removal of 
extracellular calcium by the inclusion of 1 mM EGTA inhib-
ited PAR-1 stimulation of Glu release to the same extent as 
calcium-free medium (about 40%). In contrast, preloading 
of the cells with the permeable calcium chelator BAPTA-
AM completely prevented SFLLRN-induced 3H-glutamate 
release; this effect was not modified by the joint inclusion 
of BAPTA-AM plus EGTA. These results indicated that 
thrombin induction of Glu release from RPE cells depends 
primarily on intracellular calcium increase, although extra-
cellular calcium is required to attain the maximum effect. To 
further confirm the requirement of calcium from intracel-
lular stores for glutamate release, RPE cells were treated with 
5 μM ionomycin, known to promote the release of calcium 
from the endoplasmic reticulum (ER) to the cytosol, and 
showed a highly significant increase in thrombin-stimulated 
glutamate release in this condition (Figure 4B).

Additional mechanisms promoting Ca2+ entry into RPE 
cells, such as the reverse activity of the Na+/Ca2+ exchanger 
(NCX) [41] and the L-type calcium channels, have been 
identified [42]. We tested the effect of the NCX inhibitors 
KB-R7943 (75 μM) and SEA0400 (50 μM), and that of the 

L-type channel blocker nifedipine, on thrombin-induced 
Glu release. Figure 4C shows that the inhibition of NCX by 
both tested inhibitors completely prevented the release of 
Glu, whereas nifedipine had no effect on thrombin-induced 
glutamate release Figure 4D, supporting the requirement of 
extracellular Ca2+ entry through NCX activity for a thrombin-
induced effect.

Signaling pathways involved in thrombin-induced glutamate 
release: Thrombin promotion of phospholipase C-β (PLC-β) 
activity and the consequent release of calcium from the ER 
through IP3 receptors, has been reported [43]. To analyze this 
pathway, cells were stimulated with 10 μM SFLLRN in the 
presence of the PLC-β inhibitor U73122 (2.5 μM). Figure 5A 
shows that the inhibition of PLC-β decreases PAR-1-mediated 
Glu release by about 50%, suggesting the participation of 
ER-IP3 calcium channels in SFLLRN-induced Glu release. 
Moreover, the inhibition of ryanodine receptor by 10 µM 
ryanodine or 30 µM dantrolene did not modify thrombin-
induced Glu release (data not shown).

PLC-β activity generates diacyl-glycerol (DAG), a known 
activator of c/n PKC. Figure 5B shows that preincubation of 

Figure 2. Thrombin induces gluta-
mate release from rat RPE cells. 
Primary cultures of rat RPE cells 
were incubated for 30 min with 
1 mM amino-oxyacetic acid and 
0.5 mM methionine sulfoximine 
(AAOA-MSO) before loading with 
3H-glutamate in Krebs ringer bicar-
bonate (KRB; 1 µCi/ml 30 min). 
Cultures were superfused with 
KRB containing 50 μM 1-trans-
pyrrolidine-2,4-dicarboxylic acid 
(trans-PDC) and stimulated with 
2 U/ml thrombin. One milliliter 
samples were collected at 1 min 
intervals. Results are expressed as 
% of total 3H-Glu incorporation 
or as a % of unstimulated control. 
A: Thrombin stimulates glutamate 
release. Thrombin-induced 3H-Glu 
release was increased by the inhibi-
tion of glutamate (Glu) metabolism 
and reuptake. Values are the mean 

± standard error of the mean (SEM) of three independent experiments. The Student t test with respect to negative control was statistically 
significant (*p<0.05; ** p<0.005). B: Specificity of the thrombin effect. Thrombin-induced Glu release was prevented by the inclusion 
of thrombin inhibitors hirudin (4 U/ml) and D-Phenylalanyl-Prolyl-Arginyl Chloromethyl Ketone (PPACK; 10 μM) during superfusion. 
Values are the mean ± SEM of three independent experiments. The Student t test with respect to negative control was statistically significant 
(**p<0.005); the Student t test with respect to thrombin stimulation was statistically significant (@p<0.05; @@p<0.005).
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RPE cells with 20 μM of the c/n PKC-specific inhibitor Ro 
32–0432 inhibits PAR-1 stimulation of glutamate release by 
about 80%. This result further confirmed the participation 
of the PLC-β/DAG/c/n PKC signaling pathway in thrombin-
induced Glu release.

We previously demonstrated that thrombin activates 
G12/13, known to activate phosphoinositide-3 kinase (PI3K) via 
the dissociated G-protein βγ subunit in a Ca2+-independent 
manner [44,45]. In turn, PI3K may lead to the stimulation 
of mitogen-activated protein kinases pathway (MEK/ERK) 
[44,46]. We tested the effect of the PI3K inhibitor wort-
mannin (2.5 μM) and of the MEK inhibitor U0126 (20 μM) 
on PAR-1-stimulated Glu release, and showed that neither the 
inhibition of PI3K nor that of MEK prevented PAR-1-induced 
Glu release. This result indicated that activation of the Gβγ 
signaling pathway is not involved in thrombin-induced gluta-
mate release.

PAR-1-induced glutamate release is not mediated by vesicular 
transport or the reverse activity of GLAST: Control of the 
extracellular glutamate concentration is a crucial mechanism 
in the prevention of excitotoxic cell death. Among the mecha-
nisms involved in this process, Glu released by the reverse 
activity of the reverse activity of the Glutamate Aspartate 
Transporter (GLAST) or through Ca2+-dependent vesicular 
release in a neurotransmitter-like mode could contribute 
to the thrombin effect. To test this possibility, we used the 

vesicular release inhibitor bafilomycin (Figure 6A) and the 
reverse transport inhibitor DL-threo-β-Benzyloxyaspartic 
acid (TBOA; Figure 6B). Neither had an effect on PAR-
1-induced glutamate release.

DISCUSSION

Glutamate is the excitatory transmitter in the main signaling 
pathway of the retina from photoreceptors to ganglion cells. 
Because the elevation of the Glu concentration in pathological 
conditions has been shown to induce the excitotoxic death 
of retinal neurons, the extracellular Glu concentration must 
be tightly regulated [47]. Glutamate has also been shown 
to promote RPE cell proliferation by activating distinct 
signaling pathways linked to selective glutamate receptor 
subtypes [46,48,49]; thus, Glu release induced by thrombin 
may autoactivate Glu receptors on RPE cells, resulting in the 
alteration of RPE physiology, and the consequent death of 
retinal neurons.

The RPE is separated from the photoreceptor outer 
segments by the sub-retinal space. Although the actual 
volume of this space is minimal, the communication that 
occurs across this microenvironment is important to the 
visual process. In pathological conditions that alter the BRB, 
exposure of RPE cells to blood-contained thrombin promotes 
the EMT of RPE cells, including the transformation, increased 
proliferation, and migration to the vitreous which ultimately 

Figure 3. Thrombin-induced 
glutamate release is mediated by 
PAR-1. Primary cultures of rat RPE 
cells were loaded with 1 µCi/ml 
3H-glutamate and superfused with 
Krebs ringer bicarbonate (KRB; 
negative control) as described in 
Methods. Stimulation was carried 
in KRB containing increasing 
concentrations of thrombin (A) or 
of the specific protease-activated 
receptor 1 (PAR-1) agonist peptide 
Ser-Phe-Leu-Leu-Arg-Asn-amide 
trifluoroacetate salt (SFLLRN) (B), 
as described for Figure 2. Values 
are the mean ± standard error of the 
mean (SEM) of three independent 
experiments. The Student t test 
with respect to negative control was 
statistically significant (*p<0.05).
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Figure 4. SFLLRN-induced gluta-
mate release is calcium-dependent. 
Primary cultures of rat RPE cells 
loaded with 1 µCi/ml 3H-glutamate 
in Krebs ringer bicarbonate (KRB) 
for 30 min and stimulated with 10 
μM protease-activated receptor 
1 (PAR-1) AP (Ser-Phe-Leu-Leu-
Arg-Asn-amide trifluoroacetate salt 
[SFLLRN]). A: SFLLRN-induced 
glutamate release is calcium-
dependent. 1,2-Bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic 
acid tetrakis(acetoxymethyl ester) 
(BAPTA AM) and/or EGTA were 
included in Ca2+-free KRB for 15 
min in the presence or absence of 
the Ca2+ chelators BAPTA-AM (10 
μM) and/or EGTA (1 mM) before 
stimulation. Values are the mean ± 
standard error of the mean (SEM) 
of three independent experiments. 
The Student t test with respect 
to negative control was statisti-
cally signif icant (**p<0.005); 
the Student t test with respect to 
SFLLRN w/ Ca2+ was statisti-
cally significant (@@p<0.005); 
the Student t test with respect to 
SFLLRN w/o Ca2+ was statistically 
significant (#p<0.05, ##p<0.005). 
B: Ca2+ release from intracellular 
stores is the main contributor to 
PAR-1 induced glutamate release. 
Cells were stimulated with 5 μM 
ionomycin to further demonstrate 
the requirement for intracellular 
Ca2+. Values are the mean ± SEM 
of three independent experiments. 
The Student t test with respect to 

negative control was statistically significant (*p<0.05). C: Extracellular Ca2+ contributes to PAR-1-induced glutamate release. Cells were 
incubated with the Na+/Ca2+ exchanger (NCX) inhibitor SEA 0400 (50 μM), and of the inhibitor of the exchanger reverse activity KB-R7943 
(75 μM) before stimulation with 10 μM of the PAR-1 agonist peptide SFLLRN. Results showed that PAR-1-induced release was statistically 
significantly decreased by these compounds. Data are the mean of three independent experiments. The Student t test with respect to negative 
control was statistically significant (**p<0.005); the Student t test with respect to SFLLRN was statistically significant (@@p<0.005). D: 
PAR-1-induced glutamate release is independent of L-type calcium channel activation. Thrombin stimulation in the presence of the L-type 
calcium channel blocker nifedipine (5 μM) showed that Glu release is unrelated to L-calcium channel activity. Values are the mean ± SEM 
of three independent experiments. The Student t test with respect to negative control was statistically significant (***p<0.005). The Student 
t test with respect to SFLLRN was not statistically significant.
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contributes to neuronal death and the development of blind-
ness. Despite the close apposition of the photoreceptors and 
RPE cells, the possible release and diffusion of glutamate 
from RPE, and its influence on retinal signaling, have not 
been examined. The present results showed that thrombin 

induces the fast, specific, dose-dependent release of Glu from 
RPE cells, suggesting that under pathological conditions or 
surgical procedures in which the BRB is compromised, the 
elevation of extracellular Glu induced by thrombin activa-
tion of PAR-1 may contribute to the long-term increase in 

RPE cell proliferation, a main feature in the development of 
fibroproliferative eye diseases.

Numerous factors seem to be involved in the prolif-
eration and transformation of RPE cells in PVR [50,51]. 
Although the glutamate concentration in PVR tissue has 
not been determined, an increase in glutamate levels in the 
vitreous cavity of patients is increased by retinal detach-
ment and hypoxia [52], due to a decrease in the expression of 

glutamate transporters in retinal glia [35,53-55]. Additionally, 
glutamate from serum or from damaged retinal cells which 

Figure 5. Signaling pathways 
involved in thrombin-induced 
glutamate release. A: Protease-acti-
vated receptor 1 (PAR-1)-induced 
glutamate (Glu) release requires 
phospholipase C-β (PLC-β) activity. 
Cells were incubated in the pres-
ence of the PLC-β inhibitor U73122 
(2.5 μM) for 30 min. The inhibitor 
was removed before stimulation 
with 10 μM PAR-1 AP. Results 
showed that Ser-Phe-Leu-Leu-Arg-
Asn-amide trif luoroacetate salt 
(SFLLRN) induced Glu release 
which was prevented by the inhibi-
tion of PLC-β. Results are the mean 
of three independent experiments. 
The Student t test with respect to 
negative control was statistically 
significant (*p<0.05). The Student 
t test with respect to SFLLRN was 
statistically significant (@ p<0.05). 
B: Inhibition of c/n protein kinase C 
(PKC) isoforms prevents SFLLRN-
induced Glu release. Cells were 
incubated with the c/n PKC 
inhibitor Ro 32–0432 (20μM) for 
30 min, and removed before stimu-
lation with 10 μM PAR-1 AP. Data 
are the mean ± standard error of the 
mean (SEM) of three independent 
experiments. The Student t test 
with respect to negative control was 
statistically significant (**p<0.005). 
The Student t test with respect to 

SFLLRN was statistically significant (@ p<0.05). C: Thrombin-induced Glu release is independent of phosphoinositide 3-kinase (PI3K) 
and mitogen-activated protein kinase kinase (MEK) activity. The MEK inhibitor U0126 (20 μM) and the PI3K inhibitor wortmannin (1 
μM) were included in KRB for 30 min and removed, before stimulation. Data are the mean ± SEM of three independent experiments. The 
Student t test with respect to negative control was statistically significant (**p<0.005). The Student t test with respect to SFLLRN was not 
statistically significant.
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contain millimolar concentrations may reach the RPE [56]. 
Thus, under pathologic conditions in vivo, elevation of gluta-
mate could contribute to the development of PVR through the 
activation of specific receptors on RPE cells.

Activation of PAR-1 by endogenous agonists, including 
thrombin and plasmin, or by specific agonist peptides 
(TFLLR and SFLLRN) has been shown to elevate intracel-
lular Ca2+ in RPE cells [57,58] and astrocytes [59]. Consistent 
with these data, the present results showed that removal of 
intracellular calcium by BAPTA-AM completely prevents 
PAR-1-induced Glu release, clearly indicating that down-
stream pathways associated with Ca2+ release from internal 
stores are involved. This was further confirmed by the robust 
induction of Glu release by ionomycin (Figure 4B), known to 
deplete ER Ca2+ pools. Because EGTA modestly decreased 
PAR-1-induced Glu release, a contribution of extracellular 
calcium is also required, possibly aimed to the refilling of 
ER intracellular calcium stores. Therefore, it is tempting to 
speculate that the thrombin-triggered rise in [Ca2+]i primes 
cells for glutamate release, as it has been shown for the 
release of ATP [37].

There are several mechanisms that trigger the elevation 
of intracellular Ca2+ levels. One mechanism for Ca2+ release 
from internal stores involves the activation of inositol 1,4, 
5-trisphosphate (IP3)-sensitive Ca2+ channels on the ER 

membrane. PAR-1 coupling to the GPCR Gq11α subunit 
activates PLC-β, which catalyzes the formation of inositol 
1,4,5-trisphosphate (IP3) and DAG, leading to an increase 
in the intracellular Ca2+ concentration and DAG activation 
of c/n PKC isoforms [2]. We examined the contribution of 
this pathway to thrombin/PAR-1-induced Ca2+-dependent 
glutamate release from RPE cells, and demonstrated that 
the pharmacologic inhibition of PLC-β by U73122, or that of 
its downstream target c/n PKC by Ro-32–0432, statistically 
significantly decreased PAR-1-induced Glu release, further 
confirming that the intracellular Ca2+ increase required for 
glutamate release is induced by activation of this pathway. 
Although PAR-1 is coupled to Gβγ subunits, essential for 
glutamate efflux from cultured astrocytes [34], inhibition of 
PI3K by wortmannin and of MEK/Erk by U0126 (Figure 5C) 
had no effect on PAR-1 evoked glutamate release, indicating 
that signaling through Gβγ subunits is not involved in this 
process.

Additionally, we examined the contribution of the 
caffeine/ryanodine-sensitive ER Ca2+ store to thrombin-
induced Ca2+-dependent glutamate release. Unexpectedly, 
the results showed that neither the pharmacological blockage 
of these pathways nor the inhibition of the thapsigargin-
sensitive ER Ca2+ ATPase had an effect on thrombin-induced 
Glu release (data not shown). On this matter, RPE cells and 

Figure 6. Thrombin induces gluta-
mate release in a non-vesicular 
mode. The par t icipat ion of 
vesicular mechanisms (Figure 6A) 
or reverse activity of Glutamate 
Aspartate Transporter (GLAST; 
Figure 6B) in thrombin induction 
of glutamate (Glu) release was 
tested. Results showed that neither 
GLAST inhibition by DL-threo-β-
Benzyloxyaspartic acid (TBOA) 
nor that of vesicular release by 
bafilomycin prevented thrombin 
induction of Glu release. Data are 
the mean ± standard error of the 
mean (SEM) of three independent 
experiments. The Student t test 
with respect to negative control was 
statistically significant (*p<0.05). 
The Student t test with respect to 
Ser-Phe-Leu-Leu-Arg-Asn-amide 
trifluoroacetate salt (SFLLRN) was 
not statistically significant.
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astrocytes express several types of transient receptor poten-
tial (TRP) channels [60,61] which contribute to modulate 
Ca2+-dependent vesicular glutamate release by the promotion 
of store-operated Ca2+ entry (SOCE) [62,63]. However, bafilo-
mycin, a macrolide that specifically targets vacuolar-type H+ 
-ATPase (V-ATPase), therefore inhibiting vesicular release, 
had no effect on thrombin-induced Glu release (Figure 6A).

Interestingly, recent evidence suggested that L-type 
calcium channels present in RPE are linked to intracellular 
signaling pathways by protein kinase-dependent regula-
tion. RPE L-type Ca2+ channels can be activated by protein 
kinase C, protein tyrosine kinases of the Src-subtype [64,65], 
and receptor tyrosine kinases [66]. Although we tested this 
possibility, the lack of effect of nifedipine indicates that these 
channels are not involved in thrombin-induced release of 
glutamate.

The deregulation of the thrombin-PAR system in 
pathological conditions results in the loss of barrier func-
tion [67]. Thrombin is capable of modifying endothelial cell 
permeability [12], and it has been suggested to play a role in 
retinal disease [67,68]. Recent reports on this matter showed 
that the ion transporter NCX operating in the Ca2+-influx 
(reverse) mode promotes endothelial barrier dysfunction in 
response to thrombin, which is prevented by the reverse-
mode NCX inhibitor (KB-R7943) or NCX1 knockdown in 
vitro [69]. Ca2+ entry by this exchanger has been identified 
as a mechanism for inducing amplification of Ca2+ signals 
that occur during conditions of agonist activation. Thus, we 
investigated whether Ca2+ influx through NCX was involved 
in Glu release in response to thrombin, and showed that the 
specific inhibition of this process by KB-R7943 completely 
blocked thrombin-induced glutamate release.

In conclusion, the present study demonstrated that 
contact of RPE cells with thrombin, which may be present in 
pathological conditions, promotes the release of glutamate in 
a dose-dependent-specific manner. This effect is mediated by 
an increase in the intracellular Ca2+ concentration induced by 
the activation of the PLC-β/PKC pathways, and by the reverse 
activity of the Na+/Ca2+ exchanger. Therefore, the deregula-
tion of this system may allow glutamate diffusion to the inner 
retina, thus promoting the excitotoxic death of neurons.
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As current levels of antimicrobial resistance are alarming, the

World Health Organization urged the development of new

antimicrobials to fight infections produced by multidrug

resistant bacteria. Antibiotics impose severe selective pressure

for the development of resistance, and currently bacteria

resistant to all of them exist. In this review, we discuss the

release and development of new antibacterial drugs and their

properties as well as the current advances in the development

of alternative approaches to combat bacterial infections,

including the repurposing of drugs, anti-virulence therapies, the

use of photosensitizers, phage therapy, and immunotherapies,

with an emphasis on what is currently known about the possible

development of bacterial resistance against them.
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Introduction
Current levels of antimicrobial resistance are alarming [1]

and the projections indicate that if no new effective anti-

microbials are introduced, by the year 2050 there will be

more deaths caused by multidrug resistant (MDR) bacteria

(MDR) than by current leading causes of death including

cancer [2]. The most recent World Health Organization’s

(WHO) review about antibiotic resistance announced a

global priority pathogens list, classifying the bacteria

depending on priority in critical, high and medium. The

majority of infections in hospitals are caused by ‘ESKAPE’

pathogens (Enterococcus faecium, Staphylococcus aureus, Kleb-
siella pneumoniae, Acinetobacter baumannii, Pseudomonas aer-
uginosa and Enterobacter spp.) [3,4]. Antibiotics interfere

with essential bacterial processes such as cell wall, protein,

and nucleic acid synthesis, interrupting DNA replication,

disrupting membrane integrity and important metabolic

pathways, either killing or arresting bacterial growth, there-

fore exerting an intense selection pressure for the devel-

opment of resistance. Since the introduction of penicillin in

the early 1940’s, the selection of resistant bacteria is typical

and the percentage of resistant strains against multiple

antibiotics and even to all is increasing. Antibiotic resis-

tance can be achieved by modifications in the antibiotic

targets, expression of alternative ones, expression of efflux

pumps that expel several groups of antibiotics, decrease in

antibiotic permeability or antibiotic inactivation by

enzymes (e.g. b-lactams by b-lactamases [5�]). Other less

well characterized mechanisms are the sequestration of

antibiotics such as in P. aeruginosa biofilms via glucans that

sequester aminoglycosides [6], and the protection of the

antibiotic’s target (protection of the fluoroquinolone target

site by a protein designated Qnr or ribosomal protection

proteins that confer resistance against tetracycline [7–9]).

In general, resistance against antibiotics that had single

protein targets such as b-lactams (penicillin binding

proteins), quinolones (topoisomerases) or rRNA targets,

like macrolides and aminoglycosides, is readily achieved

by mutations. In contrast, antibiotics like polymyxins that
www.sciencedirect.com
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target the non-protein components of the cell membrane

such as LPS, often require the accumulation of multiple

gene mutations that encode the enzymes used for their

biosynthesis, (e.g. lpx lipid A biosynthesis genes) or in

regulators of their modification, like pmrAB that influence

the expression of the lipid A modification genes in

response to pH and cation levels [10], and hence the

appearance of resistance against these kind of antibiotics

arises slowly. In the last decades, polymyxins have been

reused worldwide as a last therapy resource for Gram

negative infections, regardless their complex pharmaco-

kinetic knowledge and potential serious adverse events.

Nevertheless, in 2016 plasmid mediated colistin resis-

tance was reported for the first time, in commensal

Escherichia coli isolated from pigs, the resistance was

mediated by the mcr-1 gene, encoding a phosphoethano-

lamine transferase that adds phosphoethanolamine to

lipid A [11]. Another old antibiotic used in Gram negative

severe infections is fosfomycin that, although it has a

unique mechanism of action at earlier bacterial cell bio-

synthesis, it is not recommended to be used as mono-

therapy because of its faster and higher resistance appear-

ance [12].

Resistance is the ability to proliferate in the presence of

an antimicrobial that previously inhibited growth; how-

ever, bacteria survive antibiotics also through tolerance

and persistence. Tolerance is the ability to survive a

transient exposure to antibiotic, unlike resistance, which

is only observed against bactericidal antibiotics and can

be acquired through a genetic mutation or conferred by

environmental conditions [13]. Tolerance may evolve

more rapidly than resistance and it may extend to other

classes of antibiotics [13]. Persistence is the survival of a

small proportion of antibiotic susceptible cells after the

exposure against high antibiotic concentrations [14]. Pers-

isters have strong clinical implications in several infec-

tious diseases, such as tuberculosis, syphilis and typhoid

fever and unlike resistance, which is genetically acquired

and passed on to subsequent generations, persistence is a

transient phenotype, which could spontaneously switch

to fast growth and generate a population that is suscepti-

ble to the antibiotic with a small proportion of tolerant

antibiotic cells [15�]. Factors like the presence of toxin–

antitoxin (TA) loci promote persistence, since overpro-

duction of toxin arrests bacterial growth [16]. A better

understanding of the mechanisms behind bacterial per-

sistence may lead to the design of drugs to combat chronic

and recurrent infections. This review provides an over-

view of the current state of antimicrobials, then discusses

the development of new antibiotics and finally presents a

series of promising alternatives for the future combat of

bacterial infections.

Current balance of antimicrobial utilization
Around one-half of the antibiotics used today were found

between 1950 and 1960, mainly from soil bacteria. After
www.sciencedirect.com 
this period, several factors such as the saturation of the

screening approaches, the inability to culture most soil

bacterial species, and the lack of interest among the

pharmaceutical companies [17]; had severely decreased

the rate of antibiotic discovery and their introduction into

the clinic. Moreover, new antimicrobials under develop-

ment often fail, among other reasons since their targets

readily mutate, therefore, selecting for resistance rapidly

[18]. Also many active molecules against bacteria are not

selective and damage the host, hence new antibiotics are

frequently reserved as a last resort for MDR infections

[18]. Nevertheless from 2010 at least a dozen of new

antimicrobial agents and combinations have been

approved for the treatment of infectious diseases

(Table 1). However, these molecules are improved ver-

sions of previous antibiotics namely b-lactams, aminogly-

cosides, glycopeptides, tetracyclines, and so on, that

although are less susceptible to current resistance mech-

anisms, are not impervious to them; in fact, for all of them,

except omadacycline, resistant strains have already been

found. Therefore, if the same approaches are repeated,

the introduction of new antibiotics likely will be almost

simultaneous to the appearance of resistance. Hence, the

discovery of novel antibiotics with new structures, action

mechanisms, and targets, as well as the implementation of

alternative strategies less prone to the development of

resistance, is highly advisable (Table 2).

Development of new antibiotics
New promising antimicrobials under development

include oxadiazoles, heterocyclic aromatic compounds

of the azole family, that have anticancer, anti-inflamma-

tory, antiretroviral, analgesic, anticonvulsant, and antibac-

terial activities. Recently, several new compounds were

tested as antimicrobials, being F6 (Figure 1A) the only

one with antibacterial activity, and the basis for the

synthesis of analogs with improved activity. From all

the analogs only F6-5 (Figure 1B) was slightly better

than the original compound and in contrast with cipro-

floxacin did not select resistance after several culture

passes. This molecule is a bacteriostatic agent active only

against Gram positive bacteria [19]. Other novel mole-

cules such as 4(3H)-quinazolinone derivatives are present

in agents with antibacterial application as first generation

cephalosporins such as cefatrizine. Moreover, 2,3-triazole

linked 4(3H)-quinazolinone derivatives (3-chlorophenyl;

4-chlorophenyl; 3-tolluoyl; phenyl; 3-bromophenyl;

4-methoxyphenyl and 4-nitrophenyl) (Figure 1C–I) were

non cytotoxic against Vero cells and showed activity

against S. aureus but not against Gram negatives, probably

due to the presence of the external membrane; however,

resistance development was not tested for these mole-

cules [20]. Since 2014, new compounds from thiazole and

its derivatives have been synthesized. Alkoxyphenylthia-

zoles, analogs of phenylthiazole, showed activity against

Gram positive bacteria. In comparison with vancomycin,

these phenylthiazoles showed good activity and shorter
Current Opinion in Pharmacology 2019, 48:48–56
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Table 1

New antimicrobials that have been approved in the last decade to be used in the clinical field against MDR bacterial infections

Antibiotic Kind Year

approved

Target Clinical uses Year of

resistance

emergence

Ceftaroline (Figure 1S) Fifth-generation

cephalosporin

2010 Penicillin-binding protein (PBPs) b-lactamase

inhibitor

Community-acquired bacterial pneumonia

(CAP) and acute bacterial skin infections

(ABSSSI)

2014 [65]

Ceftolozane/tazobactam

(Figure 1T/1U)

Cephalosporin plus

b-lactamase inhibitor

2014 Penicillin-binding proteins (PBPs)/inhibits the

action of bacterial ß-lactamases

Complicated intra-abdominal infections (CIAIs)

complicated urinary tract infections (cUTI)

2014 [66]

Ceftazidime/avibactam

(Figure 1V/1M)

Third-generation

cephalosporin and the novel,

non-b-lactam b-lactamase

inhibitor avibactam (bicyclic

diazabicyclooctane)

2015 Penicillin binding protein 3 (PBP3)/b-lactamase

inhibitor

Complicated urinary tract infections (cUTIs),

complicated intra-abdominal infections (cIAIs),

hospital-acquired pneumonia (HAP) including

ventilator-associated pneumonia (VAP)

2015 [67]

Meropenem/vaborbactam

(Figure 1W/1X)

Carbapenem and non-

b-lactam, cyclic, boronic

acid-based, b-lactamase

inhibitor

2017 Penicillin-binding-protein (PBP)/b-lactamase

inhibitor

Complicated urinary tract infections 2017 [69]

Tedizolid (Figure 1Y) 2-Oxazolidone 2014 Protein synthesis, inhibits the binding of fMet-

tRNA to 70S ribosomes

Acute bacterial skin and skin structure

infections (ABSSSI)

2015 [70]

Oritavancin (Figure 1Z) Lipoglycopeptides antibiotic 2014 Inhibits cell wall biosynthesis by binding

noncovalently to the D-alanyl-D-alanine terminal

ends of the peptidoglycan chain and

pentaglycine bridge, thereby inhibiting

transglycosylation and transpeptidation

Acute bacterial skin and skin structure

infections (ABSSSI)

2016 [71]

Dalbavancin (Figure 1A1) Second-generation

lipoglycopeptide antibiotic

2014 Inhibition of cell-wall biosynthesis, prevents

incorporation of N-acetylmuramic acid (NAM)-

peptide and N-acetylglucosamine (NAG)-

peptide subunits from being incorporated into

the peptidoglycan matrix

Acute bacterial skin and skin structure

infections (ABSSSI)

2018 [72]

Delafloxacin (Figure 1B1) Fluoroquinolone 2017 Bacterial DNA topoisomerase IV and DNA

gyrase (topoisomerase II)

Acute bacterial skin and skin structure

infections (ABSSSI)

2012 [73]

Omadacycline (Figure 1C1) Tetracycline 2018 30S ribosomal subunit Community acquired bacterial pneumonia

(CABP) and acute skin and skin structure

infections (ABSSSI)

Not yet [8]

Eravacycline (Figure 1D1) Tetracycline 2018 30S ribosomal subunit Complicated intra-abdominal infections (cIAIs)

in adults

2018 [74]

Plazomicin (Figure 1E1) Next-generation

aminoglycoside

2018 30S ribosomal subunit Complicated urinary tract infections 2013 [75]

C
u
rre

n
t

 O
p
in
io
n

 in
 P
h
a
rm

a
c
o
lo
g
y

 2
0
1
9
,

 4
8
:4
8
–
5
6

 
w
w
w
.s
c
ie
n
c
e
d
ire

c
t.c

o
m



Race between drugs and bugs López-Jácome et al. 51

Table 2

Alternative approaches to the use of antibiotics

Approach Function Target Susceptible bacteria

Gallium nitrate (Figure 1F1) Disrupts iron acquisition and iron-

dependent processes

Iron transport by siderophores,

iron containing enzymes

P. aeruginosa, A. baumannii

QS inhibition Disruption of bacterial cel–cell

communication and virulence

QS receptors, signal disruption,

inhibition of signal synthesis

Gram negative including P. aeruginosa,

Vibrio spp., A. baumannii Gram positive

including S. aureus

Inhibition of T3SS Disrupts T3SS blocking the

secretion of toxins

T3SS Gram negative bacteria including E. coli and

P. aeruginosa

5-Fluorouracil (Figure 1G1) Quorum sensing/biofilm inhibitor QS systems, inhibition of uridine

synthesis

Gram negative such as E. coli and P.

aeruginosa Gram positive such as S.

mutants

Mitomycin C (Figure 1H1) Crosslinks DNA promoting damage DNA A. baumannii and E. coli, P. aeruginosa, S.

aureus (regular and persister cells)

Cisplatin (Figure 1 I1) Crosslinks DNA promoting damage DNA E. coli, P. aeruginosa, S. aureus (regular and

persister cells)

Photosensitizers Promoting DNA damage DNA Gram negative bacteria E. coli and Gram

positive S. aureus

Far-UVC light Promoting DNA damage DNA S. aureus

Adjuvants Restore antibiotic efficacy b-Lactamases, efflux pumps,

membrane permiability

Gram negative bacteria such as A.

baumannii, P. aeruginosa and

Enterobacteria

Antibodies Bind and neutralize bacterial toxins

or cells. Promote destruction of

bacterial cells

Toxins, surface proteins, LPS,

components of cell wall

Gram negative such as E. coli and P.

aeruginosa Gram positive such as S.

aureus, S. mutants, C. difficile

Cytokines and other

immunomodulatory

agents

Adjunctive immunostimulation

during sepsis

Host immune cells Gram negative such as Pseudomonas spp.,

Enterobacteriacae spp., Gram positive

such as S. aureus

Vaccination Elicit an immune response against

an antigen

Host immune cells M. tuberculosis, S. typhi, S. aureus, C.

difficile, E. coli, P. aeruginosa, and so on

Phage therapy Elicit cell lysis Bacterial enzymes and cofactors

to replicate phages

Gram negative such as P. aeruginosa, Gram

positive such as C. difficile
killing times, and also good antimicrobial activity against

antibiotic resistant Gram positive cocci [21]. In 2015,

teixobactin, a novel depsipeptide antibiotic that inhibits

cell wall synthesis in Gram positive bacteria by binding to

conserved motifs of lipid II and lipid III was discovered

using a novel culture technique that allowed growth of

soil bacteria in situ [22]. Interestingly, no resistance to S.
aureus was found upon 27 daily serial passes in the

presence of teixobactin (Figure 1L) [22], suggesting that

the presence of multiple simultaneous mutations are

needed to achieve resistance, and that if eventually this

experimental drug reaches the clinic, resistance against it

will be slowly developed. Although several new antibio-

tics have been developed against Gram positives, MDR

Gram negative bacteria represent a higher risk because of

lack of treatment possibilities. A. baumannii, P. aeruginosa
and Enterobacteriacea resistant to carbapenems

have several resistance mechanisms limiting the use of

new antibiotics or antibiotics/adjuvants mixtures such

as ceftazidime/avibactam which is active against KPC

(K. pneumoniae carbapenemase), OXA-48 (oxacillin) and

AMPc ß-lactamases producing bacteria, but not against

metallo b-lactamases or other OXA like enzymes [23].

Moreover, ceftolozane/tazobactam is active against ESBL

(Extended Spectrum ß-Lactamases) but not against car-

bapenemases, including metallo b-lactamases [24].
www.sciencedirect.com 
Nevertheless a new molecule, cefiderocol (Figure 1K), a

combination of a cephalosporin and a catechol group pres-

ent in siderophores, that allows its internalization, is effec-

tive against bacteria expressing metallo b-lactamases,

KPC’s and OXA members [25��], including non-fermenter

bacteria such as P. aeruginosa, A. baumannii and Stenotro-
phomonas maltophilia [26].

Alternative approaches to the use of
antibiotics
An alternative to antibiotics is the use of metals with

antimicrobial properties such as silver and copper that are

actually used in the clinic [27]. One metal with promising

antibacterial activity is gallium, which is a non-redox iron

(III) mimetic able to inhibit growth of the majority of

MDR isolates of P. aeruginosa [28] and A. baumannii [29].

Gallium replaces iron in enzymes such as respiratory

complexes, anti-oxidant enzymes (catalase), ribonucleo-

tide reductase, and so on, inactivating them. It also

disrupts iron transport via the siderophore pyoverdine

in P. aeruginosa and promotes the generation of oxygen

reactive species [28,30,31]. Since it has multiple targets, it

was postulated that resistance would be not likely to arise.

Indeed, studies in the P. aeruginosa reference strains PA14

and PAO1 indicate that either no selection of resistance

[32] or only mild selection against it, is achieved by
Current Opinion in Pharmacology 2019, 48:48–56



52 Anti-infectives

Figure 1

Current Opinion in Pharmacology

A: Oxadiazol-derived F6 and B: F6-5. C: 3-chlorophenyl. D: 4-chlorophenyl. E: 3-tolluoyl. F: phenyl. G: 3-bromophenyl. H: 4-methoxyphenyl. I: 4-

nitrophenyl. J: alkoxyphenylthiazol. K: cefiderocol. L: teixobactin. M: avibactam. N: relebactam. O: zidebactam. P: BRL 4271O. Q: LN-1-255. R:

OP0595. S: ceftaroline. T: ceftolozane. U: tazobactam. V: ceftazidime. W: meropenem. X: vaborbactam. Y: tedizolid. Z: oritavancin. A1:

dalbavancin. B1: delafloxacin. C1: omadacycline. D1: oravacycline. E1: plazomicin. F1: gallium nitrate. G1: 5-fluorouracil. H1: mitomycin C. I1:

cisplatin.

Current Opinion in Pharmacology 2019, 48:48–56 www.sciencedirect.com
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decreasing its uptake via the iron transporter HitAB or by

increasing the production of the redox active phenazine

pyocyanin [30,33,34]. In addition, gallium is effective in

treating murine lung infections and improved the respi-

ratory function of patients with cystic fibrosis infected

with P. aeruginosa [30]. Moreover, one recent report

demonstrated that gallium maltolate is active not only

against P. aeruginosa and A. baumannii but also against

some strains of K. pneumoniae [35].

A different approach for the treatment of infections is based

on the inhibition of virulence, arguing that this would not

exert a strong selective pressure for the development of

resistance (expression of virulence factors in the presence of

the virulence inhibitors [36]). To date, anti-virulence thera-

pies have been focused in the inhibition of quorum sensing

(QS) [37]; however, experimental evidence shows that

selection of resistance against anti-virulence therapies is

possible [38,39]. Recent preclinical studies show that it is

possible to attenuate bacterial infections with quorum

quenching (QQ) enzymes. In the mouse model of pulmo-

nary infection with P. aeruginosa, administration of the

acylase PvdQ decreased inflammation and bacterial load,

and prolonged mice survival [40�]. Also, flavones reduce

bacterial load and damage in a murine model of dermone-

crosis with methicillin-resistance S. aureus [41]. Neverthe-

less, it has not been possible to demonstrate that QQ

therapies have the capacity to eliminate the damage and

clear infections and recent studies indicate that QS inhibi-

tion is not sufficient to completely block bacterial virulence

in P. aeruginosa since this does not block the expression of

important virulence factors such as the type three secretion

system (T3SS) [42�]. The T3SS is used by many Gram

negative pathogenic bacteria including enterohemorrhagic

E. coli, Shigella flexneri, Salmonella enterica and P. aeruginosa, to

inject effector proteins into the cytoplasm of host cells [43].

The importance of the T3SS has been demonstrated in

animal models [44]. It has alsobeenshown that cystic fibrosis

patients infected with P. aeruginosa strains carrying a T3SS

were more prompt to develop severe acute infections [45]. In

contrast to conventional antibiotics, inhibiting the T3SS

would not affect the resident microbiota, avoiding opportu-

nistic infections. Moreover, even though resistance to T3SS

inhibition could arise, this would likely not be a resistance

mechanism that would be horizontally transferred to

non-pathogenic bacteria. Therapeutic strategies against

the T3SS include antibodies, small molecules, natural com-

pounds and peptides that inhibit its function [46].

Potential sources of antimicrobial and anti-virulence

molecules ready to be used are drugs currently in use

in the clinical setting for other purposes, since their

implementation will be much faster compared to anti-

microbials developed de novo, examples are 5-fluorouracil,

gallium nitrate, and anticancer drugs such as cisplatin and

mitomycin C that are able to kill MDR bacteria and

persister cells [47,48]. Nevertheless, more studies aiming
www.sciencedirect.com 
to evaluate the development of bacterial resistance

against these molecules are necessary.

Another promising strategy to combat MDR bacteria is

the administration of photosensitizers, which generate

reactive oxygen species upon illumination killing bacteria

without promoting the selection of resistance [49], or the

utilization far-UVC light, which kills MDR bacteria,

without damaging cells in tissues [50]. Nevertheless,

the potential for the development of resistance against

these treatments is still unexplored.

Recently phage therapy has regained attention to be used as

an alternative or complement to antibiotics. The potential

effectiveness of phage therapy could be of great use espe-

cially in patients with chronic MDR infections. Successful

phage therapy in humans was demonstrated in two recent

case reports, one concerning a patient with P. aeruginosa
septicaemia [51] and the other a patient with P. aeruginosa
aorticgraft infection[52],aiming a favorableoutcome.Some

issues such as bacteriophage choice, isolation, preparation,

purification, storage,and pharmacology mustbeconsidered,

as well as regulations for their production.

A way to circumvent bacterial resistance is the use of

adjuvants (that administered simultaneously with anti-

biotics), rescue the antimicrobial action via the disruption

of bacterial resistance pathways. To date three main types

of adjuvants exist: b-lactamase inhibitors, efflux pumps

and external membrane permeabilizers. The b-lactamase

inhibitors are widely used, among them clavulanic acid,

sulbactam and tazobactam are in clinical use and act as

covalent inhibitors, although they are not effective

against class C and D b-lactamases. Compounds such

as avibactam (Figure 1M) a diazabicyclooctane (DBO)

have high inhibitory activity in the majority of b-lacta-
mases of class A and C, as mentioned above. Other DBO

compounds in clinical trials are relebactam (Figure 1N),

zidebactam (Figure 1O), BRL 42715 (Figure 1P, LN-1-

255 (Figure 1Q) and OP0595 (Figure 1R); however, to

date there are no inhibitors for class B b-lactamases [5�].

Although several efflux pump inhibitors such as piper-

idines, quinolines, pyridopyrimidines and arylpipera-

zines, have been discovered they are still not in use in

the clinic [5�,53]. Alternatively, the external membrane

permeabilizers could be useful for the treatment of Gram

negative bacteria by facilitating the entry of antibiotics

as they destabilize the outer layer of the membrane

interacting with polyanionic lipopolysaccharides or trap-

ping cations of the outer layer, among them some cat-

ionic peptides and polyamines, had shown promising

results [5�].

Other clever strategies recently developed to combat

bacterial infections include cytotoxic pore-forming toxins

secreted by Gram positive bacteria sequestered by
Current Opinion in Pharmacology 2019, 48:48–56
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artificial liposomes [54]. The use of an extracorporeal

device that cleanses circulating blood using magnetic

nanobeads coated with an engineered human mannose

binding lectin that reduce the load of circulating bacterial

cells and toxins [55], and immunotherapies with antibo-

dies, cytokines or vaccines [56,57,58�]. Antibodies bind

and neutralize bacterial toxins or cells promoting their

phagocytosis and destruction by macrophages and neu-

trophils; additionally, opsonization promotes bacterial

lysis via complement [57]. Currently, 78 therapeutic anti-

bodies are FDA-approved and hundreds more are in

clinical trials [IMGTDB]. Although only 2 targeting bac-

terial epitopes are in the market (bezlotoxumab and

raxibacumab), about 20 more are currently in clinical

trials [IMGTDB]. Antibodies targeting MDR bacteria

could be used therapeutically or for prophylaxis, if the

epitope is highly conserved or is involved in pathogenesis,

the probability of resistance is low [57]. Although one of

the concerns is their narrow spectrum [58�], specificity is

one of their strengths [59]. Moreover, antibodies that

target host antigens can correct exacerbated inflammation

or reverse immunosuppression [56].

The use of cytokines as immunostimulators has been

proved useful during sepsis (IFNg, IL-7, GM-CSF, thy-

mosin-a1, IL-15, FLT3L) and tuberculosis (IFNg, TNF,

IL-1) [56,60], and some are in clinical trials [56]. How-

ever, in-depth knowledge of host–pathogen interactions

is necessary to design effective immunotherapies as over-

doses of cytokines may lead to hyper inflammation and

death of immune cells [56].

Vaccination has the potential to prevent infections by

MDR bacteria [58�]. Among the recent technologies in

vaccine development are reverse vaccinology, new adju-

vants, structural vaccinology, glycoconjugate vaccines, live

vaccines, and engineered outer membrane vesicles [58�].

An additional important aspect to consider related to

immunotherapies is that MDR acquisition is closely

related to modifications in bacterial structures that mod-

ulate the host immune system [61–64], so the host–

pathogen interactions might not be equivalent in suscep-

tible versus resistant bacterial strains. Hence, to develop

effective immunotherapies to control and eradicate this

health problem, it will be critical to use MDR clinical

isolates to assure its efficacy in vivo.

Concluding remarks
Although the current situation regarding MDR resistance

is alarming, there are several approaches to fight drug-

resistant bacteria. The interest in the development of

new antimicrobials, open several research avenues and

bring hope for the development of effective and robust

therapies against bacterial infections that eventually

could give us an advantage in the race between

antimicrobial
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14. Rocco A, Kierzek AM, McFadden J: Slow protein fluctuations
explain the emergence of growth phenotypes and persistence
in clonal bacterial populations. PLoS One 2013, 8:e54272.

15.
�

Van den Bergh B, Fauvart M, Michiels J: Formation, physiology,
ecology, evolution and clinical importance of bacterial
persisters. FEMS Microbiol Rev 2017, 41:219-251.

In this review article several aspect of bacterial persistence, from the
molecular mechanisms leading to it, to their physiology and ecology are
discussed, in addition the role of persisters in chronic infections is also
analyzed.

16. Ramisetty BC, Santhosh RS: Horizontal gene transfer of
chromosomal type II toxin-antitoxin systems of Escherichia
coli. FEMS Microbiol Lett 2016, 363.

17. Davies J: Where have all the antibiotics gone? Can J Infect Dis
Med Microbiol 2006, 17:287-290.

18. Fernandes P: Antibacterial discovery and development—the
failure of success? Nat Biotechnol 2006, 24:1497-1503.

19. Opoku-Temeng C, Naclerio GA, Mohammad H, Dayal N,
Abutaleb NS, Seleem MN, Sintim HO: N-(1,3,4-oxadiazol-2-yl)
benzamide analogs, bacteriostatic agents against methicillin-
and vancomycin-resistant bacteria. Eur J Med Chem 2018,
155:797-805.

20. Gatadi S, Gour J, Shukla M, Kaul G, Das S, Dasgupta A,
Malasala S, Borra RS, Madhavi YV, Chopra S et al.: Synthesis of
1,2,3-triazole linked 4(3H)-quinazolinones as potent
antibacterial agents against multidrug-resistant
Staphylococcus aureus. Eur J Med Chem 2018, 157:1056-1067.

21. ElAwamy M, Mohammad H, Hussien A, Abutaleb NS, Hagras M,
Serya RAT, Taher AT, Abouzid KA, Seleem MN, Mayhoub AS:
Alkoxyphenylthiazoles with broad-spectrum activity against
multidrug-resistant gram-positive bacterial pathogens. Eur J
Med Chem 2018, 152:318-328.

22. Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I,
Conlon BP, Mueller A, Schaberle TF, Hughes DE, Epstein S et al.: A
new antibiotic kills pathogens without detectable resistance.
Nature 2015, 517:455-459.

23. Tuon FF, Rocha JL, Formigoni-Pinto MR: Pharmacological
aspects and spectrum of action of ceftazidime-avibactam: a
systematic review. Infection 2018, 46:165-181.

24. Cluck D, Lewis P, Stayer B, Spivey J, Moorman J: Ceftolozane-
tazobactam: a new-generation cephalosporin. Am J Health
Syst Pharm 2015, 72:2135-2146.

25.
��

Aoki T, Yoshizawa H, Yamawaki K, Yokoo K, Sato J, Hisakawa S,
Hasegawa Y, Kusano H, Sano M, Sugimoto H et al.: Cefiderocol
(S-649266), a new siderophore cephalosporin exhibiting
potent activities against Pseudomonas aeruginosa and other
gram-negative pathogens including multi-drug resistant
bacteria: structure activity relationship. Eur J Med Chem 2018,
155:847-868.

In this paper, the authors present a novel antibacterial agent, a combina-
tion of a b-lactam and a siderophore, that is able to inhibit growth of
MDR Pseudomonas aeruginosa, expressing several b-lactamase
classes.

26. Hsueh SC, Lee YJ, Huang YT, Liao CH, Tsuji M, Hsueh PR: In vitro
activities of cefiderocol, ceftolozane/tazobactam,
ceftazidime/avibactam and other comparative drugs against
imipenem-resistant Pseudomonas aeruginosa and
Acinetobacter baumannii, and Stenotrophomonas
maltophilia, all associated with bloodstream infections in
Taiwan. J Antimicrob Chemother 2019, 74:380-386.

27. Lemire JA, Harrison JJ, Turner RJ: Antimicrobial activity of
metals: mechanisms, molecular targets and applications. Nat
Rev Microbiol 2013, 11:371-384.

28. Kaneko Y, Thoendel M, Olakanmi O, Britigan BE, Singh PK: The
transition metal gallium disrupts Pseudomonas aeruginosa
iron metabolism and has antimicrobial and antibiofilm activity.
J Clin Invest 2007, 117:877-888.

29. Antunes LC, Imperi F, Minandri F, Visca P: In vitro and in vivo
antimicrobial activities of gallium nitrate against multidrug-
resistant Acinetobacter baumannii. Antimicrob Agents
Chemother 2012, 56:5961-5970.
www.sciencedirect.com 
30. Goss CH, Kaneko Y, Khuu L, Anderson GD, Ravishankar S,
Aitken ML, Lechtzin N, Zhou G, Czyz DM, McLean K et al.: Gallium
disrupts bacterial iron metabolism and has therapeutic effects
in mice and humans with lung infections. Sci Transl Med 2018,
10.

31. Beriault R, Hamel R, Chenier D, Mailloux RJ, Joly H, Appanna VD:
The overexpression of NADPH-producing enzymes counters
the oxidative stress evoked by gallium, an iron mimetic.
Biometals 2007, 20:165-176.

32. Ross-Gillespie A, Weigert M, Brown SP, Kummerli R: Gallium-
mediated siderophore quenching as an evolutionarily robust
antibacterial treatment. Evol Med Public Health 2014, 2014:18-
29.

33. Garcia-Contreras R, Lira-Silva E, Jasso-Chavez R, Hernandez-
Gonzalez IL, Maeda T, Hashimoto T, Boogerd FC, Sheng L,
Wood TK, Moreno-Sanchez R: Isolation and characterization of
gallium resistant Pseudomonas aeruginosa mutants. Int J Med
Microbiol 2013, 303:574-582.

34. Rezzoagli C, Wilson D, Weigert M, Wyder S, Kummerli R: Probing
the evolutionary robustness of two repurposed drugs
targeting iron uptake in Pseudomonas aeruginosa. Evol Med
Public Health 2018, 2018:246-259.

35. Hijazi S, Visaggio D, Pirolo M, Frangipani E, Bernstein L, Visca P:
Antimicrobial activity of gallium compounds on ESKAPE
pathogens. Front Cell Infect Microbiol 2018, 8:316.

36. Allen RC, Popat R, Diggle SP, Brown SP: Targeting virulence:
can we make evolution-proof drugs? Nat Rev Microbiol 2014,
12:300-308.

37. Castillo-Juarez I, Maeda T, Mandujano-Tinoco EA, Tomas M,
Perez-Eretza B, Garcia-Contreras SJ, Wood TK, Garcia-
Contreras R: Role of quorum sensing in bacterial infections.
World J Clin Cases 2015, 3:575-598.

38. Maeda T, Garcia-Contreras R, Pu M, Sheng L, Garcia LR,
Tomas M, Wood TK: Quorum quenching quandary: resistance
to antivirulence compounds. ISME J 2012, 6:493-501.

39. Garcia-Contreras R, Nunez-Lopez L, Jasso-Chavez R, Kwan BW,
Belmont JA, Rangel-Vega A, Maeda T, Wood TK: Quorum
sensing enhancement of the stress response promotes
resistance to quorum quenching and prevents social cheating.
ISME J 2015, 9:115-125.

40.
�

Utari PD, Setroikromo R, Melgert BN, Quax WJ: PvdQ quorum
quenching acylase attenuates Pseudomonas aeruginosa
virulence in a mouse model of pulmonary infection. Front Cell
Infect Microbiol 2018, 8:119.

In vivo demonstration of the effectivity of quorum quenching via enzy-
matic degradation of the autoinducers to alleviate pulmonary infections.

41. Muhs A, Lyles JT, Parlet CP, Nelson K, Kavanaugh JS, Horswill AR,
Quave CL: Virulence inhibitors from Brazilian peppertree block
quorum sensing and abate dermonecrosis in skin infection
models. Sci Rep 2017, 7:42275.

42.
�

Soto-Aceves MP, Cocotl-Yanez M, Merino E, Castillo-Juarez I,
Cortes-Lopez H, Gonzalez-Pedrajo B, Diaz-Guerrero M, Servin-
Gonzalez L, Soberon-Chavez G: Inactivation of the quorum-
sensing transcriptional regulators LasR or RhlR does not
suppress the expression of virulence factors and the virulence
of Pseudomonas aeruginosa PAO1. Microbiology 2019,
165:425-432.

First experimental demonstration that either inhibiting one of the two main
quorum sensing systems of Pseudomonas aeruginosa is not enough to
attenuate its virulence and that even the suppression of both is not
enough likely because the expression of type III system remains
unchanged, suggesting that effective anti-virulence therapies against
these bacteria should be multi-target.

43. Coburn B, Sekirov I, Finlay BB: Type III secretion systems and
disease. Clin Microbiol Rev 2007, 20:535-549.

44. Coombes BK, Coburn BA, Potter AA, Gomis S, Mirakhur K, Li Y,
Finlay BB: Analysis of the contribution of Salmonella
pathogenicity islands 1 and 2 to enteric disease progression
using a novel bovine ileal loop model and a murine model of
infectious enterocolitis. Infect Immun 2005, 73:7161-7169.
Current Opinion in Pharmacology 2019, 48:48–56

http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0070
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0075
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0080
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0085
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0090
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0095
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0100
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0105
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0110
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0115
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0120
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0125
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0130
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0135
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0140
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0145
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0150
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0155
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0160
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0165
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0170
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0170
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0170
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0170
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0175
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0175
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0175
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0180
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0180
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0180
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0185
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0185
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0185
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0185
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0190
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0190
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0190
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0195
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0195
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0195
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0195
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0195
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0200
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0200
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0200
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0200
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0205
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0205
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0205
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0205
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0210
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0215
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0215
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0220
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0220
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0220
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0220
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0220


56 Anti-infectives
45. Roy-Burman A, Savel RH, Racine S, Swanson BL, Revadigar NS,
Fujimoto J, Sawa T, Frank DW, Wiener-Kronish JP: Type III
protein secretion is associated with death in lower respiratory
and systemic Pseudomonas aeruginosa infections. J Infect Dis
2001, 183:1767-1774.

46. Fasciano AC, Shaban L, Mecsas J: Promises and challenges of
the type three secretion system injectisome as an
antivirulence target. EcoSal Plus 2019, 8.

47. Rangel-Vega A, Bernstein LR, Mandujano-Tinoco EA, Garcia-
Contreras SJ, Garcia-Contreras R: Drug repurposing as an
alternative for the treatment of recalcitrant bacterial
infections. Front Microbiol 2015, 6:282.

48. Soo VW, Kwan BW, Quezada H, Castillo-Juarez I, Perez-Eretza B,
Garcia-Contreras SJ, Martinez-Vazquez M, Wood TK, Garcia-
Contreras R: Repurposing of anticancer drugs for the
treatment of bacterial infections. Curr Top Med Chem 2017,
17:1157-1176.

49. Al-Mutairi R, Tovmasyan A, Batinic-Haberle I, Benov L: Sublethal
photodynamic treatment does not lead to development of
resistance. Front Microbiol 2018, 9:1699.

50. Buonanno M, Ponnaiya B, Welch D, Stanislauskas M, Randers-
Pehrson G, Smilenov L, Lowy FD, Owens DM, Brenner DJ:
Germicidal efficacy and mammalian skin safety of 222-nm UV
light. Radiat Res 2017, 187:483-491.

51. Jennes S, Merabishvili M, Soentjens P, Pang KW, Rose T,
Keersebilck E, Soete O, Francois PM, Teodorescu S, Verween G
et al.: Use of bacteriophages in the treatment of colistin-only-
sensitive Pseudomonas aeruginosa septicaemia in a patient
with acute kidney injury–a case report. Crit Care 2017, 21:129.

52. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA,
Narayan D: Phage treatment of an aortic graft infected with
Pseudomonas aeruginosa. Evol Med Public Health 2018:60-66.

53. Lomovskaya O, Bostian KA: Practical applications and
feasibility of efflux pump inhibitors in the clinic—a vision for
applied use. Biochem Pharmacol 2006, 71:910-918.

54. Henry BD, Neill DR, Becker KA, Gore S, Bricio-Moreno L, Ziobro R,
Edwards MJ, Muhlemann K, Steinmann J, Kleuser B et al.:
Engineered liposomes sequester bacterial exotoxins and
protect from severe invasive infections in mice. Nat Biotechnol
2015, 33:81-88.

55. Kang JH, Super M, Yung CW, Cooper RM, Domansky K,
Graveline AR, Mammoto T, Berthet JB, Tobin H, Cartwright MJ
et al.: An extracorporeal blood-cleansing device for sepsis
therapy. Nat Med 2014, 20:1211-1216.

56. Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R: Host-
directed therapies for bacterial and viral infections. Nat Rev
Drug Discov 2018, 17:35-56.

57. Irani V, Guy AJ, Andrew D, Beeson JG, Ramsland PA, Richards JS:
Molecular properties of human IgG subclasses and their
implications for designing therapeutic monoclonal antibodies
against infectious diseases. Mol Immunol 2015, 67:171-182.

58.
�

Baker SJ, Payne DJ, Rappuoli R, De Gregorio E: Technologies to
address antimicrobial resistance. Proc Natl Acad Sci U S A
2018, 115:12887-12895.

A comprehensive review of new strategies and approaches for combating
multi drug resistant bacteria, with emphasis in vaccine development.

59. Silver JN, Ashbaugh CD, Miles JJ, Wu H, Marecki GT, Hwang JK,
Jiao JA, Abrams M, Sullivan EJ, Wesemann DR: Deployment of
transchromosomal bovine for personalized antimicrobial
therapy. Clin Infect Dis 2018, 66:1116-1119.

60. Thampy LK, Remy KE, Walton AH, Hong Z, Liu K, Liu R, Yi V,
Burnham CD, Hotchkiss RS: Restoration of T cell function in
multi-drug resistant bacterial sepsis after interleukin-7, anti-
PD-L1, and OX-40 administration. PLoS One 2018, 13:
e0199497.
Current Opinion in Pharmacology 2019, 48:48–56 
61. Smani Y, Fabrega A, Roca I, Sanchez-Encinales V, Vila J,
Pachon J: Role of OmpA in the multidrug resistance phenotype
of Acinetobacter baumannii. Antimicrob Agents Chemother
2014, 58:1806-1808.

62. Zhai MX, Chen F, Zhao YY, Wu YH, Li GD, Gao YF, Qi YM: Novel
epitopes identified from efflux pumps of Mycobacterium
tuberculosis could induce cytotoxic T lymphocyte response.
PeerJ 2015, 3:e1229.

63. Hill M, Deghmane AE, Segovia M, Zarantonelli ML, Tilly G,
Blancou P, Beriou G, Josien R, Anegon I, Hong E et al.: Penicillin
binding proteins as danger signals: meningococcal penicillin
binding protein 2 activates dendritic cells through toll-like
receptor 4. PLoS One 2011, 6:e23995.

64. Dupont M, Pages JM, Lafitte D, Siroy A, Bollet C: Identification of
an OprD homologue in Acinetobacter baumannii. J Proteome
Res 2005, 4:2386-2390.

65. Long SW, Olsen RJ, Mehta SC, Palzkill T, Cernoch PL, Perez KK,
Musick WL, Rosato AE, Musser JM: PBP2a mutations causing
high-level ceftaroline resistance in clinical methicillin-
resistant Staphylococcus aureus isolates. Antimicrob Agents
Chemother 2014, 58:6668-6674.

66. Cabot G, Bruchmann S, Mulet X, Zamorano L, Moya B, Juan C,
Haussler S, Oliver A: Pseudomonas aeruginosa ceftolozane-
tazobactam resistance development requires multiple
mutations leading to overexpression and structural
modification of AmpC. Antimicrob Agents Chemother 2014,
58:3091-3099.

67. Humphries RM, Yang S, Hemarajata P, Ward KW, Hindler JA,
Miller SA, Gregson A: First report of ceftazidime-avibactam
resistance in a KPC-3-expressing Klebsiella pneumoniae
isolate. Antimicrob Agents Chemother 2015, 59:6605-6607.

69. Sun D, Rubio-Aparicio D, Nelson K, Dudley MN, Lomovskaya O:
Meropenem-vaborbactam resistance selection, resistance
prevention, and molecular mechanisms in mutants of KPC-
producing Klebsiella pneumoniae. Antimicrob Agents
Chemother 2017, 61.

70. Sahm DF, Deane J, Bien PA, Locke JB, Zuill DE, Shaw KJ,
Bartizal KF: Results of the surveillance of Tedizolid activity and
resistance program: in vitro susceptibility of gram-positive
pathogens collected in 2011 and 2012 from the United States
and Europe. Diagn Microbiol Infect Dis 2015, 81:112-118.

71. Jones RN, Moeck G, Arhin FF, Dudley MN, Rhomberg PR,
Mendes RE: Results from oritavancin resistance surveillance
programs (2011 to 2014): clarification for using vancomycin as
a surrogate to infer oritavancin susceptibility. Antimicrob
Agents Chemother 2016, 60:3174-3177.

72. Werth BJ, Jain R, Hahn A, Cummings L, Weaver T, Waalkes A,
Sengupta D, Salipante SJ, Rakita RM, Butler-Wu SM: Emergence
of dalbavancin non-susceptible, vancomycin-intermediate
Staphylococcus aureus (VISA) after treatment of MRSA central
line-associated bloodstream infection with a dalbavancin-
and vancomycin-containing regimen. Clin Microbiol Infect 2018,
24:429 e421-429 e425.

73. Remy JM, Tow-Keogh CA, McConnell TS, Dalton JM, Devito JA:
Activity of delafloxacin against methicillin-resistant
Staphylococcus aureus: resistance selection and
characterization. J Antimicrob Chemother 2012, 67:2814-2820.

74. Zheng JX, Lin ZW, Sun X, Lin WH, Chen Z, Wu Y, Qi GB, Deng QW,
Qu D, Yu ZJ: Overexpression of OqxAB and MacAB efflux
pumps contributes to eravacycline resistance and
heteroresistance in clinical isolates of Klebsiella pneumoniae.
Emerg Microbes Infect 2018, 7:139.

75. Hidalgo L, Hopkins KL, Gutierrez B, Ovejero CM, Shukla S,
Douthwaite S, Prasad KN, Woodford N, Gonzalez-Zorn B:
Association of the novel aminoglycoside resistance
determinant RmtF with NDM carbapenemase in
Enterobacteriaceae isolated in India and the UK. J Antimicrob
Chemother 2013, 68:1543-1550.
www.sciencedirect.com

http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0225
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0225
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0225
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0225
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0225
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0230
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0230
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0230
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0235
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0235
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0235
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0235
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0240
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0240
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0240
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0240
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0240
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0245
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0245
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0245
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0250
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0250
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0250
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0250
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0255
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0255
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0255
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0255
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0255
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0260
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0260
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0260
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0265
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0265
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0265
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0270
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0270
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0270
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0270
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0270
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0275
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0275
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0275
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0275
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0280
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0280
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0280
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0285
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0285
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0285
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0285
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0290
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0290
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0290
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0295
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0295
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0295
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0295
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0300
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0300
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0300
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0300
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0300
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0305
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0305
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0305
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0305
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0310
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0310
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0310
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0310
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0315
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0315
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0315
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0315
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0315
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0320
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0320
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0320
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0325
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0325
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0325
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0325
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0325
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0330
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0335
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0335
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0335
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0335
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0340
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0340
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0340
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0340
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0340
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0345
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0345
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0345
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0345
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0345
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0350
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0350
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0350
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0350
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0350
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0355
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0360
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0360
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0360
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0360
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0365
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0365
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0365
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0365
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0365
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370
http://refhub.elsevier.com/S1471-4892(18)30172-3/sbref0370


fmicb-10-02657 November 13, 2019 Time: 14:36 # 1

ORIGINAL RESEARCH
published: 14 November 2019

doi: 10.3389/fmicb.2019.02657

Edited by:
Ana Maria Otero,

University of Santiago
de Compostela, Spain

Reviewed by:
Giordano Rampioni,

Roma Tre University, Italy
Wim J. Quax,

University of Groningen, Netherlands

*Correspondence:
Rodolfo García-Contreras

rgarc@bq.unam.mx

Specialty section:
This article was submitted to

Microbial Physiology and Metabolism,
a section of the journal

Frontiers in Microbiology

Received: 15 May 2019
Accepted: 31 October 2019

Published: 14 November 2019

Citation:
López-Jácome LE,

Garza-Ramos G,
Hernández-Durán M,

Franco-Cendejas R, Loarca D,
Romero-Martínez D, Nguyen PTD,

Maeda T, González-Pedrajo B,
Díaz-Guerrero M, Sánchez-Reyes JL,

Díaz-Ramírez D and
García-Contreras R (2019) AiiM

Lactonase Strongly Reduces Quorum
Sensing Controlled Virulence Factors

in Clinical Strains of Pseudomonas
aeruginosa Isolated From Burned

Patients. Front. Microbiol. 10:2657.
doi: 10.3389/fmicb.2019.02657

AiiM Lactonase Strongly Reduces
Quorum Sensing Controlled
Virulence Factors in Clinical Strains
of Pseudomonas aeruginosa Isolated
From Burned Patients
Luis Esaú López-Jácome1,2, Georgina Garza-Ramos3, Melissa Hernández-Durán2,
Rafael Franco-Cendejas2, Daniel Loarca1, Daniel Romero-Martínez3,
Phuong Thi Dong Nguyen4, Toshinari Maeda4, Bertha González-Pedrajo5,
Miguel Díaz-Guerrero5, Jorge Luis Sánchez-Reyes1, Dánae Díaz-Ramírez1 and
Rodolfo García-Contreras1*

1 Laboratorio de Bacteriología, Departamento de Microbiología y Parasitología, Facultad de Medicina, Universidad Nacional
Autónoma de México, Mexico City, Mexico, 2 Laboratorio de Infectología, Centro Nacional de Investigación y Atención
de Quemados, Instituto Nacional de Rehabilitación, Mexico City, Mexico, 3 Laboratorio de Fisicoquímica e Ingeniería
de Proteínas, Departamento de Bioquímica, Universidad Nacional Autónoma de México, Mexico City, Mexico, 4 Department
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Pseudomonas aeruginosa is an opportunistic bacterium associated with healthcare
infections in intensive care units (ICUs), ventilator-associated pneumonia (VAP), surgical
site infections, and burns. This bacterium causes 75% of death in burned patients,
since it can develop a persistent biofilm associated with infections, express several
virulence factors, and antibiotic-resistance mechanisms. Some of these virulence factors
are proteases such as elastase and alkaline protease, or toxic metabolites such as
pyocyanin and is one of the few microorganisms able to produce cyanide, which inhibits
the cytochrome oxidase of host cells. These virulence factors are controlled by quorum
sensing (QS). In this work, 30 P. aeruginosa clinical strains isolated from burned patients
from a tertiary hospital in Mexico City were studied. Antibiotic susceptibility tests were
done, and virulence factors (elastase, alkaline protease, HCN, and pyocyanin) were
determined in presence of an N-acylhomoserine lactonase, AiiM able to hydrolyze a wide
range of acyl homoserine lactones. The treatment reduced significantly the activities of
elastase and alkaline protease, and the production of pyocyanin and HCN in all producer
strains but not the secretion of toxins through the type III secretion system. Our work
suggests that AiiM treatment may be an effective therapy to combat P. aeruginosa
infection in burn patients.

Keywords: AiiM lactonase, virulence factors, Pseudomonas aeruginosa, quorum quenching, burned patients,
anti-virulence therapy
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic bacteria associated
with healthcare infections in intensive care units (ICUs),
ventilator-associated pneumonia (VAP), central line-associated
blood stream infections, surgical site infections (Cohen et al.,
2017), burnt wounds (Fournier et al., 2016), and urinary
tract infections, otitis media, and keratitis (Chatterjee et al.,
2016; Olivares et al., 2016). In the United States, according
to the Centers for Disease Control and Prevention, in 2013
it was estimated that every year around 51,000 health-care
infections are associated to P. aeruginosa, of which 6,700 are
multidrug resistant, causing 440 deaths per year (Centers for
Disease Control and Prevention, 2018)1. Both P. aeruginosa
and Acinetobacter baumannii complex are the most important,
resistant and dangerous microorganisms infecting burnt patients
(Tredget et al., 1992; Estahbanati et al., 2002; Turner et al.,
2014; Centers for Disease Control and Prevention, 2019). Despite
medicine advances, these sorts of complications are still a huge
problem to solve, and as a consequence, around 75% of burned
infected patients die. Burn infections related to P. aeruginosa
often promote a faster deterioration allowing the spread of
bacteria causing death in weeks and even in days (Mcmanus et al.,
1985; Turner et al., 2014). P. aeruginosa has a wide arsenal of
virulence factors that enable it to colonize and cause infections
in the host, the relevance of these virulence factors has been
demonstrated using P. aeruginosa strains with deficiencies in
their production, leading to a reduced ability of colonizing and
a lower dissemination in the host (Pavlovskis and Wretlind,
1979; Rumbaugh et al., 2009; Jimenez et al., 2012; Castillo-
Juarez et al., 2015). Elastase is a metalloprotease that disrupts
several proteins such as: collagen, elastin, immunoglobulins
(IgA and IgG), complement components, and cytokines like
interferon gamma and tumor necrosis factor alpha (Pavlovskis
and Wretlind, 1979; Lyczak et al., 2000; Ben Haj Khalifa et al.,
2011). Alkaline protease is also a zinc metalloprotease that
inhibits phagocytosis, killing through neutrophils, opsonization,
the action of the complement cascade by degrading C3b and
is as well related to corneal damage (Howe and Iglewski, 1984;
Ben Haj Khalifa et al., 2011; Laarman et al., 2012; Lee and
Zhang, 2015). P. aeruginosa is one of the few microorganisms that
can synthesize cyanide through the oxidative decarboxylation
of glycine by hydrogen cyanide synthase enzyme, under micro-
aerobic conditions (O2 < 5%). HCN is a poison that inhibits
respiration by inactivating cytochrome oxidase C (Huber et al.,
2016). Another important virulence factor is pyocyanin, a blue
phenazine, that promotes oxidative stress, which inhibits ciliary
movement and delays inflammatory response due to the damage
of neutrophils and apoptosis induction (Ben Haj Khalifa et al.,
2011; Lee and Zhang, 2015). In burn injuries, pyocyanin plays
an important role because it stimulates colonization, damage of
surrounding tissue and promotes dissemination. Furthermore,
P. aeruginosa strains are often multi-drug resistant, limiting
treatment options in healthcare settings around the globe, owing
this the World Health Organization classified P. aeruginosa as

1https://www.cdc.gov/hai/organisms/pseudomonas.html

the second more threatening bacterium. Moreover, although new
antibiotics are available, each time, resistance against those new
drugs quickly appears (Fournier et al., 2016; Shortridge et al.,
2017; Karampatakis et al., 2018; Shields et al., 2018). In many
pathogenic bacteria, virulence factors are controlled by cell to cell
communication known as quorum sensing (QS). P. aeruginosa
has two QS systems mediated by N-acyl homoserine lactones, Las
and Rhl, each one is constituted by three elements, a synthase,
a signal receptor and an autoinducer signal. The Las system is
formed by LasI which is the synthase, the receptor is LasR and
the autoinducer is N-3-oxo-dodecanoyl-L-homoserine lactone,
meanwhile the Rhl system is formed by the synthase RhlI, RhlR as
receptor and the auto-inducer is N-butyryl-homoserine lactone.
These two systems are hierarchically organized and each one of
them controls several virulence factors. The Las system regulates
the Rhl system and virulence factors such as elastase, protease,
exotoxin A, alkaline protease and type II secretion system;
while the Rhl system enhances the production of rhamnolipids,
hydrogen cyanide, and pyocyanin (Van Delden and Iglewski,
1998; Douzi et al., 2011; Lee and Zhang, 2015). Due to the
fast increase in bacterial resistance, alternative strategies such as
quorum quenching (QQ) have been proposed. QQ consists of
blocking or inhibiting cell to cell communication by obstructing
the autoinducer synthases, the signal receptors or by degrading
the autoinducers via two enzymatic strategies: disrupting the
lactone ring through a lactonase or through the cleavage of the
acylic tail by acylases (Defoirdt et al., 2013; Defoirdt, 2018). The
aim of this work is to evaluate the activity of AiiM, a lactonase
enzyme, in P. aeruginosa clinical bacterial strains isolated from
burnt patients in a third level center of Mexico City, in order
to find out if its utilization could eventually be proposed to treat
infected burnt patients.

MATERIALS AND METHODS

Clinical Strains
Randomly 200 strains were selected2 from the collection
belonging to Infectious Diseases Laboratory at Centro Nacional
de Investigación y Atención de Quemados at Instituto Nacional
de Rehabilitación Luis Guillermo Ibarra, to avoid genomic
redundancy pulsed field, gel electrophoresis was performed
and only one strain per clonal group was selected for further
experiments. Clinical strains were identified with Vitek 2
Compact R© (Biomerieux, France) with Gram negative card
identification, some biochemical tests included were oxidase,
indole production, growth at 42◦C, arginine dihydrolase and
glucose oxidation/fermentation. The origin of each clinical isolate
is shown in Supplementary Table S1.

Minimal Inhibitory Concentrations
Minimal inhibitory concentrations were determined according
to Clinical and Laboratory Standards Institute R© (CLSI) M07-
A10 (CLSI, 2015) in 96-well plates. Breakpoints interpretation
were made according to the M100 Performance Standards for

2www.randomization.com

Frontiers in Microbiology | www.frontiersin.org 2 November 2019 | Volume 10 | Article 2657

https://www.cdc.gov/hai/organisms/pseudomonas.html
www.randomization.com
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02657 November 13, 2019 Time: 14:36 # 3

López-Jácome et al. AiiM Inhibits MDR P. aeruginosa Virulence

Antimicrobial susceptibility testing 28th edition (CLSI, 2019).
Antibiotics included were amikacin (Sigma Aldrich A1774),
gentamicin (Sigma Aldrich G3632), aztreonam (Sigma Aldrich
PZ0038), ceftazidime (Sigma Aldrich C3809), cefepime (Sigma
Aldrich PHR1763), ciprofloxacin (Sigma Aldrich 17850),
levofloxacin (Sigma Aldrich 28266), doripenem (Sigma
Aldrich 32138), imipenem (Sigma Aldrich I0160), meropenem
(Sigma Aldrich M2574), colistin (Sigma Aldrich C4461),
and piperacillin/tazobactam (Sigma Aldrich P8396/T2820).
P. aeruginosa ATCC R© 27853 was used as control as according to
CLSI (Supplementary Table S1).

las/rhl Genes Detection
DNA Extraction
Pseudomonas aeruginosa strains were cultured in 5% sheep blood
agar during 18 h at 37◦C, and then one single colony was taken
and lysed in an Eppendorf tube with 500 µL of TE buffer (10 mM
Tris–HCl, 1 mM EDTA, pH 7.5) and were set into a heat block at
95◦C for 5 min. Tubes were centrifuged, and the supernatant was
added into a new tube.

Genes related to Las and Rhl systems were amplified
(Table 1) in a final volume of 25 µL of buffer 1X, 3 mM
MgCl2, 200 µM dNTP′s, 0.2 µM primer forward and
reverse, 0.026 U/µL Taq polymerase (Amplitaq Gold R© DNA
Polymerase, Applied Biosystems N808-0241, United States). The
amplification conditions used were: 95◦C 10 min, 95◦C 30 s,
58◦C 45 s and 72◦C 50 s during 35 cycles, 72◦C 5 min and
finally 4◦C (Veriti 96 Well thermal cycler, Applied Biosystems,
United States). Amplification products were loaded into a 1%
agarose gel stained with SYBR R© green I (S7567, Life Technologies,
United States) and visualized with Gel DOCTM XR+ with Image
LabTM software (Bio-Rad, United States). P. aeruginosa PAO1
was used as positive control in each one of the systems and 1
lasR/rhlR PAO1 as negative control of transcriptional regulators.

AiiM Purification
AiiM construction was provided by Dr. Toshinari Maeda
(Nguyen et al., 2019). Briefly 50 mL Escherichia coli M15/pQE30
AiiM was grown overnight (ON) in Luria Bertani broth with
100 µg/mL of carbenicillin (Sigma Aldrich C1389) and 50 µg/mL
of kanamycin (Sigma Aldrich K1876), afterward, 10 mL of the
ON cultures were taken and inoculated into 1 L of terrific
broth with carbenicillin and kanamycin as above described,
cultures were incubated at 37◦C 220 rpm, optical density (OD)

TABLE 1 | Primers used in this study.

Primer Tm (◦C) Size (bp)

lasI-F 5′-CGCGAAGAGTTCGATAAA-3′ 59.7 531

lasI-R 5′-GGTCTTGGCATTGAGTTC-3′ 58.7

lasR-F 5′-ATGGCCTTGGTTGACGGT-3′ 65.9 706

lasR-R 5′-GACCCAAATTAACGGCCA-3′ 63.7

rhlI-F 5′-TTGCTCTCTGAATCGCTG-3′ 61 590

rhlI-R 5′-GCCATCGACAGCGGTACG-3′ 68.3

rhlR-F 5′-ATGAGGAATGACGGAGGC-3′ 63.2 675

rhlR-R 5′-CGCGTCGAACTTCTTCTG-3′ 62.9

at 600 nm was measured until the culture reached an OD of
0.5 and immediately after, it was induced with 500 µM IPTG.
The cultures were incubated at 37◦C 220 rpm for 6 h and
centrifuged at 10,000 rpm for 40 min. Pellets were resuspended
in 40 mL of purification buffer (50 mM NaH2PO4, 300 mM
NaCl and 10% glycerol, pH adjusted to 8.0) and 500 µM PMSF
(Sigma Aldrich P7626), sonicated (45% amplitude for 45 s and
2 min of rest, all this 10 times; Ultrasonic processor, Cole
Parmer) and centrifuged at 10,000 rpm during 40 min. The
supernatants were passed through a 0.2 nm filter and loaded
onto Protino R© Ni-TED resin (Macherey-Nagel, 745200.600) for
purification of His-tagged proteins previously equilibrated with
3 column volumes (CV) of 20 mL of purification buffer, then
filtered protein extracts were passed through the column, after
that, 2 additional CV of purification buffer were passed. Protein
was eluted with 150 mM imidazole (Sigma Aldrich I5513) in
2 CV of purification buffer. AiiM fractions with higher purity
were selected, concentrated with polyethylene glycol 35 KDa
(Sigma Aldrich 946-46) into dialysis tubing cellulose membrane
(Sigma Aldrich D9777). Afterward, dialysis was done to remove
imidazole using dialysis buffer (50 mM Tris, 300 mM NaCl
adjusted at pH 7.5). SDS-PAGE was done to estimate the amount
and purity of AiiM. Protein was quantified by its absorbance
at 280 nm with NanoDrop 2000 (Thermo Fisher Scientific,
United States), using an extinction coefficient (Abs 0.1%) of
1.08. Aliquots of protein were made and stored at −20◦C
until they were used.

AiiM Activity Against N-acyl Homoserine Lactones
To evaluate the HSL lytic activity of the purified AiiM,
an analytical assay was developed in an Alliance HPLC
system (Waters, United States) with a Symmetry (Waters,
United States) C18 Column (75 mm, 3.5 mm). Both short
and long acylated chains were included, 1 mM N-butyryl-DL-
homoserine lactone (C4-HSL; Sigma Aldrich 09945), 1 mMN-(3-
oxooctanoyl)-L-homoserine lactone (3OC8-HSL;Sigma Aldrich
O1764), 1 mM N-decanoyl-DL-homoserine lactone (C10-
HSL; Sigma Aldrich 17248), 1 mM N-(3-oxodecanoyl)-L-
homoserine lactone (3OC10-HSL; Sigma Aldrich O9014), and
N-(3-oxododecanoyl) homoserine lactone (3OC12-HSL; Sigma
Aldrich O9139). 60 mM NaOH was used as positive control
since it can hydrolyze HSL molecules and the reaction was
stopped with the addition of 2N HCl. Several concentrations,
from 250, 100, 50, 25, 10, and 5 µg/mL of purified AiiM
were tested. Time exposition was also varied; 24 h, 2 h,
1 h, 30 min, 20 min, 10 min, and 5 min. All experiments
were performed in triplicate. Chromatographic conditions
were: column temperature 25◦C, sample temperature 25◦C,
injection volume 10 µL, flow rate 1 mL/min, detection
205 nm. Elution mixture was made with 50 mM phosphates
buffer pH 2.9:acetonitrile. For C4-HSL the relation was 90:10,
3OC8-HSL 60:40, C10-HSL 60:40, 3OC10-HSL 60:40, and
3OC12-HSL 50:50.

Bacterial Growth With and Without AiiM
Grow curves were analyzed to test the effect of AiiM on
P. aeruginosa PAO1 and 1 lasR/rhlR PAO1 growth kinetics.
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A 50 mL flask with 5 mL of LB was inoculated with each one of the
strains at an initial OD600nm of 0.05 with and without 5 µg/mL of
AiiM, samples were taken each hour for 12 h.

Virulence Factors Determination
Elastase was determined for clinical strains and P. aeruginosa
PAO1 1lasR/rhlR and 1lasI/rhlI PAO1 mutants according to
methods previously described (Ohman et al., 1980), with some
modifications. ON of each clinical strain and control strains
were cultured in LB at 37◦C 220 rpm and were inoculated at
an initial OD600nm of 0.05 in 5 mL of LB with and without
AiiM (5 µg/mL), samples were incubated for 18 h at 37◦C
and 220 rpm, and centrifuged at 14,000 rpm for 2 min.
50 µL of the supernatant were taken and set into 950 µL of
elastase buffer (100 mM Tris–HCl, 1 mM CaCl2, pH 7.5) with
2.5 mg of elastin-congo red (Sigma Aldrich reference E0502)
as substrate. Tubes were incubated at 37◦C, 220 rpm for 2 h,
centrifuged at 14,000 rpm for 5 min and the released die in the
supernatant was measured at 495 nm with a spectrophotometer
SmartSpec Plus (Bio-Rad, United States). All determinations
were performed by triplicate.

Alkaline Protease
Alkaline protease was determined according to methods
previously described (Howe and Iglewski, 1984), with some
modifications. ON of each strains were cultured into LB at 37◦C
220 rpm and were inoculated in 5 mL of LB at an initial OD600nm
of 0.05 with and without AiiM (5 µg/mL). AiiM protein was
added at the beginning of the cultures, samples were incubated
for 18 h at 37◦C and 220 rpm, and centrifuged at 14,000 rpm
for 2 min. 50 µL of supernatant were taken and added into
950 µL of protease buffer with 2.5 mg of Hide-Remazol brilliant
blue R (Sigma Aldrich reference H6268) as substrate. Tubes were
incubated at 37◦C, 220 rpm for 20 min centrifuged at 14,000 rpm
5 min and the supernatant was measured at 595 nm with a
spectrophotometer SmartSpec Plus (Bio-Rad, United States).

Pyocyanin
For pyocyanin production ON of each clinical and control strains
were cultured in LB at 37◦C at 220 rpm and inoculated into
5 mL of LB at an initial OD600nm 0.05 with and without AiiM
(5 µg/mL). AiiM protein was added at the beginning, samples
were incubated 18 h at 37◦C and 220 rpm. One milliliter of
supernatant was taken, centrifuged at 14,000 rpm for 5 min, and
then 800 µL of supernatant were set into new 1.5 mL conic tube
and 400 µL of chloroform was added, each tube was mixed in
vortex for 2 min. Tubes were centrifuged for 5 min at 14,000 rpm,
300 µL of the organic phase were taken and deposited into a new
tube, 800 µL of 0.2 N HCl were added and mixed for 2 min in
vortex then samples were read at 520 nm (Maeda et al., 2012).
P. aeruginosa PAO1,1lasR/rhlR PAO1 and 1lasI/rhlI PAO1 were
used as positive and negative controls, respectively.

HCN Determination
For HCN determination, bacteria were cultured in 3 mL of LB
medium in flasks with rubber stoppers at 37◦C and 200 rpm
for 18 h, after the incubation two needles were inserted in
the rubber stopper, one of them was used for pumping air

for 1 h and the other to collect the outflow in 5 mL of 4
M NaOH. HCN concentrations were determined as described
by Gallagher and Manoil (2001), briefly, samples were mixed
with a 1:1 fresh mixture of 0.1 M o-dinitrobenzene and 0.2
M p-nitrobenzaldehyde both dissolved in 2-methoxyethanol,
and following 20 min of incubation at room temperature, the
absorbance at 578 nm was determined and compared with a
calibration curve made with KCN standards.

AiiM Dose Response Curve and Suppression of Its
Activity by Exogenous Addition of 3OC12-HSL
For these control experiments, the PAO1 reference strain and the
clinical isolate P809 were used. Three independent cultures per
strain were inoculated in LB medium at an initial OD600nm of 0.05
without and with AiiM at 0.5, 1, 2.5, and 5 µg/mL, and incubated
37◦C at 220 rpm, supernatants were then obtained and used
for the determination of pyocyanin concentration and elastase
activity (as described before). In addition another 3 cultures per
strain with AiiM 0.5 µg/mL were grown to an OD600nm of∼ 1.0,
supplemented with a final concentration of 30 µM of 3OC12-
HSL, and incubated until 18 h of incubation were completed,
supernatants were collected and pyocyanin concentration and
elastase activity determined.

Long Chain HSL Autoinducer Detection and Its
Inactivation by AiiM
To identify autoinducer production and its inactivation by AiiM,
each one of the 30 clinical strains were grew up onto MacConkey
agar plates, then one colony was taken and inoculated into 5 mL
of LB for ON growth. After that, new cultures were inoculated at
an initial OD600nm 0.05 in 5 mL of LB and grown at 37◦C, with
220 rpm shaking during 18 h, with AiiM 5 µg/mL and without
AiiM enzyme. LB cultures then were centrifuged 14,000 rpm
for 5 min. Supernatants were separated in new tubes. For long
chain HSL detection Agrobacterium tumefaciens NT1 pZLR4
(Shaw et al., 1997) was used as a biosensor strain. Previously
the biosensor strain was grown in one liter of M9 medium
and incubated at 37◦C and 220 rpm for 18 h. Bacteria were
concentrated by centrifugation at 12,000 rpm during 5 min to
a final volume of 15 mL, then aliquots of 1 mL of concentrated
bacteria were separated. M9 agar plates were prepared and
before solidification 1 mL of the concentrated biosensor plus
Xgal at a final concentration of 40 µg/mL (5-bromo-4-chloro-
3-indolyl- ß-D-galactopyranoside, USB corporation, Cleveland,
OH, United States) were added for 100 mL of M9 agar. 15 µL
of each supernatant (with and without AiiM) were then added
onto 6 mm filter paper sterile disk on the M9 agar. All
experiments were done by triplicate. 1 mM N-decanoyl-DL-
homoserine lactone (C10-HSL; Sigma Aldrich 17248), 1 mM
N-(3-oxodecanoyl)-L-homoserine lactone (3OC10-HSL; Sigma
Aldrich O9014) and N-(3-oxododecanoyl) homoserine lactone
(3OC12-HSL; Sigma Aldrich O9139) were used as positive
controls and the molecules treated with AiiM 5 µg/mL as
negative controls. Plates were incubated at 28◦C and results were
observed, a positive reaction associated to the production of long
chain HSL was observed as a green halo and inactivation of the
signals when the halo was absent.
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Type III Protein Secretion Profiles
For type III secretion assays P. aeruginosa strains (PAO1,
PA14, and the clinical isolates H015 and P729) were grown
overnight in LB medium. Bacteria were diluted 1:200 into
4 mL of a modified LB medium supplemented with 10 mM
MgCl2, 0.5 mM CaCl2 and 5 mM EGTA (pH 7.4) in the
presence or absence of 5 µg/mL of AiiM, and grown at
37◦C to an OD600nm of 0.8 to 1.0. 1 mL of each culture
was collected into a microcentrifuge tube and bacteria were
pelleted by centrifugation. The resulting pellet was resuspended
in 200 µl of 1× Laemmli SDS sample buffer normalized for
OD600nm. The supernatant was centrifuged once again and
the resulting supernatant was transferred into a clean tube.
Supernatant proteins were precipitated overnight at 4◦C by
adding trichloroacetic acid to a final concentration of 10%,
pelleted by centrifugation and resuspended in 20 µL of 1x
Laemmli SDS sample buffer containing 10% saturated Tris
base normalized for OD600nm. Samples were separated by 15%
SDS-PAGE, transferred onto a nitrocellulose membrane and
probed for the presence of the effectors ExoS and ExoU by
immunoblotting. Detection was performed using the Immobilon
Western chemiluminescent HRP substrate (Millipore), and
bands were visualized on X-ray films (Carestream MXB Film).

ß-Lactams Inactivation
As ß-lactams have a lactone ring, we performed the inactivation
disk method to determine whether AiiM would be able to
inactivate this kind of antibiotics. Briefly, 2 mL of 0.8% isotonic
saline solution (ISS) was added into sterile 12 mm× 75 mm tube,
disks of 30 µg ceftazidime (Becton Dickinson, United States),
30 µg cefepime (Becton Dickinson, United States), 10 µg
imipenem (Becton Dickinson, United States), and 10 µg
meropenem (Becton Dickinson, United States). One set of disks
containing ISS was used as negative control, another set of
all antibiotics above mentioned with 5 µg/mL of AiiM, and
finally, since NaOH can break the lactone ring another set of
all antibiotics was used as positive control with 60 mM NaOH.
Escherichia coliATCC R© 25922 was used as a pansusceptible strain.
Disks were incubated for 1 and 10 min, 2 and 24 h. A suspension
of 0.5 McFarland was made with E. coli ATCC R© 25922
and was plated onto Müller Hinton agar (Becton Dickinson,
United States), tubes were incubated at 37◦C until their use. All
experiments were made by triplicate; the inhibition diameter was
measured using a Vernier device.

RESULTS

All clinical isolates were obtained from burned patients infected
with P. aeruginosa. The most common burn etiology was fire
(66.7%) followed by scalds (23.3%) and electrical burns (10%).
Medians of hospital length of stay were 53 days (8-303), the mean
total body surface area was 40% (10-85%) with a mortality rate
of 26.6% (n = 8). P. aeruginosa strains were isolated from urine
(n = 8), quantitative biopsies (n = 8), blood (n = 6), endotracheal
aspirates (n = 3), bronchoalveolar lavage fluid (n = 2), catheter
tips (n = 2), and qualitative biopsy (n = 1).

Pseudomonas aeruginosa Antibiotic
Susceptibility Patterns
Susceptibility tests were carried out for all clinical isolates
with different antibiotic families including aminoglycosides,
monobactams, cephalosporins, fluoroquinolones, carbapenems,
lipopeptides, and ß-lactam combination agents. The strains were
resistant to almost all antibiotics except colistin (Figure 1),
resistance rates against all antibiotics families were over 50%. The
highest resistance rates were for carbapenems which, until recent
decades, were the most potent antibiotics against P. aeruginosa
and other non-fermentative Gram negative rods; therefore
colistin represents the last treatment option for these types of
infections (Supplementary Table S1).

Gene Amplification
In order to determine if Las/Rhl systems were present in
P. aeruginosa isolated from burned patients, PCR was performed
using the primers described in Table 1. Results showed that the
genes encoding the Las system (lasI and lasR) and Rhl system
(rhlI and rhlR) were found in all the clinical strains. P. aeruginosa
PAO1 was used as positive control and 1lasR/rhlR PAO1 was
used as negative control (data not shown).

AiiM Purification
AiiM protein was obtained at a purity of >90% as judged by
SDS-PAGE. After elution with 150 mM imidazole, fractions were
collected, and those in which AiiM was present were concentrated
into dialysis tubing cellulose membrane with polyethylene glycol,
then protein concentration was determined and kept at −20◦C
until used. The purified protein consists of a single band of ≈
27 kDa, compared with a theoretical molecular mass of 27.2 kDa
(Supplementary Figure S1).

AiiM Activity Against Homoserine
Lactones
In order to prove AiiM activity against acylated chains of
diverse HSL, cleavage was determined by HPLC. Five HSL
autoinducers with both short and long chains were tested (C4-
HSL, 3OC8-HSL, C10-HSL, 3OC10-HSL, and 3OC12-HSL). First
HSL alone was run to identify retention times (Supplementary
Table S2), later the same HSL were treated with 60 mM NaOH
to disrupt the lactone ring and finally HSL molecules were
treated with AiiM and HPLC experiments were performed under
the same conditions. Several AiiM concentrations (250 µg/mL,
100 µg/mL, 50 µg/mL, 25 µg/mL, 10 µg/mL, and 5 µg/mL) were
used, in order to identify the lowest one suitable for inhibiting
the expression of virulence factors. Each HSL was used at 1 mM.
The lowest concentration of AiiM tested (5 µg/mL) was enough
to cleave all the HSLs in 5 min (Figure 2 and Supplementary
Figure S2) and therefore, this concentration was used for all
subsequent experiments.

AiiM Does Not Affect Pseudomonas
aeruginosa Growth
Growth curves of P. aeruginosa with and without AiiM were done
to determine if its addition had any effect in the growth rates.
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FIGURE 1 | Susceptibility patterns of clinical P. aeruginosa strains isolated from burned patients.

As expected, there was no difference in the growing dynamics
between these cultures (Supplementary Figure S3). PAO1 and
1 lasR/rhlR strains were used as controls.

QS-Controlled Virulence Factors
Inhibition
Once it was confirmed that AiiM did not affect P. aeruginosa
growth, its effect over the expression of the QS-controlled
virulence factors was determined. Experiments were classified
in two groups, one without AiiM addition, and the other with
5 µg/mL addition of AiiM. For elastolytic activity (Figure 3A),
activity was found in 29 clinical samples, while for alkaline
protease activity (Figure 3B) there were 27 producing strains;
only 12 strains produced pyocyanin (Figure 3C), and seven
strains were HCN producers (Figure 3D). At the same time,
experiments with AiiM addition were carried out and the
same virulence factors were measured. A significant decrease
in the production of each virulence factor was found (elastase
p = 0.000002, protease p = 0.000004, pyocyanin p = 0.001 and
p = 0.008 for HCN).

In addition, AiiM dose response experiments using it at 0.5, 1,
2.5 and 5 µg/mL were performed with the reference strain PAO1
and the clinical isolate P809 measuring pyocyanin production
and elastase activity, as expected the degree of inhibition of
both phenotypes was dependent in the concentration of AiiM
for both virulence factors (Supplementary Figure S4). Moreover
the effect of 0.5 µg/mL was partially reversed by the addition

of 30 µM of 3OC12-HSL (Supplementary Figure S4). In order
to verify that the clinical strains had active QS systems and that
the inhibitory effect in the expression of QS-dependent virulence
factors exerted by AiiM was mediated by the degradation of
QS signals. Identification of long chain HSL for each strain was
done using the biosensor strain Agrobacterium tumefaciens NT1
pZLR4 (Shaw et al., 1997), as expected all strains were long chain
HSL producers, moreover also for all strains AiiM at 5 µg/mL was
enough to degrade the long chain HSL of all strains as determined
with the biosensor strain (Supplementary Figure S5).

AiiM Does Not Inhibit the Type III
Secretion System
Despite its strong inhibitory activity against QS-controlled
virulence factors, AiiM had no effect on the secretion of T3SS
effectors in both PA14 and PAO1 type strains as well as in the
clinical strains P729 and H015 at 5 µg/mL (Supplementary
Figure S6) and even using 20 µg/mL (data not shown). These
two clinical strains were selected as representative examples of a
secretion profile similar to strains PAO1 or PA14, respectively.

AiiM Does Not Inactivate ß-Lactam
Antibiotics
Wang et al. (2010) defined AiiM as a member of the superfamily
of alpha/beta hydrolases, this may represent a problem if it has the
ability to inactivate the broad spectrum of ß-lactam antibiotics
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FIGURE 2 | (A) HPLC of HSL without (above) and with 5 µg/mL of AiiM (below) after 5 min of exposition. 2A N-(3-oxododecanoyl) homoserine lactone. Retention
time for non-hydrolyzed HSL is 5.3 min whereas for hydrolyzed is 2.24 min. (B) 2B N-butyryl-DL-homoserine lactone. Retention time for non-hydrolyzed is 2.29 min
whereas for hydrolyzed is 1.42 min.

as other carbapenem enzymes do, such as NDM, IMP or VIM.
In order to test this, we exposed anti Pseudomonas ß-lactam
antibiotics to 5 µg/mL of AiiM (Supplementary Figures S7, S8).
Nevertheless, AiiM did not degrade any anti Pseudomonas
ß-lactam antibiotics.

DISCUSSION

Pseudomonas aeruginosa is one of the main bacteria that
causes hospital acquired infections in immunocompromised
patients and vulnerable ones (Azam and Khan, 2018).
P. aeruginosa is one of the 12 priority multi-drug resistant
bacteria according to the WHO list published in 2017
(WHO, 2017) and belongs to the ESKAPE group, together
with Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, A. baumannii, and Enterobacter species (Chen
et al., 2018). In addition to acquired resistance mechanisms
such as carbapenemases (Carmeli et al., 2016), P. aeruginosa
has many intrinsic antibiotic tolerance mechanisms, for

instance low permeability in its external membrane, and
expression of several efflux pumps (Malhotra et al., 2018;
Ferrer-Espada et al., 2019).

Burn injuries are one of the most common and devastating
forms of trauma and patients with serious thermal injury require
immediate specialized care in order to minimize morbidity and
mortality (Church et al., 2006). P. aeruginosa is one of the
most frequent bacteria associated to infection in burn patients
together with A. baumannii (Li et al., 2018). In a recent Mexican
study (Garza-Gonzalez et al., 2019), P. aeruginosa had around
27% of resistance to carbapenems, in a global context it was
one of the main bacteria in 47 Mexican health centers in 20
states, 175/1995 strains were multi-drug-resistant, 165/1995 were
possible extreme drug resistant and 87/1995 possible pandrug
resistant. In our 30 isolates we had more than 60% of resistance
to cephalosporins (ceftazidime and cefepime), carbapenems
(dorypenem, imipenem, and meropenem), aminoglycosides
(amikacin and gentamicin), fluoroquinolones (ciprofloxacin and
levofloxacin), and piperacillin/tazobactam. Moreover, one strain
was resistant to colistin, which is the last antibiotic resource.
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FIGURE 3 | (A) Elastase activity, black bars correspond to clinical strains determination without addition of AiiM, gray bars correspond to clinical strains with
5 µg/mL of AiiM with p = 0.000002. (B) Alkaline protease activity, black bars correspond to clinical strains without AiiM addition while gray bars correspond to strains
with the addition of 5 µg/mL of AiiM with p = 0.000004. (C) Pyocyanin production, black bars correspond to clinical strains without AiiM addition, whereas gray bars
correspond to clinical strains with AiiM 5 µg/mL with p = 0.001. (D) HCN production, black bars correspond to clinical strains without AiiM addition while gray bars
correspond to clinical strains with AiiM 5 µg/mL having a p = 0.008.

AiiM showed a wide activity and was able to cut all HSL
molecules tested, consistent with a previous report by Wang et al.
(2010). Even though we did not analyze it in a quantitative form,
we infer a strong activity of AiiM due to its ability to degrade all
HSL tested within 5 min of exposition, moreover in our study
5 µg/mL were enough to break down these molecules. One of
the main characteristics that a quorum quencher must fulfill is
that it should not inhibit bacterial growth (Defoirdt et al., 2013;
Defoirdt, 2018) and as expected, AiiM treatment did not affect
P. aeruginosa growth kinetic.

In contrast, AiiM significantly reduced the four QS-dependent
virulence factors tested in our study following a dose response
pattern; moreover, others have demonstrated that AiiM had very
good activity in a mouse model of acute pneumonia (Migiyama
et al., 2013) and reduces methane production in waste sewage
sludge (Nguyen et al., 2018). Although to date, the majority of
studies with QQ enzymes have been performed only in type
strains like PAO1, PA14 (Fetzner, 2015), recently, Guendouze
et al. (2017) did the first investigation with P. aeruginosa clinical
strains isolated from diabetic foot using the lactonase SsoPox
with a substitution in the amino acid 263 changing a tryptophan
to isoleucine, in order to increase the enzymatic activity, using
0.5 mg/mL of protein, they found some strains with certain
tolerance to the SsoPox addition. In our study, AiiM reduced
elastase and alkaline protease activities, pyocyanin and HCN
concentrations, and we did not find any strain with tolerance
against AiiM treatment, in spite that AiiM was used at a 100 times

lower concentration than SsoPox. Moreover, AiiM effectivity is
much higher than the effectivity of small molecule QS inhibitors
such as brominated furanones and 5-fluorouracil, that cannot
inhibit QS-virulence factor production of several of the clinical
strains tested, and that are very toxic to some of them (García-
Contreras et al., 2013, 2015; García-Contreras, 2016; García-
Contreras et al., 2016; Guendouze et al., 2017).

Nevertheless, for type III secretion, no inhibition by AiiM
was found, which is consistent with recent findings showing
that in a 1lasR/rhlR mutant of P. aeruginosa PAO1, T3SS
effector toxins are secreted at the same levels than in the
wild-type strain, demonstrating that this virulence factor is
not positively regulated by QS (Soto-Aceves et al., 2019),
instead it may be used at low cell densities to establish
infections in the host (Hauser, 2009). These highlights the
importance of targeting both QS and T3SS to develop robust
anti-virulence therapies (García-Contreras, 2016). Moreover,
other results indicate that the inhibition of QS systems
and T3SS by molecules such as coumarin (Zhang et al.,
2018) must be due to independent effects over the QS
systems and T3SS.

One possible limitation of the utilization of AiiM and
other QQ enzymes for treating P. aeruginosa infections is the
fact that lasR defective mutants are often found in infections
and although in principle these mutants will produce low
levels of QS-dependent virulence factors, this is not always
the case due to a rewiring of the virulence factor regulation
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(Morales et al., 2017). And these strains could be tolerant against
the effect of QQ enzymes.

Since AiiM is a member of the alpha/beta hydrolases
superfamily and several antibiotics are inactivated by metallo ß-
lactamases, reducing clinical options to treat infections (Hong
et al., 2015), we tested if AiiM could cleave these ß-lactamase
antibiotics, however, AiiM did not inactivate those tested, and
hence it could be safely used in combination with them.

Although in vivo tests in burn infection models are lacking,
our work suggests that AiiM treatment may be an effective
addition for the treatment of P. aeruginosa infections, and
since research by other groups had shown also the utility of
the lactonase SsoPox against clinical isolates from diabetic foot
patients in vitro (Guendouze et al., 2017) and in vivo using
an amoeba model (Mion et al., 2019), and in rat pneumonia
against the PAO1 strain (Hraiech et al., 2014) lactonase utilization
became an strong candidate for its eventual application in the
clinical practice, moreover although in vivo studies using acylases
are scarce, recently it was shown the PvdQ in addition to
their inhibitory properties in vitro (Sio et al., 2006) and in
Caenorhabditis elegans model was also able to increase survival,
reduce damage and decrease bacterial loads in a pulmonary
infection mice model (Papaioannou et al., 2009; Utari et al., 2018).
Hence QQ enzymes may be beneficial for the treatment of burn
and lung infections as well.

CONCLUSION

AiiM showed a strong activity against C4-HSL, 3OC8-
HSL, C10-HSL, 3OC10-HSL, and 3OC12-HSL. It reduced
elastase and alkaline protease activities as well as pyocyanin
and HCN concentrations in all tested clinical strains of
P. aeruginosa isolated from burned patients and no AiiM
tolerant strain was found. However, it had no inhibitory effect
against the T3SS.
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REVIEW

TRP ion channels: Proteins with conformational flexibility
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Instituto de Fisiología Celular, Universidad Nacional Autónoma de México, Mexico City, Mexico.; dDepartamento de Fisiología, Facultad de
Medicina, Universidad Nacional Autónoma de México, Mexico City, Mexico

ABSTRACT
Ion channels display conformational changes in response to binding of their agonists and antagonists.
The study of the relationships between the structure and the function of these proteins has witnessed
considerable advances in the last two decades using a combination of techniques, which include
electrophysiology, optical approaches (i.e. patch clamp fluorometry, incorporation of non-canonic
amino acids, etc.), molecular biology (mutations in different regions of ion channels to determine their
role in function) and those that have permitted the resolution of their structures in detail (X-ray crystal-
lography and cryo-electron microscopy). The possibility of making correlations among structural com-
ponents and functional traits in ion channels has allowed for more refined conclusions on how these
proteinswork at themolecular level. With the cloning and description of the family of Transient Receptor
Potential (TRP) channels, our understanding of several sensory-related processes has also greatlymoved
forward. The response of these proteins to several agonists, their regulation by signaling pathways as
well as by protein-protein and lipid-protein interactions and, in some cases, their biophysical character-
istics have been studied thoroughly and, recently, with the resolution of their structures, the field has
experienced a new boom. This review article focuses on the conformational changes in the pores,
concentrating on some members of the TRP family of ion channels (TRPV and TRPA subfamilies) that
result in changes in their single-channel conductances, a phenomenon that may lead to fine-tuning the
electrical response to a given agonist in a cell.
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Introduction

The appearance of the plasma membranes of cells
constituted a key event for life during evolution.
These structures represent boundaries of the units of
life, achieving pivotal functions for the cell, including
transport of molecules, communication with the
environment, and metabolic functions. The intrinsic
hydrophobic nature of these structures renders them
impermeable to the flux of charged molecules,
a process necessary for cell-cell communication, acti-
vation of signaling pathways, as well as for the ability
to respond to endogenous and exogenous signals. This
issue is resolved by the presence of certain types of
proteins in plasma membranes, called ion channels
that allow for the passage of ions from one side to the
other. The specific structure of one ion channel may
differ substantially from another; however, all these
proteins contain a pore that opens and closes to permit

the flow of ions, mediating ionic currents that, in turn,
result in the generation of signals with distinct phy-
siological consequences.

There is an intimate relationship between the
structures and the functions of ion channels, with
their different component regions serving
a specific role in the activity of these proteins. In
the 1980s, when the patch-clamp recording tech-
nique was developed, it became possible to study
the behavior of single ion channels in real time[1].
Furthermore, with the advances seen in the areas
of molecular biology, cloning and generation of
knockout animal models, we have been provided
with valuable methods[1] to carefully determine
the roles of ion channels in normal and under
pathophysiological conditions. A large variety of
ion channels have been cloned and biophysically
characterized and, in the past three decades,
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research-oriented towards determining the struc-
ture of ion channels has witnessed remarkable
progress.

The Nobel Prize in Chemistry was awarded to
Roderick MacKinnon and Peter Agre in 2003, for
advancing the field by resolving the molecular struc-
tures K+ channels [2–5] and aquaporins [6,7], allow-
ing us to further understand their functional features.

The present review focuses on a family of proteins
named Transient Receptor Potential (TRP) ion chan-
nels, which has fundamentally reshaped our knowl-
edge of sensory physiology and their importance is
illustrated by their pivotal roles in smell, taste, vision,
touch andour ability to detect changes in temperature.
Originally, the first trp gene was identified in
a Drosophilamutant with altered vision [8]; however,
it was not until it was cloned that the deduced amino
acid sequence led to the suggestion that trp encoded
for a cation channel [9]. Electrophysiological studies
later showed that trp indeed was an ion channel and
that its selectivity could be modified by inserting
mutations in the amino acid region that formed the
pore loop [10].

The field of study of TRP channels witnessed
a boom when mammalian homologs of the
Drosophila trp channel were cloned and when
some of these were identified as temperature sen-
sors [11,12]. A feature of these proteins is that
several of these channels are polymodal, that is,
being activated by several distinct physical stimuli
and more than one ligand. In some cases, different
biophysical properties as well as distinct confor-
mational changes in their pores, associated with
interactions with different ligands, have been
demonstrated.

We will discuss a few examples of ion channels
where conformational changes are associated with
different ion conductance states. However, we will
mainly focus on TRPV1 and other TRP ion chan-
nels for which structures have been solved, making
emphasis on the conformational changes produced
by various ligands and on their effects in the
functional properties of these proteins.

Rearrangements in the outer pore of kv2.1
lead to changes in ion conductance

For voltage-gated ion channels, modulation of
macroscopic current magnitude archetypically is

thought to occur through an effect on the gating
(opening and closing properties) of these proteins.
In this sense, most studies of gating have concen-
trated on the voltage-dependent gate at the cyto-
plasmic entrance to the pore. Moreover, there is
a large body of evidence that also supports an
important role for the selectivity filter in gating
activation [13,14]. It has been suggested that some
form of voltage-dependent gating can exist at the
selectivity filter (the region that discriminates
among types of ions passing through the pore)
[15–17], although the main closed-open transition
is controlled by the S6 bundle-crossing intracellu-
lar gate [18].

These aspects have been explored in Kv2.1 potas-
sium channels, which are slowly inactivating delayed
rectifiers present in non-neuronal excitable cells and
several neurons. In these channels, the current magni-
tude is modulated by the external K+ concentration,
making outward currents through Kv2.1 channels
become larger when the extracellular K+ concentra-
tion is increased [19]. Kv2.1 channels exhibit two
distinct pharmacological profiles as a function of the
K+ concentration since they can either be sensitive to
external tetraethylammonium (TEA; IC50 ~ 3–5mM),
or completely insensitive to this blocker [20]. The
underlying mechanism of these effects encompasses
the opening of Kv2.1 channels into one of two differ-
ent outer vestibule conformations with different sen-
sitivities to TEA. It has been shown that the channels
that open into a TEA-sensitive conformation produce
largermacroscopic currents [19]. In contrast, channels
that open into a TEA-insensitive conformation,
a phenomenon that occurs in the presence of higher
potassium concentrations, yield smaller macroscopic
currents [19].

Trapani and collaborators examined the
mechanism by which conformational changes in
Kv2.1 channels produced changes in current mag-
nitude. By using a combination of single-channel,
macroscopic recordings, and hidden Markov mod-
eling they proposed a model in which an outer
vestibule lysine residue in position 356 (pore turret
region) interferes with the flux of K+ through the
channel [19]. This led to the suggestion that the K+

concentration-dependent change in orientation of
that specific K356 can modify single channel con-
ductance through a change in the level of such an
interference [19].

208 A. E. LÓPEZ-ROMERO ET AL.



In summary, in the conformation where cur-
rents are smaller in magnitude, K356 would be
oriented towards the center of the ion conduction
pathway, not easily allowing the flux of K+ ions
and resulting in a change in the single-channel
conductance. In contrast, when K356 is oriented
away from the conduction pathway, it readily
allows the passage of ions. Thus, these results
obtained by Trapani et al., not only provided
evidence where Kv2.1 single-channel conduc-
tance is modulated by the outer end of the con-
duction pathway through the occupancy of open
states with different outer vestibule conforma-
tions, but they also showed that these occur
under physiologically-relevant K+ concentra-
tions [19].

Hence, in a physiological scenario, it is impor-
tant to consider that with rising extracellular K+

concentrations, the current magnitude of K+ chan-
nels in most neuronal cells is reduced as a result of
a decrease in electrochemical driving force.
However, Kv2.1 counteracts this reduction in net
outward current in the presence of higher K+

concentrations and, as suggested by the authors,
this would provide the cells where these channels
are expressed with a mechanism that maintains
action potential integrity when high-frequency fir-
ing conditions are present [19].

The validity of the pore dilation phenomenon
to explain changes in ion channel
conductance

Ion channels exhibit different permeability and
selectivity to various ions. Potassium, sodium,
and calcium channels contain ion binding sites in
their selectivity filters that enable them to finely
discriminate among the ions that will flow through
their pores5[21],. Nonetheless, some ion channels
have been shown to exhibit dynamic changes in
their ion selectivity in response to agonist activa-
tion that could, in theory, allow for changes in
their conductance. Examples of these ion channels
are P2X receptor channels [22,23], acid-sensing
ion channels (ASIC) [24,25] and TRPV1 channels
[26,27]. This phenomenon has been called pore
dilation and it will be next discussed for P2X
receptors, a well-studied example of this process,
and for TRPV1 in a later section.

P2X receptors are ion channels gated by extracel-
lular ATP [28] and it was originally thought that the
pore first opened rapidly to a conducting state selec-
tive for small cations such as Na+, K+ and Ca [2]+ (I1
current) and gradually increased in size or dilated over
time, rendering the channel permeable to large
organic cations such as N-methyl-D-glucamine
(NMDG+) or I2 current, as well as to large fluoro-
phores and dyes (i.e. YO-PRO1) [22,23]. However,
based on the original assumption that P2X receptors
experience a slow, time- and agonist-dependent pore
dilation, three mechanisms have been suggested to
explain this phenomenon: (1) it represents an intrinsic
gating property of the functional P2XR channel,
where ATP exposure results in the widening of the
pore and a change from a state that conducts Na+, K+,
Ca2+ (I1) to one that conducts NMDG+ and YO-PRO
1, a large propidium dye. Such a switch has been
proposed to be modulated by phosphorylation or
dephosphorylation events [22,23]; (2) macropores
are formed as a result of an agonist-dependent redis-
tribution and oligomerization of P2XRs. The fusion of
two ormore trimeric P2XRs, aswell as an enlargement
of the channel pore, or the formation of a separate but
larger pore among aggregating trimeric assemblies,
could underly macropore formation. This hypothesis
has been ruled out by some research groups since no
clustering or redistribution of channels expected dur-
ing oligomerization has been found to occur [23,29],
but some others still support it [30]; (3) the perme-
ability to large cations is facilitated by a structurally
separate transport pathway downstream of P2XR acti-
vation [22].

Although the phenomenon of pore dilation has
been extensively explored, accumulating evidence sug-
gests that it may be an artifact of the experimental
conditions used, as will be detailed in the Discussion
section.

Next, we will discuss some structural character-
istics of TRP ion channels that shed light into why
these proteins represent an example of conforma-
tional flexibility in response to agonists that may
result in changes in cellular excitability.

The structures of thermotrp channels reveal
conformational flexibility

The TRPV1 channel was the first mammalian TRP
channel to be cloned. In 1997, it was shown that
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TRPV1 is the receptor for capsaicin [11,12]. In this
groundbreaking study, the laboratory of David
Julius isolated a cDNA clone that reconstituted
the response to capsaicin in non-neuronal cells.
By examining the amino acid sequence of this
clone, they demonstrated TRPV1 is an integral
membrane protein, homologous to a family of
putative store-operated calcium channels and that
it is expressed by small-diameter neurons within
sensory ganglia such as the dorsal root (DRG) and
trigeminal (TG). Moreover, these authors showed
that TRPV1 is also a thermal sensor, activated in
response to temperatures in a range known to
elicit pain-associated behaviors in animals and
pain in humans [11]. It was later shown, in 1998,
that TRPV1 is also activated by low extracellular
pH (pH ≤ 5.9) [12].

Continued work on the study of the function of
TRPV1, one of the best studied TRP channels, has led
to the identification of several other agonists and
modulators including resiniferatoxin (RTx) [12], dia-
cylglycerol [31], hydroperoxyeicosatetraenoic acid
(HPETE) [32], anandamide [33], N-acyl ethanola-
mines (NAEs) [34], n-acyl-dopamines [35], nitric
oxide [36], cations [37,38], hydrogen sulphide (H2S)
[39], the double-knot toxin (DkTx) from the Earth
Tiger tarantula [40] and lysophosphatidic acid
(LPA) [41].

TRP channels are all tetrameric structures. The
structure of TRPV1 had been initially solved in
the year of 2008 by the group of Vera Moiseenkova-
Bell. These authors obtained a 19 Å resolution cryo-
EM structure that showed that TRPV1 exhibits
a four-fold symmetry with a large open basket-like
domain, formed by the N- and C-termini of the
channel as well as a compact transmembrane region
[42]. In this first solved structure of TRPV1, the
authors described a 150 Å tall ion channel which is
divided into a “small” compact region (30% of the
total volume) and into a “large” region or the “bas-
ket-like” domain (70% of the total mass).

This seminal study was followed by the
higher resolution structures for TRPV1 obtained
by the research groups of Yifan Cheng and
David Julius. Two, back-to-back reports,
described structures of 3.4–4.2 Å resolution
obtained by cryo-EM [43,44]. They confirmed
that TRPV1 has a four-fold symmetry with
a central ion pathway that is formed by

transmembrane segments S5 and S6 and a pore-
loop, all of which are surrounded by the S1-S4
domains with a domain-swapped geometry
[43,44]. The pore region was described as one
containing a wide extracellular mouth and
a short selectivity filter. The important TRP
domain, which is a region conserved in these
family of ion channels and that is thought to
play an important role in their allosteric mod-
ulation, was shown to interact with the S4-S5
intracellular linker. Each of four subunits in
TRPV1 contains six ankyrin repeats that form
the ankyrin repeat domain (ARD) localized to
their N-termini [43,44] (Figure 1).

These research groups also described the struc-
tures of TRPV1 obtained in the presence of different
agonists, providing insight into the mechanisms that
allow the polymodal activation of this channel. One
of these structures was obtained in the presence of
RTx (which also binds to the vanilloid pocket where
capsaicin binds through residues Y511 and S512 in
S3 and M547 and T550 in S4) and DkTx together.
The authors showed that DkTx was bound to the
extracellular loops of the outer pore region and
defined contacts of the toxin with residues at the
top of the pore helix of one subunit and the outer
pore loop in the proximal S6 region of another
nearby subunit [43,45] (Figure 2).

The structures of TRPV1 obtained in the presence
of both agonists display evident rearrangements in the
ion conduction pathway and the outer pore region.
With RTx and DkTx bound to the channel, the ion
conduction pathway appears completely eased of con-
strictions. This is in contrast to the structure obtained
only in the presence of capsaicin, where the lower gate
I679 is extended, but the selectivity filterG643 remains
unaltered [45] (Figure 2).

When TRPV1 has RTx and DkTx bound, a shift
or tilt of the S6 helix 1.9 Å away from the central
axis of the channel is produced, as compared to
the apo or unliganded state. Moreover, an increase
in the distance between the carbonyl oxygens of
G643, which constitutes the narrowest point of the
selectivity filter, is also observed when both ligands
are present: it goes from 4.6 Å in apo (PDB 3J5P)
to 7.6 Å in RTx/DkTx (PDB 3J5Q) [45].

As mentioned above, G643 (at the upper gate)
remains unaltered between the apo structure (PDB
3J5P) and in the structure in complex with
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capsaicin, and this could be explained because, in
the absence of DkTx, the channel could be under-
going transitions to closed states. However, the
distance between the I679 residues (lower gate)
in the apo state is 5.3 Å (PDB 3J5P) and, when
in complex with RTx/DkTx (PDB 3J5Q), it shifts
to 9.3 Å, while it is at 7.6 Å with capsaicin only
(PDB 3J5R). Therefore, the authors concluded that
the structure obtained with capsaicin is likely only
a partially activated state of TRPV1 [45].

When TRPV1 is in the presence of capsaicin
only, the structure can be superimposed to that
of the apo state in the outer pore region. Hydrogen
bond interactions among side chains of the E600
residues and main-chain nitrogen atoms of the
Y653 and D654 amino acids in the outer pore
loops thought to stabilize the ion channel in the
closed state, are broken when the distances among
them are increased in response to the binding of
DkTx and RTx. The distances between residues

Figure 1. Structure of the TRPV1 channel. Only one of the subunits is highlighted for clarity.
The ankyrin repeat domain is shown in purple, the S1- S4 domain in orange, the pore forming S5-P-S6 is shown in blue. The pre-S1,
S4-S5 linker, and TRP domain, which participate in the allosteric modulation of the channel, are shown in green. The left panel is
a lateral view, the central and right panels are extracellular and intracellular views, respectively. (PDB 3J5P).

Figure 2. Relative movements of the selectivity filter and lower gate of TRPV1 in the presence of different agonists.
A. Distances between G643 (at the selectivity filter) and I679 (lower gate) in the apo (left, PDB 3J5P), RTx/DkTx (middle, PDB 3J5Q)
and capsaicin (right, PDB 3J5R) structures. Compared to the apo structure, in the presence of both RTk and DkTx the selectivity filter
and the lower gate expanded. In the structure with capsaicin only (Cap), the outer pore region remains unaltered in comparison with
the apo structure, while the lower gate widens. B. Interactions among residues in the outer pore that stabilize the closed
conformation of TRPV1. The hydrogen-bonds between E600 side chain with the main-chain nitrogen atoms of Y653 and D654
are broken in the structure with RTk/DkTx but maintained with capsaicin only.
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that stabilize the closed state change when the
channel is in the apo state or in the presence of
RTx/DkTx: D654-E600 goes from 3.6 Å to 8.4 Å,
while for Y653-E600 it goes from 4.4Å to 8.3Å,
respectively [45] (Figure 2).

In summary, this ion channel displays extraor-
dinary flexibility of movement in response to the
presence of different agonists.

Another example of conformational changes
that may allow for “superactivated” states is
that of TRPV2. This channel is activated by
temperatures near 52ºC [46] and by membrane
stretch [47]. Although structurally similar to
TRPV1, TRPV2 is not activated by vanilloid
compounds. However, the laboratory of Kenton
Swartz produced a TRPV2 channel with four-
point mutations to form a vanilloid-binding site
located in the S4-S5 linker and the base of S5
[48], rendering this channel sensitive to RTx.
These results were also confirmed by Yang
et al., who used a TRPV2-Quad channel (with
the same point mutations in mouse), where cap-
saicin competed for the same site as RTx [49].
This TRPV2_Quad channel was found to bind
RTx, and that leads the channel to an unstable
open state through a mechanism that bridges the
S4-S5 linker to the S1-domain [49].

A couple of years later, Zubcevic and collabora-
tors obtained the crystal structure of a minimal
construct of the rabbit TRPV2 channel
(miTRPV2) in the absence of agonist and com-
pared it with that of the vanilloid-sensitive
miTRPV2 (F470S, L505M, L508T, and Q528E, in
the rabbit TRPV2) in complex with RTx [50].

Interestingly, in the structure in complex with
RTx, they found that two subunits adopt distinct
orientations between the S4-S5 linker and the S5,
as compared to the other two subunits. In other
words, while two subunits (A and C) are found to
spread away from each other, the other two (B and
D) get closer. This rearrangement results in an
asymmetric pore that adopts a wider conformation
at the selectivity filter when compared to the struc-
ture without RTx (Figure 3).

The authors determined that with RTx the dis-
tance between the G604 carbonyl oxygens in con-
tracted subunits was ~7.1 Å, and in the widened
subunits the distance between the I603 carbonyls
was ~12.3 Å, while in the structure with only Ca2+

the distances between G604 carbonyl oxygens are
6.1–6.4 Å [50,51]. The conclusion was that, when
RTx binds to the channel, it pushes the base of S5
downwards and produces a bend in the S4-S5
linker producing a different conformation that
leads to rotation and widening of the entire
involved subunit (Figure 3).

The authors also suggested that this wider con-
formation of the pore could allow for the permea-
tion of larger cations since they performed
experiments where it is observed that, upon acti-
vation of the vanilloid-sensitive TRPV2 with RTx
(250 nM), uptake of the large fluorescent molecule
YO-PRO-1 (376 Da) could be attained. With this
experiment, they confirmed the functionality of
this conformation, and suggested that it was either
a fully open state or an intermediate state that
occurred before a symmetric open state capable
of permeating large organic cations [50].

Just as in TRPV2, a vanilloid-binding site can be
introduced into the TRPV3 channel upon the
insertion of six residues in the putative vanilloid-
pocket: W521Y, H523E, F522S, L557M, A560T,
and Q580E, as shown for the mouse TRPV3 chan-
nel by Zhang and collaborators [52]. Nonetheless,
the insertion of this vanilloid-binding site is not
enough to achieve activation of TRPV3 by RTx
and the presence of other agonists, such as
2-APB (aminoethoxydiphenyl borate) or heat, is
required [52]. These results demonstrate that gat-
ing pathways are conserved among the TRPV
channels, but they also show that the energetics
for activation can dictate their sensitivity to certain
stimuli since adding a binding site for an agonist
does not necessarily result in the activation of the
ion channel [52].

Structurally, the sensitized state of the human
TRPV3 undergoes an α-helix to π-helix transition
in the S6 which, in turn, disrupts the S4-S5 linker
and S6 and the latter bends ~9° away from the
pore [53]. In a previous report, the open confor-
mation of the mouse TRPV3 obtained with 2-APB
only shows a π-helix in the S6 [54], leading the
authors to suggest that the secondary structure
transition could be a hallmark for a sensitized
channel, in other words, a state that requires less
energy to activate [53].

Additionally, Zubcevic and collaborators also
observed that during the activation of TRPV3
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with 2-APB, the intermediate states display asym-
metrical rearrangements that are not present in the
apo or sensitized states. The differently observed
deviations for the subunits are caused because
theπ-helices in the S4-S5 linkers begin at different
residues. This is interesting because it accounts for
a similar phenomenon as the one described above
for the activation of TRPV2 with RTx, which also
originates at the S4-S5 linker [50]. Together, these
results further support the hypothesis that the
gating mechanisms of TRPV channels are con-
served and a break in symmetry may be character-
istic to these channel’s gating.

The TRPV4 channel was first described as an
osmosensor, capable of activating after exposure to
extracellular hypotonic conditions [55,56].
Subsequent reports demonstrated that, like other
members of the TRPV subfamily, TRPV4 is a heat-
sensitive channel activated by temperatures above
27°C [57] and chemical agonists such as phorbol
derivates [58] and 5,6-epoxyeicosatrienoic acid,
a metabolite of arachidonic acid [59,60].

Deng and collaborators obtained the first high-
resolution cryo-EM structure (3.8 Å) of the
TRPV4 channel [61]. These authors determined
that the channel was in a closed conformation,
that the narrowest diameter in the pore (5.3 Å)
was located at residue M714, which impeded the
permeation of ions. Even in the closed state,
TRPV4 displayed a particularly wide selectivity
filter: the diameter at G675 in TRPV4 was
10.6 Å, while the diameter at G643 in TRPV1 in
complex with RTx/DkTx was 7.6 Å[45]. This evi-
dence suggested that unlike TRPV1, the TRPV4
channel lacks an upper gate [61].

The single-channel conductance of TRPV4,
when stimulated with hypotonic solutions, has
been reported to be around 310 pS, at positive
voltages [55]. However, reports for its single-
channel conductance during spontaneous activity
is near 88 pS [56], which is near the value (around
98 pS) obtained with other agonists such as 4α-
Phorbol 12,13-didecanoate (4αPDD) and with heat
(around 105 pS) [58]. Altogether these results

Figure 3. Comparison of open and closed states of TRPV2.
Extracellular views of A) a closed miTRPV2 channel (PDB 6BWM) and B) vanilloid-sensitive miTRPV2 (PDB 6BWJ) in complex with RTx
shown as yellow spheres, representing the open state. On the lower panel are side views of the closed (C) and open (D) channel.
Only two subunits are shown for simplicity. The green sphere is Ca2+ trapped in the pore which is notably wider in the open
configuration, its also visible the rearrangement of the intracellular domain. The side chains of G604 are also depicted.
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suggest that the channel can adopt a different
functional state when it is stimulated under hypo-
tonic conditions vs. heat or phorbol, and that
differences in the conductance of TRPV4 may be
observed with other agonists, but further studies
must be performed.

TRPA1 is a channel mainly expressed in nocicep-
tive neurons which responds to multiple noxious sti-
muli, including pungent chemicals present in garlic,
mustard oil, cinnamon or wasabi [62,63]. Moreover,
TRPA1 was initially described as a channel activated
by noxious cold temperatures [64,65], but there has
been controversy around this topic since this channel
functions as a temperature receptor in a species-
specific fashion [66–68]. Chemical agonists of
TRPA1 have been divided based on their mechanism
of action into electrophilic and non-electrophilic ago-
nists. Examples of the first are allyl isothiocyanate
(AITC) [69] or allicin [62] that activate the channel
through covalent modification of cysteines at the
N-terminal domain. In fact, allicin can also activate
TRPV1 through the same mechanism [70–72]. The
non-electrophilic agonists include carvacrol, oleo-
canthal, Δ9-tetrahydrocannabinol (THC) and acidic
pH, which activate TRPA1 by mechanisms not asso-
ciated with cysteine modifications and which remain
mostly unclarified [73–75].

Cavanaugh et al., determined, in excised TRPA1-
expressing membrane patches, that the channel needs
to be exposed to polyphosphates (PPPi) [76] in order
to be activated by AITC, but in this AITC-insensitive
conformation (in the absence of PPPi) it can be acti-
vated by THC [77]. This result indicates that the
channel shifts to a different functional conformation
unresponsive to cysteine modification but responsive
to activation by a different mechanism [77], each with
a distinguishable function and agonist dependence.

The different functional states described by
Cavanaugh et al., have not been structurally com-
pared. Unlike TRPV1, the cryo-EM structure for
TRPA1 was not obtained in the presence of differ-
ent agonists, but only with AITC (PDB 3J9P).
Nonetheless, it was possible to determine that the
pre-S1 helix, linker S4-S5, and TRP-like domain
are bound by hydrophobic interactions and repre-
sent an important site for allosteric modulation,
similar to what happens with TRPV1 [45,78].

Nevertheless, recent studies have compared the
structural rearrangements of TRPA1 in the

presence of different agonists using techniques
such as limited proteolysis combined with mass
spectrometry [75]or circular dichroism spectro-
scopy only for the N- and C- terminal domains
[79]. These robust methodologies show important
interactions between cytoplasmatic domains
involved in the gating of the channel [79], as well
as differences between the activation with electro-
philic and non-electrophilic agonists [75].

TRPV5 and TRPV6 display limited structural
rearrengements in their pores

Both TRPV5 and TRPV6 ion channels are
expressed mainly in the epithelial tissue of the
digestive tract and kidney, where they play roles
in the reabsorption and transcellular transport of
Ca2+ [80]. Unlike other members of the TRPV
family, TRPV6 and TRPV5 show inward rectifica-
tion and these highly Ca2+-selective proteins are
constitutively active under physiological condi-
tions [81]. Despite the high ion selectivity, in the
absence of extracellular divalent cations, they can
permeate monovalent cations [80].

TRPV5 and TRPV6 channels share structural
traits that differentiate them from the other
known TRPV channels. Three phenylalanine resi-
dues in S6 give rigidity to the pore, and a ring of
aspartates in the selectivity filter confers its high
Ca2+ selectivity [82]. Neutralization mutation of
the negative aspartate charge not only affects Ca2
+ selectivity but reduces inward rectification [80].

Functionally, both channels can be inhibited by
endogenous calmodulin (CaM) [83] or by econazole,
an antifungal [84], while PIP2 helps stabilize their open
state [85]. The conformational changes between open
and closed states of these channels have been explored
by comparing the cryo-EM structures of econazole-
bound TRPV5 and of both channels in the presence of
either PIP2 or CaM [86,87].

One of the main findings of this comparison is that
the selectivity filter remainsmostly the same regardless
of themolecule that binds the channel. The lower gate
identified in TRPV5 is formed by F574, M578, and
H582 that constrict the pore to a diameter between 4.5
and 5.9 Å in the same bundle crossing configuration
observed in other TRP channels. The closing seems to
involve a change in the position of the S4-S5 linker and
the loop connecting S6 with the TRP domain [86,87].
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The binding of PIP2, induce a change in the
orientation of the lateral chain of the aspartate in
the selectivity filter. This change may be explained
by an interaction of the head group of PIP2 with
R584 in the S6 helix, analogous to what has been
observed in TRPV1, which rotates and pulls away
from the center of the pore accompanied by move-
ment of the S4-S5 linker [87]. The main difference
in the response of TRPV5 and TRPV6 was
observed in the CaM-bound structures. Both chan-
nels bind to a single CaM-molecule which is cap-
able of physically blocking the pore from the
intracellular side, but while TRPV5 shows no con-
formational changes, TRPV6 shows an α- to a π-
helical transition of S6 which tilts the helix toward
the center, so I575 becomes an inactivation gate
[87], which has also been observed in TRPV3 [53].

Analysis of the pores of TRPV5 and TRPV6 points
to rigid structures that contrast with the more flexible
pores of TRPV1-4. To date, there is no physiological
evidence of changes in their single-channel conduc-
tances in response to different stimuli, but it has been
suggested that their activity might be regulated by the
formation of TRPV5/V6 heterotetramers, as they are
co-expressed in several tissues. Hoenderop et al. used
Xenopus laevis oocytes to express such heterotetra-
mers and found that they have Ca [2]+ -dependent
inactivation and block by ruthenium red with features
intermediate to those of TRPV5 and TRPV6 [88].
Although this is an interesting possibility, they have
not been identified in vivo, and their biophysical prop-
erties at the level of single-channels have not been
investigated.

Lysophosphatidic acid: A pain-producing
phospholipid

Another activator of TRPV1 shown by our group
to directly interact with this ion channel is lyso-
phosphatidic acid (LPA) [41]. This is the only
example for which a change in single channel
conductance in a TRP channel has been shown
to depend upon the presence of different agonists;
thus, we will discuss this phenomenon in detail.

LPA has been extensively linked to the genera-
tion of chronic neuropathic pain through its inter-
actions with G protein-coupled receptors (GPCRs)
[89–92] and to modulate the activity of several ion
channels [93–97]. Regulation of the activity of

TRPV1 by molecules of a lipidic nature has been
explored, and it has been described that PIP2 [98–
106], polyunsaturated fatty acids (PUFAs) [107],
monounsaturated fatty acids [108] and cholesterol
[109–111] can modulate the activity of TRPV1,
either directly or indirectly. However, reports of
direct interactions of LPA with ion channels, in
general, are scarce [95,112,113].

LPA is a phospholipid constituted by an acyl
chain of saturated or unsaturated fatty acids asso-
ciated with a glycerol backbone by ester links, and
that contains a phosphate head group [114]. LPA
can be naturally found as different species that
vary in their acyl-chain length as well as in their
saturation (16:0; 18:0; 16:1, 18:1; 18:2 and 20:4).

Our group studied whether LPA could produce
acute pain in mice and showed that it is considerably
dependent upon TRPV1. These results led us to deter-
mine that LPA could, in fact, produce currents and
action potentials in DRG neurons from wild-type
mice but not in DRG neurons from Trpv1−/−animals.
Using a heterologous expression system of HEK293
cells transfected with TRPV1, we found that currents
could be induced when LPA was applied to the intra-
cellular or extracellular faces of the ion channels and
that the responses were dose-dependent [41].

In our studies, we ruled out the participation of
GPCR-related signaling pathways on TRPV1 activa-
tion by LPA and identified a site of interaction for this
phospholipid, residue K710 in the C-terminus of
TRPV1 [41]. Confirmation of these results was
obtained later by another group in a study where
TRPV1 was expressed in lipid bilayers and activated
by LPA [115].

Hence, we extended the aforementioned study and
determined that, for fatty acids to activate TRPV1, the
following features had to be met by these molecules:
the presence of a charged phosphate group, a length
of, at least 18 carbons of the acyl chain and a mono
unsaturation [116].

LPA produces a different open
conformational state to that of capsaicin

Our first study on the effects of LPA on TRPV1
was published in 2011 [41], and since then, we
have been studying the specifics of how this mole-
cule regulates the activity of TRPV1. Our most
recent study on this subject provides functional
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evidence that LPA produces a different open con-
formational state of TRPV1 that has a larger
conductance.

In preliminary experiments, we had found that
addition of LPA (5 μM) to excised membrane
patches of TRPV1-expressing HEK293 cells
resulted in larger magnitude macroscopic currents,
as compared to those obtained in the presence of
saturating capsaicin concentrations (4 μM). We
had also observed that LPA (5 μM) produced
activation of TRPV1 single-channel currents with
an open probability (Po is 0.8) similar to that of
capsaicin (4 μM).

These data could be explained as 1) LPA either
producing an increase in the number of ion chan-
nels in the excised membrane patches (which was
highly improbable); 2) An increase in the mem-
brane negative surface charge near the channel
leading to an accumulation of positively-charged
ions near the pore mouth of TRPV1, 3) Producing
a phenomenon termed “pore-dilation” in which
the permeability to large ions occurs in the pre-
sence of prolonged exposures to agonists and that
had only been described for activation with cap-
saicin [26] and/or 4) a change in the single-
channel conductance.

In this last study, we performed a set of experi-
ments in order to discern among all of these pos-
sibilities. We started by studying how LPA affected
the unitary TRPV1 currents by first applying cap-
saicin (4 μM), washing off the agonist and then
applying LPA (5 μM) to the same membrane
patch. The results showed that LPA produced
a 41% increase in the magnitude of single-
channel currents at a single voltage (60 mV),

which was also observed at other voltages
(Figure 4).

Furthermore, our experiments ruled out all of
the other possibilities enlisted above and showed
that coapplication of subsaturating concentrations
of both agonists together resulted in two different
types of openings in a single channel, with con-
ductances corresponding to those achieved either
by adding capsaicin or LPA alone [117]. This was
the strongest indication of these two agonists pro-
ducing distinct open conformations that varied in
their conductance. Finally, we defined that the
presence of K710, the residue that is pivotal for
the activation of TRPV1 by LPA, was also neces-
sary for the generation of the higher-conductance
open state [117].

TRPC and TRPM channels

Until just recently, finely defined structural char-
acteristics of TRPC channels have remained elu-
sive, mainly because of the lack of high-resolution
structures. The cryo-EM structures obtained to
date are those for the TRPC3, TRPC4, TRPC5
and TRPC6 channels [118–123]. However, no
functional studies reporting changes in the con-
ductance of these channels in response to different
agonists are available.

These channels exhibit four ankyrin repeats and
linker helices at their N-terminal domains and at
the C-terminal domains they possess a TRP
domain that connects a helix and a coiled-coil
domain. Inside the pore, all TRPC members have
a conserved “LFW” motif that maintains the struc-
ture of the pore [124].

Figure 4. LPA increases single channel currents.
Current amplitude for a TRPV1-expressing membrane patch in the presence of capsaicin (4 µM; left) and in the presence of LPA
(5 µM; right). Traces were obtained at +60 mV.
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The TRPC subfamily can be divided into two
groups that share some distinctive characteristics.
The first group is constituted by the TRPC3/C6/C7
channels are activated by DAG. Structurally, both
TRPC3 and TRPC6 display a pre-S1 elbow, a TRP
re-entrant helix embedded in the membrane
bilayer after the TRP domain, and an unusually
long S3 that forms a “pseudo” extra cellular
domain (ECD) [121,122,124]. Furthermore, unlike
most TRP channels, TRPC3 channels possess
a linker that connects the TRP domain to the S6.
This results in a more flexible TRP domain that
exhibits a higher coupling with the S4-S5 linker
and a lipid binding site near the pre-S1. All of
these peculiar interplays of domains may provide
a molecular basis for TRPC3 lipid gating [121].

The second group includes the TRPC4/C5
channels that are modulated by Gq, Gi/o GPCRs,
membrane lipids, and intracellular Ca2+ [119,125].
These channels share the common feature of
a disulfide bond between two cysteines at the
loop linking S5 and the pore domain that main-
tains the residue E555 in proper position and thus
stabilize the upper region of their selectivity filters
[119,120,123,124]. As in other TRP channels, the
TRP domain of TRPC4 is an important molecular
effector for gating in this protein since it interacts
with the S4-S5 linker and other proteins [123].

The structures of TRPC3/C6 and TRPC4 (both
human andmouse) show a closed pore conformation.
For TRPC3 the lower gate is located at residues I658
and L654 where they present a radius of less than 1 Å
[121]. As for the humanTRPC4, the residues I617 and
N621 were identified as the lower gate where the
constriction of the diameter was around 1.6 and
0.7 Å (defined by opposing van der Waals surfaces)
[123], and for the mouse TRPC4 the narrowest point
is located at N621 (3.6 Å) and constitutes the lower
gate along with I617 and Q625 [119].

However, the TRPC5 is considered at least par-
tially open since the constriction at the lower gate
formed by the residues I621, N625 and Q629 was
around 4.9 Å [120]. Comparing this structure with
the closed TRPC4, Duan and collaborators suggest
that the extracellular disulfide bond is a transducer
of conformational changes. Nonetheless, more
structures of TRPC channels at their open confor-
mation will help to elucidate if there are differ-
ences in the pore during their gating [120].

The TRPM subfamily is composed of eight
members with diverse features and functions
[126]. The TRPM members for which cryo-EM
structures have been solved in the closed or par-
tially open conformations are TRPM2, TRPM4,
TRPM7 and TRPM8 [127–135]. Their subunits
are composed of six transmembranal segments,
but at their N-terminal domains, they present
four TRPM homology regions (MHR) and
a C-terminal coiled-coil domain [127–135].

The C-termini of TRPM2, TRPM6, and TRPM7
channels possess enzymatic domains and have
been named “chanzymes” [136–139]. Similar to
TRPC4/C5 channels, TRPM channels possess dis-
ulfide bonds at their extracellular pore that stabi-
lize the pore domain, but these disulfide-bonds
form between cysteines at the pore loop and the
pore helix S6 [119].

TRPM2 is a non-selective cation channel sensitive
to temperature [140] that is activated when ADP-
Ribose (ADPR) and Ca2+ are co-applied [141].
Wang and collaborators obtained the structures of
human apo-, ADPR-bound, and ADPR-Ca2+-bound
TRPM2 channels. They observed that the binding of
ADPR alone produced a closed conformation, con-
sidering it a “primed state” [128].

The lower gate was identified at residues I1045
and Q1053 in the pore and shown to be enlarged
in the ADPR/Ca2+ structure. Although a change
distance of the residues that form the gate was
observed, it was not considered large enough to
allow passage of Ca2+ (~4 Å radius) [128].

For zebrafish TRPM2 channels it was shown
that, once ADPR binds to the MHR1/2 domain,
a displacement of MHR4 is transmitted to the TRP
helix, pushing it towards the S4-S5 linker.
Consequently, the S4-S5 relocates the S5 and S6
and finally produces the opening of the channel.
Again, as for other TRP channels, the TRP helix is
shown to act as a transducer between the intracel-
lular and transmembranal domains during gating
[129]. Moreover, the authors propose putative
binding sites for Ca2+ in the S3, leading them to
speculate that Ca2+ facilitates the opening due to
the movement of the S3 upon the binding of this
ion which allows for the relocation of the S4-S5
linker [129].

TRPM4 and TRPM5 channels are among the
only TRP members that are not permeable to
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divalent cations [132,142,143]. Despite their ion
selectivity, TRPM4/5 channels are activated upon
intracellular Ca2+ increases [144] and can be
modulated by PI(4,5)P2 [145,146]. However,
TRPM4 is inhibited by intracellular ATP and
nucleotides, while TRPM5 is insensitive to these
molecules [147,148].

The pore of TRPM4 has two gates: one located
at the selectivity filter and another formed by the
intracellular portion of the S6. In the human chan-
nel, the selectivity filter gate is formed by residues
975-FGQ-977 [130–132]. Likewise, the intracellu-
lar gate is formed by the I1040 residue [131,132].

Strikingly, both gates remain unchanged in all
reported Ca2+-bound structures, and it has been sug-
gested that Ca2+- binding is required for the opening
of the channel in response to voltage [131].

In the structure obtained in complex with ATP,
Guo and collaborators located a nucleotide binding
domain along with twelve helices and two ankyrin
repeats in the N-terminal [149]. The ATP-bound
structure is an inhibited state of TRPM4, and there
were no overall changes in the pore compared to the
apo structure. The TRP domain forms hydrophobic
interactions with the S4-S5 linker and forms a cavity
between the S1-S4 domain, which harbors
a potential Ca2+ -binding site [149].

The protein kinase domain in TRPM7 induces
phosphorylation of receptor tyrosine kinase
(RTK)-signaling intermediates and chromatin
modifications [150,151]. TRPM7 is permeable
to Mg2+, Zn2+ and Ca2+ [152], and the cryo-EM
structure of TRPM7 was obtained in the presence
and absence of Mg2+ [133].

There were no notable changes on the pore
domain of TRPM7 under different ionic condi-
tions. Interestingly, the selectivity filter identified
in TRPM7 (1045-FGE-1047), varies only on one
residue to the selectivity filter described in TRPM4
(971-FGQ-973 in mouse TRPM4 channel), which
is crucial to confer the monovalent selectivity of
the latter. The lower gate was determined to be
formed by I1093 and N1097 residues [133].

The TRP domain of TRPM7 interacts with dif-
ferent regions of the channel, highlighting the
importance of this region for gating in this pro-
tein. For example, the TRP domain interacts with
the N-terminal residues S744 and Q740, with the
S4-S5 linker by forming hydrogen bonds between

W1111 and R1115 (both located to the TRP
domain) and with A981 and V982 (in the S4-S5
linker) [133]. Additionally, it establishes π-π stack-
ing (Phe1118/Tyr1122) and cation- π interactions
(Arg1115/Trp1111) among its α-helical structure
[133]. However, unlike what has been observed in
other TRP structures, the TRP domain of TRPM7
does not contact the pre-S1 helix [133].

Another region that may produce important
conformational rearrangements in TRPM7 is the
pore helix. It has been shown that a disulfide-bond
established between residues C1056 and C1066, is
only formed in the presence of Mg2+. Thus, it has
been proposed that this cation could stabilize the
bond and impact directly on the structure of the
pore [133].

Finally, the TRPM8 is a non-selective cationic
channel permeable to Ca2+ and activated by cold
temperatures (below 25°C) and menthol [153].
The channel is modulated by PI(4,5)P2 [153,154].

In the same report, the cryo-EM structures for
TRPM8 have been obtained in complex with PIP2,
Ca2+, and icilin, and with WS-12 (a menthol ana-
log) together with PIP2 [134]. These structures
demonstrate that both, icilin and WS-12, bind to
a cavity formed between S1-S4 and the TRP
domain [134].

The structures reveal a different binding site of
PIP2, as compared to other TRP channels. This site
is formed by the pre-S1 domain, the S4-S5 junc-
tion, the TRP domain and the MHR4 of an adja-
cent subunit. Interestingly, upon the binding of
PIP2, the S4 undergoes a change from a complete
α-helical to a 310 helical conformation [134]. This
produces the movement of the TRP domain and
the S5 toward the cavity. At the same time, it
disrupts the interaction among the S1-S4 domain
and the S6-pore domain, enabling gating [134].
Additionally, during gating, the S1-S4 domain of
TRPM8 suffers a rigid rotation away from the pore
[134], unlike what happens to the S1-S4 domain in
TRPV1 which remains static [45].

The lower gate of TRPM8 is formed by L973
where the tightest constriction along the pore
was found in a previous structure134135, Yin
and collaborators determined that both struc-
tures (PIP2-Ca

2+-icilin and WS-12-PIP2) were
non-conducting states. Although, in the icilin-
PIP2-Ca

2+ structure the S6 is curved, which
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suggested that there may be a π helical turn
along the S6 as previously described for the
sensitized state of TRPV353. Therefore, the
structures may represent sensitized or presensi-
tized states of TRPM8 [134].

Although conformational changes in TRPM
channels in response to agonists or modulators of
their activities have been clarified, changes in their
conductance levels in response to these molecules
have not been reported.

Discussion

Here we have summarized some phenomena that
could potentially lead to changes in the conduc-
tance of single ion channels. For example, pore
dilation is a phenomenon suggested to occur in
TRPV1 [26,155] and other channels such as the
P2X receptors, and it is characterized by a change
in the permeability of the ion channel to larger ions,
induced by long times in the presence of the ago-
nist. However, the results that we have obtained, as
well as those of other groups, suggest that perme-
ability changes may result from changes in the
cytoskeleton organization or from time-dependent
local changes in the concentrations of ions in the
vicinity of the channel, a phenomenon known as
ion accumulation, that is at play in whole-cell
experiments [156] and is further discussed below.

Li and collaborators have examined this care-
fully and have shown that P2X receptors readily
activate and do not display a slow phase of activa-
tion under symmetrical ionic conditions [156].
These authors also show that changes in the equi-
librium potential are observed with NMDG+ in the
external solution during sustained activation and
that this prolonged activation in bi-ionic solutions
primes the depletion of internal Na+ and accumu-
lation of NMDG+ in the cell. Li et al., also discuss
that P2X receptors are exceptional in that they
demonstrate significant permeability to large
cations such as NMDG+ and that, even in the
absence of pore dilation, would allow the conduc-
tion of relatively large molecules to enter or exit
cells [156]. Finally, and most importantly, these
authors point out that changes in ion concentra-
tion, produced by ion accumulation and revealed
during experiments with P2X receptors, are an
inherent problem in voltage-clamp recordings,

where the flow of ionic currents across the mem-
brane may alter the concentrations of intracellular
ions [157,158]. In other words, when symmetrical
ionic conditions are used, ion concentrations can
be maintained by working under conditions in
which current amplitudes are moderate and cur-
rent measurements will always be equal to or
greater than the flux of any individual ionic spe-
cies. This is in contrast to experiments performed
with asymmetric ionic conditions, which require
a membrane conductance of an order of magni-
tude smaller than the access conductance to ade-
quately control ion concentrations.

These results are prompting a reexamination of
the concepts of pore dilation and dynamic ion
selectivity for all ion channels [156], and highlight
the importance of further studying the molecular
mechanisms underlying different conformational
changes induced by ligands in these proteins.

TRPV1 has been shown to contribute to several
physiological and pathophysiological processes,
importantly. Among these, the participation of
TRPV1 in pain-related processes is an aspect that
has attracted the attention of several research
groups. Understanding cellular mechanisms lead-
ing to the generation of pain constitutes the basis
for designing tools in order to attack them. Hence,
research directedtoward defining the molecular
mechanisms that underlie the production of pain
is of invaluable importance. This requires a great
effort from many researchers and from several
points of view, including that of understanding
various particularities of the modulation of the
effectors involved in pain processes.

As for changes in the conductance of TRPV1
due to the actions of agonists, it is interesting to
note that, it has been recently reported that DkTx
diminishes the unitary conductance by 32% of
TRPV1, as compared to that observed with capsai-
cin [159]. DkTx is a molecule composed of two
moieties joined by a short linker, which bind in
the outer pore region of the channel so that each
motif sits at a subunit interface [45]. Moreover, the
effect was eliminated when the linker of DkTx was
either absent or elongated and also when the pore
turret of TRPV1 was removed. The lack of pore
turret in the construct used for the cryo-EM of
TRPV1 explains why the structure with DkTx/RTx
is observed to be fully open. In fact, the unitary
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conductance of the construct used to obtain the
TRPV1 structure with bound DkTx was similar to
that obtained with capsaicin [159].

With this, Geron et al. confirmed that DkTx
and capsaicin elicit distinct gating mechanisms
that are dependent upon the pore turret of
TRPV1. They argued that the binding of DkTx
directly restricts the movement of the pore helix
and consequently the conductance.

In terms of the physiological relevance of LPA’s
actions on the conductance of the TRPV1 channel,
one can only hypothesize that in the presence of
this agonist, as compared to capsaicin, depolariza-
tion of the neuron where it is expressed will occur
more efficiently. Since the change in the conduc-
tance of the channel also occurs at subsaturating
concentrations of LPA (i.e., 1 μM), this would
mean that such an efficient depolarization could
also occur even when lower levels of the phospho-
lipid are present.

TRP channels share conserved sequences of
amino acids in some regions of their structures.
One such region is the TRP box (Figure 5), the
region where the K710 residue that interacts with
LPA lies. We have tested the effects of LPA on
some TRP ion channels and have found that
TRPV2, TRPV3, or TRPA1 channels are not acti-
vated by this phospholipid [41]. Although TRPV3
and TRPA1 have a lysine in this position, just as
TRPV1, LPA is not capable of activating these
channels. Thus, this phospholipid seems incapable
of providing the energy necessary to drive the
transition from the closed to the open state in
this particular ion channels and the question of
why this occurs remains open. Moreover, since
other members of the TRPV subfamily of ion
channels exhibit a lysine in the corresponding
position to that of K710, it will be interesting to
test whether their activities can be modulated by
LPA. If so, this would constitute the identification
of an agonist for these other ion channels for
which there are few endogenous activators
known (i.e., TRPV4, TRPV5, and TRPV6).

Since achieving different conductance states can
modulate the response of the cell where ion chan-
nels are expressed, not only will it be interesting to
determine if LPA activates these other TRP chan-
nels, but also whether it can produce different con-
formational changes as what happens with TRPV1.

This would further demonstrate the conformational
versatility of this family of ion channels.

Several ion channels have been studied at great
detail with respect to their responses to different
agonists. In particular, the idea that LPA produces
a conformational change that results in a different
conductance of TRPV1 at the single-channel level
compared to capsaicin challenges the notion in the
field of study of ion channels in general.

Here we have discussed that LPA leads the
TRPV1 ion channel to open with a single-
channel conductance level that is higher than
that attained with capsaicin. Both ligands promote
nearly maximal open probabilities [117]; hence,
this is most probably not a mechanism in which
different subconductance levels can be attained in
the presence of partial and full agonists.

Thus, it will be interesting to reflect upon and
determine what mechanisms or structural rearran-
gements allow TRPV1, and maybe other TRP
channels, to exhibit a higher conductance level in
the presence of one agonist or another.
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Diminished S-adenosylmethionine biosynthesis and its metabolism in a model of
hepatocellular carcinoma is recuperated by an adenosine derivative
María Guadalupe Lozano-Rosas, Enrique Chávez, Gabriela Velasco-Loyden, Mariana Domínguez-López,
Lidia Martínez-Pérez, and Victoria Chagoya De Sánchez

Departamento de Biología Celular y Desarrollo, Instituto de Fisiología Celular, Universidad Nacional Autónoma de México, Mexico City, Mexico

ABSTRACT
S-adenosylmethionine (SAM), biosynthesis from methionine and ATP, is markedly decreased in hepatocel-
lularular carcinoma (HCC) for a diminution in ATP levels, and the down regulation of the liver specific MAT1a
enzyme. Its metabolic activity is very important in the transmethylation reactions, the methionine cycle, the
biosynthesis of glutathione (GSH) and the polyamine pathway, which are markedly affected in the HCC. The
chemo-preventive effect of IFC305 in HCC induced byDEN, and the increase of ATP and SAM in CCl4-induced
cirrhosis have been previously demonstrated. The aim of this work was to test whether this chemo-
preventive effect is mediated by the induction of SAM biosynthesis and its metabolic flow. SAM hepatic
levels and the methionine cycle were recovered with IFC305 treatment, restoring transmethylation and
transsulfuration activities. IFC305 treatment, increased MAT1a levels and decrease MAT2a levels through
modulation of their post-transcriptional regulation. This occurred through the binding of the AUF1 (binding
factor 1 AU-rich sites) and HuR (human antigen R) ribonucleoproteins toMat1a andMat2amessenger RNAs,
which maintained their nuclear localization. Finally, the compound inhibited the polyamine pathway
favoring the recuperation of the normal methionine and one carbon cycle recuperating the metabolic
flow of methionine, which probably facilitated its HCC chemo-preventive effect.
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1. Introduction

Liver cancer, mainly hepatocellular carcinoma (HCC), is the
fourth leading cause of cancer-related deaths globally.1 Risk
factors for HCC include chronic infection with hepatitis B and
C viruses (HBV and HCV), dietary aflatoxin, excessive alcohol
intake, and cigarette smoking, as well as diabetes and obesity,
which play a prominent role in HCC development.2,3 Mortality
is high due to difficulties in early detection and a lack of available
treatment therapies.4 HCC is characterized by epigenetic altera-
tions that contribute to preneoplastic and neoplastic lesions.
Among them, DNA and protein methylation that induce geno-
mic instability result in a hepatocarcinogenic effect in methyl-
deficient conditions with a decrease in S-adenosylmethionine
(SAM) in the liver. SAM is an ubiquitous methyl donor that was
reported to have chemoprotective activity against liver cancer.5–8

Several authors have studied the chemopreventive effects of
SAM administration in HCC.5,6

SAM is synthesized in all mammalian cells but is most abun-
dant in the liver. It is synthesized from L-methionine and ade-
nosine triphosphate (ATP), and this reaction is catalyzed by the
enzyme methionine adenosyltransferase (MAT; E.C. 2.5.6.1).7,8

In mammals, two distinct genes encodeMAT enzymes (MAT1A
and MAT2A). Mat1a is predominantly expressed in the adult
liver, while Mat2a is ubiquitously expressed in all extrahepatic
tissues. MAT2A is found predominantly in the liver during the

fetal period and is progressively replaced by MAT1A during
development.7,9

Chronic liver damage initiates a switch inMATprotein expres-
sion due to a decrease in MAT1A activity that occurs concomi-
tantly with MAT2A upregulation.7,10,11 The kinetics of MAT1A
and MAT2A are different since MAT2A is inhibited by its pro-
duct, which consequently results in lower levels of SAM.7,12

SAM is mostly used in the transmethylation pathway to
produce S-adenosylhomocysteine (SAH), which is transformed
by SAH-hydrolase into homocysteine and adenosine.7,13 SAH is
a potent and competitive inhibitor of transmethylation reactions
and must be quickly removed.7 The SAM/SAH ratio is consid-
ered an indicator of methylation activity and liver injury
sensitivity.9,14 Therefore, low SAM levels and high SAH levels
are characteristics of the development of liver cancer.15,16

Previous studies described the effect of the RNA binding
proteins (RBPs) HuR (human antigen R) and AUF1 (binding
factor 1 AU-rich sites) on the posttranscriptional regulation of
the Mat2a and Mat1a transcripts, for a review, see ref.17 Both
RBPs are nuclear proteins that are translocated to the cytoplasm
to regulate MAT mRNA stability through their association with
the 3′ UTR of specific mRNAs. The translocation of the RBPs is
related to various processes, including fetal liver dedifferentia-
tion, apoptosis, hepatic proliferation, and HCC progression, and
consequently, diminishes the biosynthesis of SAM.18–21
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Previously, we demonstrated that an increased adenosine level
coincided with a rise in SAM levels and a decline in SAH levels,
suggesting flux in the methylation pathway and phospholipid
methylation.14,22 In addition, an important circadian change in
SAM and adenosine in the rat liver coincides with changes in ATP
levels, for a review, see ref.23 Thus, these findings suggested
a correlation between energetic metabolism and SAM formation.

SAM regulates a number ofmethionine cycle pathways that are
perturbed in liver cancer, including the generation of glutathione
(GSH) from homocysteine, which can be converted to cysteine via
the transsulfuration pathway that utilizes methionine for GSH
synthesis.24–26

In addition, SAM also donates an aminopropyl group to
putrescine to produce spermidine and 5ʹmethylthioadenosine
(MTA) through the polyamine pathway. MTA is used to regen-
erate methionine by the salvation pathway.9,27 Cancer cells have
enhanced polyamine biosynthesis and uptake resulting in high
intracellular polyamine concentrations. This increase is coupled
with different tumors, such as breast, colon, prostate and liver
cancer.28,29 The high polyamine levels are essential for the rapidly
growing cancer cells.9,30 In fact, a decline in SAM andMTA levels
is necessary for the development of liver cancer.9,28,30 However,
many other mechanisms are related to decreases in SAM levels
and MAT proteins switching.

It has been shown that adenosine administration induces
increased SAM and phospholipid methylation, for a review, see
ref.14

Recently, we showed HCC chemoprevention by IFC305 in
a sequential model of cirrhosis-HCC induced by diethylnitro-
samine (DEN) in rats. DEN is a carcinogen used in different
experimental models of HCC. To exert its carcinogenic
effects, DEN needs to be bio activated by CYP2E1.31 Once
bio activated, DEN can generate DNA adducts through alky-
lation mechanisms. Moreover, the importance of oxidative
stress in the development of hepatocarcinogenesis induced
by DEN has been suggested because there is a correlation
between the induction of lipid peroxidation and preneoplastic

lesions, and it has been further shown that the addition of an
antioxidant prevents this effect.32 IFC305 induces the down-
regulation of thymidylate synthase and hepatocyte growth
factor (HGF), along with augmented protein levels of the
cell cycle inhibitor p27, resulting in the inhibition of cell
proliferation, for a review, see ref.33 In addition, we demon-
strated that IFC305 promotes increases in ATP levels and the
normalization of mitochondrial function in the cirrhosis-
HCC model studied here, for a review, see ref.34

As described above, the development of HCC is promoted
by a decrease in hepatic SAM. Therefore, the aim of this work
was to test whether the chemopreventive effect of IFC305 is
mediated by the recovery of the metabolic flow of SAM, the
regulation of the SAM/SAH ratio and the inhibition of the
polyamine pathway, thereby avoiding cell proliferation.

2. Results

The sequential model of cirrhosis-HCC previously described
by Schiffer was histologically corroborated using Masson’s
trichrome stain. Cirrhosis was detected at week 12, when
nodules surrounded by collagen fibers were observed. HCC
was established at week 16 when preneoplastic nodules were
observed, which were maintained until week 22 (Figure 1 and
Supplementary Figure 1). After having ensured the reprodu-
cibility of the model, we proceeded to study the effect of
IFC305 on SAM synthesis and metabolism.

2.1 IFC305 treatment recovered decreased SAM levels
and the SAM/SAH ratio in a sequential model of
cirrhosis-hepatocellular carcinoma

A drop in the biosynthesis of SAM affects hepatic function
since it regulates cell differentiation and proliferation and
thus sensitivity to liver injury. SAM and SAH levels and the
SAM/SAH ratio were quantified in this chronic damage
model induced by DEN (Figure 2a). Our results showed

Figure 1. Sequential model of liver damage induced by DEN.
Rats received DEN for 12 weeks to induce cirrhosis (C) and for 16 weeks to induce HCC development. IFC305 was injected in parallel with DEN as a prevention scheme (C+ IFC305
and HCC+IFC305). After suspending DEN treatment, IFC305 was administered from week 16 to week 22 in the cancer progression scheme (CP+IFC305). Rats received DEN
dissolved in saline solution once a week, and IFC305 was administered three times per week (IFC305 3X).
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a significant diminution in SAM levels in the HCC and CP
groups, which were increased with IFC305 treatment in
both groups. Once the transmethylation reaction occurs,
the product of the reaction is SAH, which is a potent
inhibitor of methylation reactions. There were no signifi-
cant changes in SAH levels in the HCC and CP groups
compared to the control group; however, SAH levels dimin-
ished significantly in the HCC+IFC305 group and slightly
in the CP+IFC305 group (Figure 2b). The SAM/SAH ratio
controls the activity of methylation reactions; this calcu-
lated ratio indicated a decrease in methylation activity in
the HCC and CP groups but a significant increase in the
presence of IFC305 (Figure 2c). Similar results in the cir-
rhosis stage were obtained (Supplementary Figure 2A, 2B,
and 2C), in which decreased SAM levels were obtained
upon DEN treatment, and IFC305 increased the SAM/
SAH ratio.

2.2 IFC305 treatment differentially regulated MAT genes
implicated in methionine synthesis in a hepatocellular
carcinoma model

We next evaluated the transcriptional changes in the Mat1α
and Mat2α genes in our experimental groups with and with-
out IFC305 treatment. We found that Mat1a expression was
significantly diminished in DEN-treated samples in both the
HCC and CP groups, while treatment with IFC305 increased
Mat1a expression (Figure 3a). Although Mat2a did not show
a change in the HCC group, its expression was upregulated in
the CP group and downregulated in IFC305-treated rats
(Figure 3b).

Next, we analyzed MAT1A protein content. We found that
upon DEN treatment, MAT1A protein content was signifi-
cantly diminished in the HCC group and slightly decreased in
the CP group. Our analysis showed a significant increase in

Figure 2. SAM, SAH and SAM/SAH ratio.
A Knauer HPLC system, a UV monitor operating at 254 nm, and a C18 column were used to quantify SAM and SAH in perchloric extracts. A) SAM; B) SAH; C) The SAM/SAH
ratio was calculated from the mean of the SAM and SAH quantifications. Values are expressed as the mean ± standard error (SE) (n = 7 rats/group); a indicates a significant
difference vs. the control group; b indicates a significant difference vs. the HCC group; c indicates a significant difference vs. the CP group; P < .05.
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MAT1A protein upon IFC305 treatment (Figure 3c,e).
Compared with the control group, the amount of MAT2A
protein increased in both the HCC and CP groups, whereas
MAT2A protein levels were significantly diminished in the
IFC305-treated groups (Figure 3d,e).

We also determined the levels of MAT genes and proteins
in the cirrhosis stage. We observed a switch in protein level
with a decreased level of MAT1A and an increased level of
MAT2A; these changes were prevented by IFC305 treatment

(Supplementary Figure 3). Interestingly, the MAT protein
switch that was reversed by IFC305 treatment is strongly
implicated in liver cancer progression and prognosis.

2.3 IFC305 treatment changed the status of the cellular
distribution of RBPs in a hepatocarcinogenesis rat model

The MAT expression pattern in chronic damage can occur
through different mechanisms, such as post transcriptionally
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Figure 3. Mat1a and Mat2a mRNA quantification by qRT-PCR and protein quantification by Western blot.
A) Expression level of the Mat1a gene; B) Expression level of the Mat2a gene; C) Determination of MAT1A protein level; D) Determination of MAT2A protein level; E)
Representative blot showing each experimental group of this model including cirrhosis stage. Values are expressed as the mean ± SE (n = 7 rats/group). a indicates
a significant difference vs. the control group; b indicates a significant difference vs. the HCC group; c indicates a significant difference vs. the CP group; P < .05.
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through RBPs. For this reason, the levels of the RBPs, HuR and
AUF1were determined in both cellular compartments (nuclei and
cytosol). There is a great interest in understanding how themature
Mat2a gene transcript is targeted for upregulation by HuR.

Figure 4a shows that the HuR expression level was signifi-
cantly reduced in the HCC group but did not change in the CP
group with respect to the control group. The HuR expression
level was significantly reduced in the HCC+IFC305 group with

Figure 4. HuR expression, protein level, and immunohistochemical localization.
A) HuR mRNA quantification by qRT-PCR; B) Representative blot showing each experimental group of this model including cirrhosis stage; C) Amount of HuR protein
in the nuclear compartment; D) Amount of HuR protein in the cytosolic compartment; E) Immunohistochemical localization of HuR at 40X amplification. Values are
expressed as the mean ± SE (n = 5 rats/group). a indicates a significant difference vs. the control group; b indicates a significant difference vs. the HCC group; P < .05.
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respect to the control andHCC groups, and CP+IFC305 samples
was reduced only with respect to the control group.

Next, we analyzed the changes in HuR subcellular localiza-
tion by Western blot and immunohistochemical analysis.
Nuclear HuR levels in the HCC and CP groups decreased
slightly compared to the control group, but nuclear levels
were increased with IFC305 treatment (HCC+IFC305). By
contrast, the CP+IFC305 group did not show a change in the
amount of nuclear HuR with respect to the control group
(Figure 4b,c). However, we also determined the amount of
cytoplasmic HuR protein. This assay showed an important
increase in this protein in DEN-treated samples in comparison
to the control group, while the IFC305-treated groups main-
tained and restored cytosolic HuR levels (Figure 4b,d). As
shown by the representative images of the control, DEN and
IFC305-treated samples in Figure 4e, we observed significantly
reduced staining of these proteins in IFC305-treated samples
compared to DEN-treated control groups.

The alteration in the subcellular localization of HuR in our
sequential hepatic damage model in response to DEN and the
IFC305-induced translocation of this protein from the cytosol
to the nucleus were also documented at the cirrhosis stage. In
addition, the level of the HuR protein in a total liver extract
was also measured (Supplementary Figure 4).

There is a great interest in understanding how the mature
Mat1a gene transcript is targeted for downregulation by
AUF1. For this reason, we also evaluated changes in the levels
of AUF1 in the nuclear and cytoplasmic compartments.

As shown in Figure 5a, the expression level of theAuf1 genewas
increased in the DEN-treated groups and diminished by IFC305
administration. Furthermore, the amount of AUF1 protein
detected in the nuclear fraction was enhanced by IFC305 (Figure
5c). In the cytoplasm, the hepatoprotective IFC305 treatment
dramatically reduced AUF1 levels compared with the augmented
content in the HCC and CP groups (Figure 5d). The immunohis-
tochemical analysis corroborated these results (Figure 5e).

In cirrhosis, the nuclear AUF1 protein content was reduced
in the cirrhosis group, and consequently, the AUF1 cytoplasmic
protein content was enriched. This effect was prevented by
IFC305 treatment. In addition, the level of the AUF1 protein in
a total liver extract was also measured (Supplementary Figure 5).

Additionally, the effect of the IFC305 compound on the
level of the MAT proteins and RBPs were evaluated in the
HUH7 cell line; we found an increment of MAT2A, HuR and
AUF1 after 4 h of IFC305 (5mM) treatment and after this
time, a diminution was observed. In the case of MAT1A
a diminution was observed at 4 and 6 h after IFC305 (5mM)
treatment but a recuperation to the level of the not treated
cells was detected. Thus, we observed that IFC305 also mod-
ulates the levels of these proteins in the human HuH7 cell line
and that supports the data obtained in tissue (data not show).

2.4 The hepatoprotective IFC305 treatment aided in
recovering the interactions of RBPs and MAT genes that
are altered by DEN

The cytoplasmic stability of eukaryotic mRNA is an important
checkpoint in the control of gene expression. In fact, AUF1
and HuR are also involved in liver dedifferentiation and the

development and progression of HCC. We next examined the
effect of IFC305 on RNP (ribonucleoprotein) complexes.

As shown in Figure 6a, RNP complexes (HuR-Mat2a
mRNA) were increased markedly in the HCC group, whereas
RNP complex formation was reduced in the HCC+IFC305
group. However, in the CP and CP+IFC305 groups, the num-
ber of HuR-Mat2a mRNA complexes was not modified with
respect to the control group.

We found that the AUF1-Mat1a mRNA complex was
reduced in both the HCC and CP groups, however, only
a slight increase in complex formation was observed with
IFC305 treatment compared to DEN treatment (Figure 6b).

2.5 IFC305 treatment stimulated GSH biosynthesis and
reduced spermidine synthetase expression that is altered
by DEN

In hepatocytes, methionine can be generated by the one
carbon cycle (Figure 8), and HCyst can be converted to
cysteine to generate GSH. We determined the effect of the
IFC305 adenosine derivative on the GSH pool and its con-
tribution to protection against hepatic damage. Our results
showed that DEN administration for 16 weeks did not induce
significant changes in the levels of GSH seen in the HCC
group; however, treatment with IFC305 increased GSH levels
significantly compared to the control group. No significative
diminution was observed in the CP or CP+IFC305 group
(Figure 7a). A significant increase in the levels of GSSG
were observed in the HCC group (Figure 7b), whereas no
changes were observed in the HCC+IFC305 group compared
to the control group. A significant decrease in the GSSG
content in the CP and CP+IFC305 groups was observed
compared to the HCC group. The GSH/GSSG ratio is
a useful parameter as an indicator of the redox state.
Despite the changes described in GSH and GSSG, no changes
in the GSH/GSSG ratio were observed, except in the CP
+IFC305 group, where a significant increase was observed
compared with the control, HCC and CP groups (Figure
7c). The total glutathione content (GSH+GSSG) is shown in
Figure 7d. An increased glutathione content in the HCC and
HCC+IFC305 groups compared to the control group was
seen. No significant changes in the CP and CP+IFC305
groups compared to the control group were found. Our
results from the experimental HCC group treated with
IFC305 suggest that this adenosine derivative salt also med-
iates the GSH biosynthesis in the cirrhosis stage, and the effect
of IFC305 on the GSH pool is not significant (Supplementary
Figure 6A-D).

It is well known that GSH is the most abundant non-protein
thiol in mammalian cells and it protects against oxidative
stress. As such, we next assessed the antioxidant potential of
IFC305 treatment.

MDA (malondialdehyde) is one of the products of lipid
peroxidation and has been related to carcinogenesis induced by
DEN; thus, measuring MDA levels is a useful approach to assess
lipid peroxidation. A significant increase in lipid peroxidation in
the HCC group was observed, which was prevented by IFC305
treatment (HCC+IFC305 group). MDA levels were diminished
in the CP group, and there was no change in the CP+IFC305
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Figure 5. AUF1 expression, protein level, and immunohistochemical localization.
A) AUF1 mRNA quantification by qRT-PCR; B) Representative blot showing each experimental group of this model including cirrhosis stage; C) Amount of AUF1
protein in the nuclear compartment; D) Amount of AUF1 protein in the cytosolic compartment; E) Immunohistochemical localization of AUF1 at 40X amplification.
Values are expressed as the mean ± SE (n = 5 rats/group). a indicates a significant difference vs. the control group; b indicates a significant difference vs. the HCC
group; c indicates a significant difference vs. the CP group; P < .05.
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group (Figure 7e). No significant changes in the cirrhotic stage
were observed (Supplementary Figure 6E).

As mentioned above, polyamine levels increase in different
types of cancer through a pathway derived from SAM. We next
measured Sms gene expression since it is part of the polyamine
pathway. A significant increase in Sms expression in the HCC
group was observed compared to the control group, and a slight
decrease in Sms expression was observed in the CP group
compared to the HCC group. Sms expression was diminished
markedly with IFC305 treatment (Figure 7f), which probably
decreased the activity of the polyamine pathway. This effect was
evaluated in the cirrhosis stage (Supplementary Figure 6F),
where diminished Sms expression (C group) and a slight effect
of IFC305 were observed (C+ IFC305 group).

3. Discussion

S-adenosylmethionine deficiency strongly favors HCC devel-
opment, which can be inhibited by reconstitution of normal
levels by exogenous administration of SAM.6,35 SAM bio-
synthesis requires methionine and ATP as substrates for the
enzyme MAT1A. Nevertheless, methionine is not synthetized
de novo, but it can be recovered from homocysteine remethy-
lation by methionine synthetase or betaine/homocysteine
methyltransferase through the one carbon cycle (Figure 8).
ATP is an energetic substrate generated through oxidative
phosphorylation in mitochondria. Previous studies in hepato-
toxicity induced with ethanol or carbon tetrachloride showed
that decreased ATP levels generated an energetic unbalance
that was recuperated by adenosine treatment.23,36,37 Similar
effects of increasing ATP in hepatocytes38 and in the blood by
adenosine treatment39 have been reported. At the time of
publication, the mechanism of the effect was not clear, but
we have recently described an important effect of adenosine

Figure 6. A) Enrichment of IP AUF-1 transcript; B) Enrichment of IP HuR-1
transcript.
Values are expressed as the mean ± SE (n = 5 rats/group). a indicates a significant
difference vs. the control group; b indicates a significant difference vs. the HCC
group; P < .05.

Figure 7. Oxidative stress determined through lipid peroxidation and glutathione content and Sms gene expression in the HCC and CP groups and the effect of
IFC305.
A) Lipid peroxidation as determined by malondialdehyde (MDA) content; B) Reduced glutathione (GSH) content; C) Oxidized glutathione (GSSG) content; D) GSH/
GSSG ratio; E) Total glutathione (GSH+GSSG) content; F) Sms gene expression. Values are expressed as the mean ± standard error (SE) (n = 5 rats/group). a indicates
a significant difference vs. the control group; b indicates a significant difference vs. the HCC group; c indicates a significant difference vs. the CP group; P < .05.
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derivatives in recovering and maintaining ATP synthesis in
the HCC and CP groups induced by DEN. We have shown
that this occurs through a recuperation of the functional,
metabolic and dynamic mitochondrial changes observed in
this model.34 There is much evidence that MAT protein
switching and RBPs play an important role in the transcrip-
tional regulation of liver cancer.20,40,41 The results of this
study showed a cytoplasmic increase in HuR and AUF1 in
the HCC and CP groups; the presence of IFC305 administra-
tion increased the nuclear levels of these RBPs, with
a consequent reduction in the cytoplasmic levels favoring
the increase in MAT1A and the recuperation of SAM
biosynthesis.

Pioneering observations have demonstrated that hepato-
cyte growth factor (HGF) induces the phosphorylation and
activation of LKB1 and, consequently, AMPK.19,42 AMPK
phosphorylation then induces HuR translocation to cyto-
plasm, promoting an increase in the half-life of MAT2A
mRNA, which further contributes to decreasing SAM synth-
esis. Although a clear mechanism is not described for AUF1,
a similar regulation is likely to occur since both RBPs are
preferably nuclear and respond to various cell stresses
through cytoplasmic translocation. We observed that the
hepatoprotective agent IFC305 reduced AMPK protein phos-
phorylation in our sequential model induced by DEN (data
not shown) preventing such translocation.

In chronic liver damage, the nuclear membrane becomes
permeable due to the high levels of reactive oxygen species
(ROS). Previously, we demonstrated that adenosine and
IFC305 have antioxidant properties that repair the mito-
chondria and prevent the main ROS source from diminish-
ing lipid peroxidation.34,37 Therefore, the probable
mechanism by which IFC305 blocks the cytoplasmic trans-
location of HuR and AUF1 could be through repairing
mitochondrial function and reducing the cellular energy
stress and ROS formation. However, other possibilities
must be explored, for example, a decrease in proteins that
favor subcellular translocation, such as nucleolin 5, or per-
haps increased RBP degradation by the proteasome. Once
IFC305 is able to maintain the AUF1 protein in the nucleus,
MAT1A-mRNA can be translated freely and normally in the
cytosol. The MAT1A enzyme is ubiquitously expressed in
normal hepatocytes and is downregulated in HCC. In the
case of MAT2A mRNA and HuR protein, IFC305 promotes
a reduction in the level of these RBPs in the cytosol, and
consequently MAT2A protein levels were reduced to control
levels. This in vivo study suggests that the IFC305 hepato-
protective compound can reduce the interaction of HuR-
MAT2A mRNA in preneoplastic or neoplastic stages of
HCC. Furthermore, we found a significant decrease in
nuclear AUF1 content, favoring the decrease in Mat1a
mRNA expression and consequently SAM content, starting

Figure 8. SAM metabolic deficiency in liver cancer and its recovery induced by a hepatoprotective agent derived from adenosine.
A) In tumor cells, SAM synthesis is low due to mitochondrial dysfunction and the consequent decrease in ATP levels. Additionally, biosynthesis catalyzed by MAT2A,
which is only expressed in chronic liver damage such as cirrhosis or hepatocellular carcinoma, is limited. This is supported by the RNA-binding proteins HuR and
AUF1. HuR positively regulates Mat2a mRNA stability, promoting its cytosolic translation and consequently altering the methionine cycle and SAM levels. Mat1a
mRNA is rapidly destabilized and degraded due to the specific binding of AUF1, which is translocated to the cytosol during the tumor process. B) The
hepatoprotective agent IFC305 normalizes mitochondrial function, recuperating ATP levels and SAM biosynthesis, which is also favored by the normalization of
MAT1A expression. The IFC305 compound promotes Mat1a mRNA translation, avoiding AUF1 translocation to the cytosol, whereas Mat2a mRNA is not stabilized by
HuR and its translation is not carried out. As a consequence of the recovery of mitochondrial function and SAM levels, the methylation index and the metabolic flow
of the methionine cycle are recuperated, which facilitate glutathione biosynthesis, thereby preventing the oxidative imbalance in the tumor.
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in the cirrhosis stage and maintained until HCC in this
sequential model. Because the exact mechanism of the pro-
gression from cirrhosis to HCC is not yet known, this result
suggests a potential role for the MAT protein switch in the
promotion and evolution of damage.

Once the substrate levels and MAT1A activity recuperated,
there was an increase in the SAM level in the HCC and CP
groups and in cirrhosis. We calculated the methylation activ-
ity through the SAM/SAH ratio, obtaining a high ratio in the
HCC and CP groups treated with IFC305. Specific studies are
in progress, but previous epigenetic studies in a cirrhotic
model induced with CCl4 showed that IFC305 induced an
increase in total DNA methylation, as well as an increase in
specific genes, such as the Col1a1 gene.43 The low methylation
ratio in the HCC and CP groups results from the accumula-
tion of SAH, which is an inhibitor of the methylation reaction
and is not degraded by S-adenosylhomocysteine hydrolase,
thereby preventing the progression of the methionine cycle.
Our results showed that IFC305 helped to maintain the
methionine cycle through the activity of SAH-hydrolase,
which generates adenosine and homocysteine that can be
converted to cysteine, and the transsulfuration pathway,
which contributed to maintaining a high GSH pool in the
liver in HCC. No changes were observed in glutathione con-
tent in the cancer progression groups (CP and CP+IFC305),
probably due to the absence of DEN and the fact that IFC305
recovers mitochondrial function and, therefore, decreases
ROS generation.

Chemical carcinogenesis is strongly associated with the
formation of ROS, and DEN, which was used in this model,
generates ROS during its metabolism.44 In this study, we
assessed its participation through lipid peroxidation as eval-
uated by liver MDA levels. The results showed an important
increase in the HCC group that was normalized in the pre-
sence of IFC305, possibly by the effect that the compound has
on GSH formation and the reduction of damage from free
radicals.

Hepatocarcinogenesis is also associated with marked
increases in polyamine synthesis, which is also modulated by
SAM.45 This process was evaluated by measuring the expres-
sion of the Sms gene of the spermine synthase pathway, which
was increased in the HCC and CP groups. IFC305 decreased
the expression of Sms markedly, resulting in the decrease in
polyamines and representing another anticarcinogenic effect
of the compound. The results of this study reflect the differ-
ential effects of IFC305 in a sequential model of hepatocarci-
nogenesis induced by DEN. These effects include the increase
in antioxidant reactions and an inhibition of polyamine
synthesis that is related to cell growth, proliferation and the
promotion of liver cancer. Furthermore, it was previously
demonstrated that this compound induces the downregula-
tion of hepatocyte growth factor and thymidylate synthase,
which together with the augmentation of the cell cycle inhi-
bitor p27, resulted in proliferation inhibition,33 confirming
the chemopreventive effect of IFC305.

A schematic representation of the changes observed in the
present work and their modulation by the chemopreventive
compound IFC305 is shown in Figure 8.

4. Concluding remarks

Cirrhosis-hepatocellular carcinoma induced by chronic DEN
intoxication results in SAM diminution, modifies the activity
of MAT proteins, induces the posttranscriptional modifica-
tion of MAT mRNAs, causes abnormalities in the methionine
cycle and favors cellular proliferation. Our studies indicated
that IFC305 could prevent DEN-induced liver injury by
increasing ATP levels, SAM biosynthesis, normalizing MAT
protein activities, inducing MAT protein switching and RBP
localization to the nucleus, normalizing the methionine cycle
that regulates GSH and polyamines in the liver, and reducing
proliferation pathways.

The changes in methionine and SAMmetabolism induced by
DEN strongly contribute to HCC. However, IFC305-induced
changes maintain physiological SAM levels, metabolism and
function, which could be therapeutic targets in preneoplastic
liver lesions and liver tumors.

5. Materials and methods

5.1 Chemicals

IFC305 is the aspartate salt of adenosine, and it was prepared
with adenosine free base (MP Biomedicals, (100199)) and
L-aspartic acid (MP Biomedicals, (100809)) as described pre-
viously (Patent No. MX220780; MX 207422; US 8,507,459
B2).46–48 N-Diethylnitrosamine (DEN, N0756), SAM
(A4377), SAH (A9384), and 1-heptanosulfonic acid sodium
salt (PH015877) were purchased from Sigma-Aldrich.
NH4H2PO4 and HClO4 (109065) solutions (at a 0.4 N con-
centration) were from Merck (Darmstad, Germany), and
methanol (HPLC grade, 822283) was obtained from Merck.

5.2 Study design

Male Wistar rats weighing 200–250 g were obtained from and
housed at the Animal Facility of the Universidad Nacional
Autónoma de México (UNAM). The animals were fed ad
libitum and housed under controlled conditions (22 ± 2ºC,
50-60% relative humidity, and 12 h light-dark cycles).

The rats received DEN (0.05 g kg−1 of body weight, i.p)
dissolved in saline solution once a week, and IFC305 was
administered (0.05 g kg−1 of body weight, i.p) three times
per week (IFC305 3X). The sequential model induced by
DEN was divided into two main groups: hepatocellular carci-
noma (HCC) and cancer progression (CP) (Figure 1).

The HCC group was treated over 16 weeks with DEN,
followed by a 2-week wash-out period for multifocal HCC
development. The HCC plus IFC305 group (HCC+IFC305)
was treated for 16 continuous weeks with both compounds.
The cancer progression group (CP) received DEN for
16 weeks, followed by saline solution for 6 weeks. Finally,
the cancer progression plus IFC305 group (CP+IFC305)
received DEN for 16 weeks and then IFC305 for 6 weeks
after DEN was suspended (Figure 1).49 Age-matched normal
rats were used as controls; these animals received only saline
solution. Animals were euthanized by sodium pentobarbital
(Pisa, Mexico) anesthesia, after which the liver was recovered,
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and the cirrhotic area and tumor foci were frozen in liquid
nitrogen for the determinations described later. An additional
fraction was fixed with paraformaldehyde.

Animals received humane care and were used according to
institutional guidelines, and the protocol was approved by the
Comité Institucional para el Cuidado y Uso de Animales de
Laboratorio del Instituto de Fisiología Celular (VCHH53-14)
and the Mexican Official Norm (NORM-062-ZOO-1999).

5.3 Total protein extraction

Liver samples were homogenized with RIPA buffer (0.1 g of tissue
per milliliter of buffer) supplemented with protease and phospha-
tase inhibitors (Roche Diagnostics Corp, 116974498001). The
homogenate was centrifuged at 15,965 g for 10 min at 4°C, and
the supernatant was utilized as the total liver homogenate.

5.4 Nuclear protein extraction

The isolation of intact and stable nuclei was accomplished
through an isosmotic lysis procedure, as reported previously.50

The nuclear envelope remained intact even during further
manipulations of washing, freezing, and ultracentrifugation.
Briefly, 0.8 g of liver tissue was homogenized in 1.6 ml of buffer
containing 0.25 M sucrose (S9378, Sigma), 0.05 M Tris-Cl
(T1503, Sigma), and 0.005 M KCl (3040–01 JT Baker). The
homogenate was filtered and supplemented with 3 ml of
a 2.3 M sucrose solution to increase the homogenate’s density.
Then, a sucrose gradient was created by adding 1.5 ml of a 2.3 M
sucrose solution to the bottom of the tube. The nucleus was
isolated by centrifugation at 255,000 g for 30 min at 4°C. After
isolation, nuclear lysis was achieved by incubation and stirring
with hypotonic and hypertonic solutions.

5.5 Western blot

Volumes equivalent to 30 μg of protein (determined using
a Bradford assay, 500–0114, Biorad) were separated by 12%
SDS-PAGE, transferred to a PVDF membrane (IPVH00010,
Merck) and blotted using the following antibodies: HuR (sc-
20694), MATIA (sc-13142), and MATIIA (H-48) (Santa Cruz
Biotechnology); AUF1 (Abcam, ab61193), histone H3
(SC56616, Santa Cruz Biotechnology) and GAPDH (Ab2302,
Millipore Corp).51 Densitometric analyzes of bands were per-
formed with Quantity-One software (Bio-Rad Laboratories,
Hercules, CA).

5.6 Assessment of lipid peroxidation

The extent of lipid peroxidation was determined by measuring
the formation of malondialdehyde (MDA) using the thiobar-
bituric acid method as previously described by Okawa et al.52

5.7 Determination of GSH and GSSG levels

Liver samples were homogenized on ice in a solution consist-
ing of 3.75 ml of phosphate-EDTA (E5134, Sigma) and 1 ml
of 25% H3PO4. The total homogenate was centrifuged at
17,700 g at 4°C for 30 min, and the supernatant was used in

the assay. Determination of the GSH level was performed
according to Hissin and Hilf.53 To dilute the supernatant,
0.01 ml of the supernatant and 4.9 ml of phosphate-EDTA
buffer, pH 8.0, were mixed. The assay mixture (2.0 ml) con-
tained 100 µl of the diluted supernatant, 1.8 ml of phosphate-
EDTA buffer, and 100 µl of o-phthalaldehyde (1 µg/µl,
PO6576 Sigma). After incubation at room temperature for
15 min, the solution was transferred to a quartz cuvette. To
determine the GSSG content,53 0.5 ml of the supernatant was
incubated at room temperature with 200 µl of 0.04 M
N-ethylmaleimide (E3876, Sigma) for 30 min to interact
with the GSH in the tissue. Then, 4.3 ml of 0.1 N NaOH
(S8045, Sigma) was added. This mixture was used to measure
GSSG using the assay for GSH, but 0.1 N NaOH was used as
the diluent rather than phosphate-EDTA buffer. Fluorescence
at 420 nm was determined with excitation at 350 nm.

5.8 RT-PCR

Total RNA was obtained using an RNA isolation kit (Direct-
Trizol RNA mini Prep R205S, Zymo Research, The Epigenetics
Company). RNA quantity and purity were determined spectro-
photometrically at 260/280 nm with a Nanodrop®. RNA quality
was verified by agarose-gel electrophoresis. cDNA synthesis was
performed with 2 μg of total RNA using the High-Capacity
cDNA Archive Kit (Applied Biosystems, Inc., Foster City, CA)
following the manufacturer’s protocol. The mRNA determina-
tions of Mat1a (Rn00563454_m1), Mat2a (Rn01643368_g1),
HuR (Rn01403240_m1), AUF1 (Rn01450137_g1), Sms
(Rn01770794_g1), and Gapdh (Rn01775763_g1) were carried
out with a TaqMan® Gene expression assay using a FAM™ dye-
labeled probe for rats (Applied Biosystems, Inc.).Mat1a, Mat2a,
HuR, AUF1 and Sms expression was normalized against Gapdh
expression with the comparative Ct method. All reactions were
performed in the Step One Real-Time PCR System (Applied
Biosystems).

5.9 HPLC

Liver tissue (0.250 g) was homogenized in ice-cold 0.4 M
perchloric acid (500 μl). Then, it was centrifuged at
8380 g for 10 min. The supernatant was divided into aliquots
and frozen until quantification was done. The method was
performed according to She et al.54 Briefly, aliquots of the acid
extracts (50 μl) were directly subjected to HPLC analysis.

A Knauer HPLC system (UV detector Model 2500, Isocratic
Pump Model 1000 and Manager Model 5000), a UV monitor
operating at 254 nm, and a C18 150 × 4.6 mm × 5 μm column
(ACE-Generix, Scotland) were used. The mobile phase was
chosen according to She et al.,54 filtered through a 0.45 μm RC
membrane filter and degassed under vacuum. The isocratic
elution was carried out at a flow-rate of 1 ml/min at 25ºC.
During HPLC analysis, the SAM and SAH standards and biolo-
gical samples were identified according to their retention times.

The standards were dissolved in Milli-QR grade water at
a concentration of 10 mM and then diluted with 0.4 N HClO4

to the final concentration used in the HPLC system (14 μM
SAM and 41.5 μM SAH). Aliquots of a standard solution
(50 μl) were injected into the column.
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5.10 RNA-binding protein immunoprecipitation (RIP)

Liver tissue (200 mg) was finely fragmented, resuspended in
1 ml PBS plus protease and phosphatase inhibitors (freshly
prepared) and 37% formaldehyde (F8775, Sigma, 27 μl) and
kept at room temperature for 10 min with frequent mixing.
Glycine was added (G8898, Sigma, 75 μl), and samples were
kept at room temperature for 10 min with frequent mixing,
after which they were subsequently centrifuged (1,397.5 g,
5 min, 4°C).

The pellet was resuspended in 1 ml PBS plus protease and
phosphatase inhibitors (freshly prepared), followed by centri-
fugation (1,397.5 g, 5 min, 4°C).

The pellet was then resuspended in freshly prepared RIP
buffer (1.5 ml; 150 mM KCl, 25 mM Tris-HCl pH 7.4, 5 mM
EDTA, 0.5 mM DTT (D0632, Sigma), 0.5% IGEPAL I3021,
Sigma), 100 U/mL RNase Inhibitor and protease and phos-
phatase inhibitors).

Samples were homogenized with a Teflon rod with 15–-
30 strokes. The nuclear pellet and debris were separated by
centrifugation (9,447.1 g, 10 min, 4°C).

Next, the supernatant was divided into three fractions of
500 μl (for Input, IgG, and IP). The input fraction was kept at
4°C until use.

Antibody (5 µg for HuR and AUF1) was added to the
protein of interest, and IgG (5 μg) was added to the super-
natant (500 μg of protein, previously quantified), followed by
incubation overnight at 4°C with gentle rotation. A/G beads
(40 μl, Chip-Grade Protein A/G Magnetic Beads, Thermo
Scientific) were then added, followed by a 2 h incubation at
4°C with gentle rotation. The beads were then pelleted by
centrifugation (349.3 g, 30 s), the supernatant was removed,
and the beads were resuspended in RIP buffer (500 μl). This
was repeated for a total three RIP washes, followed by one
wash in PBS, and finally centrifugation at 349.3 g for 1 min.

For purification of RNA bound to immunoprecipitated
RBPs, the coprecipitated RNAs were isolated by resuspending
beads in Tripure RNA extraction reagent (1166716S001,
Roche; 1 ml, according to the manufacturer´s instructions).
An INPUT sample was also included.

The RNA was eluted with nuclease-free water (20 μl). The
RNA was reverse transcribed into DNA according to the
manufacturer´s instructions (Applied Biosystems High
Capacity cDNA Reverse Transcription Kit), and qRT-PCR
analyses were performed as described above.

5.11 Tissue preparation, histology and
immunohistochemistry

Liver samples were taken from all the animals and fixed with
10% paraformaldehyde in phosphate-buffered saline for 24 h
and transferred to 70% ethanol. Fixed tissues were embedded
in paraffin, sectioned to a thickness 4 μm and stained for
primary antibodies at 1:100, anti-HuR and anti-AUF1; and
1:50 anti-Mat1a and anti-MAT2A with the DakoEnVision®+
System-HRP (DAB) (Dako, Carpinteria, CA) as previously
described.51 Histological slides were analyzed with the MBF
ImageJ processing software for microscopy.

5.12 Statistical analysis

Data are expressed as the mean ± standard error of the mean
(SE). Statistical significance was evaluated by Tukey’s test
using Graph Pad Prism 5.0 (Graph Pad Software Inc., La
Jolla, CA). Differences were considered statistically significant
when P ≤ 0.1.
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A B S T R A C T

Thyroid hormones (THs) regulate several physiological processes in female mammals, many of which are related
to reproduction such as steroidogenesis in the ovary, oocyte and granulosa cells maturation, follicular devel-
opment and differentiation, and ovulation. THs actions require the presence of THs transporters to facilitate their
cellular uptake and efflux. MCT8 and OATP1C1 are the principal THs transporters. The aim of the present study
was to determine the gene expression and cellular localization of MCT8 and OATP1C1 in the rat ovary during the
diestrus-II cycle phase. Ovaries of virgin adult rats were histologically processed. Reverse Transcription-PCR and
immunohistochemistry analyses for MCT8 and OATP1C1 were done. MCT8 gene expression level was sig-
nificantly higher (P≤ 0.01) than that of OATP1C1 in the rat ovary. MCT8 and OATP1C1 were found in all types
of ovarian cells but with different immunoreactivity. MCT8 showed stronger immunoreactivity in tertiary and
Graafian follicles, corpus luteum and blood vessels, whereas OATP1C1′s immunoreactivity was stronger in
stroma cells, tunica albuginea, and blood vessels. Our results provide evidence that THs and their transporters
are both necessary for ovarian function and that any alteration in these transporters could interfere with re-
productive processes such as ovulation and steroidogenesis, compromising fertility.

1. Introduction

There is substantial evidence in human and in animals that the
hypothalamic-pituitary-thyroid axis plays a key role in female re-
production (Chen et al., 2015; Krassas et al., 2015; Vissenberg et al.,
2015; Yoshimura, 2013). In the ovary, thyroid hormones (THs), triio-
dothyronine (T3) and thyroxine (T4), through their thyroid receptors
(TRs), act as modulators of several physiological processes such as
steroidogenesis, oocyte and granulosa cells maturation, follicular de-
velopment and differentiation, and ovulation (Cecconi et al., 1999;
Kobayashi et al., 2009; Maruo et al., 1987; Zheng et al., 2015). These
receptors have been found in the ovarian surface epithelium, all ovarian
follicles, the corpus luteum and corpus albicans indicating a relation-
ship between the THs and the ovary (Aghajanova et al., 2009;
Rodríguez-Castelán et al., 2017a; Wakim et al., 1994). Moreover,
thyroid dysfunctions have been associated with disturbed

folliculogenesis, impaired ovulation and fertilization rate, and in severe
cases complete ovarian failure or cancer (Fedail et al., 2014; Hsieh
et al., 2017; Meng et al., 2017; Rodríguez-Castelán et al., 2017b;
Shinderman-Maman et al., 2016). These effects might be associated
with altered levels of THs in the target cell, which depends on various
factors. These factors include the concentration of the circulating THs,
the activity of the iodothyronine deiodinases D1 and D2 which convert
T4 into T3, D3 that converts T4 into T3 reverse (rT3) and T3 into
diiodothyronine (T2); the presence of transporters in the plasma
membrane is also a related factor (Friesema et al., 2005). In addition,
the activity of THs requires the presence of THs transporters to facilitate
their cellular uptake and efflux. Therefore, the deficiency of THs
transporters can greatly compromise tissue THs homeostasis (Friesema
et al., 2005; Müller and Heuer, 2014).

Several proteins are capable to transport THs across cell mem-
branes. These proteins include some members of the monocarboxylate
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transporters (MCT), organic anion transporter polypeptides (OATP),
large neutral amino acid transporters (LAT) and the sodium/taur-
ocholate cotransporting polypeptide (NTCP) families (Friesema et al.,
2003, 2001, 1999; Hagenbuch, 2007; Pizzagalli et al., 2002; Visser
et al., 2010). Interestingly, the identification of pathogenic mutations of
THs transporters or their inactivation in animal models, indicate that
only MCT8 and OATP1C1 have a pathophysiological role in thyroid
hormone transport (Dumitrescu et al., 2006, 2004; Friesema et al.,
2004; Mayerl et al., 2014; Schwartz et al., 2005; Trajkovic et al., 2007;
Van Der Deure et al., 2008).

MCT8 (also known as MOT8 or XPCT) is a protein of about 67 kDa
with 12 transmembrane domains (both N and C terminus have a cy-
toplasmic localization) encoded by the SLC16A2 gene located on the
human chromosome Xq13.2. MCT8 is a specific THs transporter that
facilitates the uptake of T4, T3, rT3 and T2, but not of sulfated and
sulfamated iodothyronines or aromatic amino acids (Phe, Leu, Tyr, and
Trp) (Friesema et al., 2003; Lafrenière et al., 1994; Visser et al., 2011).

On the other hand, OATP1C1 (also known as OATP14 or OATP-F) is
a protein with 12 transmembrane domains encoded by the SLCO1C1
gene. OATP1C1 contributes to the membrane transport of THs (T3, T4,
rT3, and T4 sulfate) (Pizzagalli et al., 2002; Sugiyama et al., 2003).

Both MCT8 and OATP1C1 are expressed in most tissues including
the brain, liver, kidney, heart, thyroid, gastrointestinal tract, and testes
(Cheng et al., 2005; Friesema et al., 2003; Kirat et al., 2013; Muzzio
et al., 2014; Nishimura and Naito, 2008). Nevertheless, there is limited
information about the expression of THs transporters in the mammal
ovary and the cellular localization of MCT8 or OATP1C1 in the rat
ovary remains unclear. Therefore, the aim of this study was to de-
termine the expression, cellular localization, and immunoreactivity of
MCT8 and OATP1C1 in the ovary of adult virgin rats.

2. Materials and methods

2.1. Animals and tissue preparation

Six adult virgin female Wistar rats (150–200 g) were maintained
under a 14:10 h light/dark cycle (lights on 06:00 h) with food and water
available ad libitum for this study. Their estrous cycle was determined
by vaginal smears and after two regular consecutive cycles were chosen
during the diestrus-II phase. Ovaries from rats were collected im-
mediately after euthanized with an overdose of sodium pentobarbital
(50mg/kg, i.p., Pisa). Samples from ovaries for Reverse Transcription-
PCR were frozen in liquid nitrogen and stored at −80 °C. For their use
in immunohistochemistry, the samples were fixed in 4% paraf-
ormaldehyde in phosphate buffered saline (PBS) for 24 h, dehydrated,
embedded in paraffin, serially sectioned at 7 μm and mounted on poly-
L-lysine-coated slides. All procedures were conducted in accordance
with the Mexican Law for Production, Care and Use of Laboratory
Animals (NOM-062-ZOO-1999) under the approval and supervision of
Universidad Autónoma de Tlaxcala, whose internal Bioethical
Committee carefully reviewed and approved this research protocol.

2.2. RNA isolation and reverse Transcription-PCR

Total RNA was extracted from the right ovaries (n=6) using TRI
reagent (Sigma-Aldrich) followed by DNase treatment (RQ1 RNase-Free
DNase; Promega), according to the manufacturer´s instructions. The
RNA concentration was determined spectrophotometrically at 260 nm
(6715 UV/Vis; Jenway), purity was assessed from the 260/280 absor-
bance ratio, where ratios obtained were between 1.9 and 2.0. The RNA
integrity was electrophoretically evaluated on 1% agarose gel staining
with ethidium bromide.

For each sample, cDNA was synthesized from 2 μg total RNA using
1 μl M-MLV Reverse Transcriptase (Promega, USA) mixed with 1 μl
Oligo (dT) 10 μM (Sigma-Aldrich, USA), 1 μl dNTP Mix10mM
(Promega, USA) and RNase-free water (Sigma-Aldrich, USA) in a total

volume of 20 μl according to the manufacturer's instructions. The
reverse transcription reaction was performed, in a single run, in a Verity
Thermal Cycler (Applied Biosystems) for 5min at 70 °C followed for
60min at 42 °C and finally for 15min at 70 °C.

To investigate the mRNA expression of MCT8 and OATP1C1, PCR
analysis was performed in triplicate and in different runs for each
sample. Primers sequences for amplification of THs transporters were
obtained from the literature (MCT8 and OATP1C1: de Souza et al.,
2017; and PPIA, housekeeping gene: de Souza et al., 2015), and pur-
chased from Sigma-Aldrich (USA). Details of the primers used in this
study are shown in Table 1. PCR was performed with 1 μg of cDNA
incubated with 1 μl of Taq DNA polymerase (Sigma-Aldrich, USA) and
1 μl of 10 μM specific primers. Thermal cycling conditions were es-
tablished as follows: 94 °C for 3min for initial denaturation; followed
by 35 cycles of 94 °C for 30 s, with an annealing temperature of 55 °C
for 30 s and 72 °C for 30 s; the final elongation step was set at 72 °C for
10min. The cDNA was omitted for the negative control. PCR end pro-
ducts were detected by electrophoresis on 3% agarose gels stained with
ethidium bromide and visualized on an UV-transilluminator (UVP). The
relative levels of expression of MCT8, OATP1C1 and PPIA were ana-
lyzed by densitometry, determining the intensity of the bands by the
area under its intensity profile curve using ImageJ software (NIH, USA).
The results are expressed as the relative expression (average of three
repetitions for each sample) and all results were normalized to the
expression of the PPIA.

2.3. Immunohistochemical analysis

The avidin-biotin-peroxidase (ABC) method was performed on
tissue sections to localize the THs transporters MCT8 and OATP1C1. We
previously reported the immunostaining procedure (Anaya-Hernández
et al., 2014), briefly, one slide per ovary and per rat was deparaffinized
and incubated in a microwave oven in 10mM sodium citrate (pH 6) to
retrieve antigens. Endogenous peroxidase was quenched with 3% hy-
drogen peroxide at room temperature, and endogenous binding sites
were blocked with 5% normal goat serum diluted in PBS with 0.3%
Triton X-100 (PBST). The slides were incubated with the primary an-
tibody (rabbit polyclonal anti-MOT8, Abcam, Cat. ab136980, 1:200; or
rabbit polyclonal anti-SLCO1C1, ThermoFisher Scientific, Cat. PA5-
42469, 1:200) diluted with PBST in a humidified chamber for 24 h at
4 °C. Subsequently, they were rinsed with PBST and incubated with the
secondary antibody (biotinylated goat anti-rabbit IgG, ThermoFisher
Scientific, Cat. 65–6140, 1:200) diluted in PBST for 2 h at room tem-
perature in the humidified chamber, and then washed with PBS. Ne-
gative controls were done omitting the primary antibodies and in-
cubated only with the secondary antibody. Immunostaining was
developed using Vectastain ABC kit (Vector Labs, Burlingame, CA,
USA), and 0.05% 3,3-diaminobenzidine with 0.03% H2O2 until a brown
color was observed. Slides were counterstained with Mayer’s hema-
toxylin, dehydrated, and were covered with the mounting medium and
a coverslip. The preparations were examined under light microscope
(Leica DM750), and images were acquired with 4×, 10×, 40× or
100× objectives (Camera Leica ICC50E, 5M P). A semi-quantitative
analysis of immunoreactivity to THs transporters in ovary cells was
scored independently by 3 observers. Immunoreactivity to MCT8 and

Table 1
Primers for PCR used in this study.

Gen /# Accession Primer sequences (5´- 3´) Length bp

SLC16A2 (MCT8) F: CCCAAGCAAGAGAGGCGCCC 94
NM_147216.1 R: CGGTAGGTGCGCTGGCGAAA
SLCO1C1 (OATP1C1) F: GGATCCCCAGTGGGTCGGGG 82
NM_053441.1 R: ACCAGAAAGGCACGGCTGCA
PPIA (CYCLOPHILIN A) F: CCGCTGTCTCTTTTCGCC 128
NM_017101.1 R: GCTGTCTTTGGAACTTTGTCTG
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OATP1C1 (separately) was done based on the intensity of brown color.
Thus, dark-brown was considered as strong immunoreactivity (+++),
light-brown was considered as weak immunoreactivity (+), and an
intermediate color between dark-brown and light-brown was con-
sidered as moderate immunoreactivity (++) (Thongrod et al., 2019).

2.4. Statical analysis

All data of the relative gene expression were tested for normality
(Kolmogorov-Smirnov), and analyzed by a T-test. Data are presented as
mean ± SEM values (of three experiments). GraphPad Prism version
5.01 software (La Jolla, CA, USA) was used and differences were con-
sidered statistically significant at P ≤ 0.05.

3. Results

3.1. Expression of MCT8 and OATP1C1

In the ovarian tissue, Reverse Transcription-PCR detected mRNA
amplification products for MCT8 and OATP1C1. In this tissue, MCT8
gene expression level was significantly higher than that of OATP1C1
(P < 0.01; Fig. 1). No PCR products were detected in samples without
mRNA (negative control).

3.2. Cellular immunolocalization of MCT8

All ovarian cell types showed immunoreactivity to MCT8 (Fig.1A;
Table 2). Oocyte and follicular epithelium of primordial (Fig.1B), oo-
cytes, theca and granulosa cells of primary (Fig.1C) and secondary

follicles (Fig.1D, E), as well as stroma cells (Fig.1L) and tunica albu-
ginea (Fig.1K) showed moderate labeling to MCT8; while in tertiary
(Fig.1F, G) and Graafian follicles (Fig.1H, I) the intensity of im-
munoreaction in oocytes, theca, and granulosa cells was very high. In
addition, the cells from corpus luteum (Fig.1J), the germinal epithelium
(Fig.1K), blood vessels (Fig.1L), and adipose tissue (Fig.1M) showed
very strong immunoreactivity. No immunoreactivity was seen in ne-
gative control ovary sections (Fig.1N).

All ovarian cell types showed immunoreactivity to MCT8 (Fig. 2A;
Table 2). Oocyte and follicular epithelium of primordial (Fig. 2B), oo-
cytes, theca and granulosa cells of primary (Fig. 2C) and secondary
follicles (Fig. 2D, E), as well as stroma cells (Fig. 2L) and tunica albu-
ginea (Fig. 2K) showed moderate labeling to MCT8; while in tertiary
(Fig. 2F, G) and Graafian follicles (Fig. 2H, I) the intensity of im-
munoreaction in oocytes, theca, and granulosa cells was very high. In
addition, the cells from corpus luteum (Fig. 2J), the germinal epithe-
lium (Fig. 2K), blood vessels (Fig. 2L), and adipose tissue (Fig. 2M)
showed very strong immunoreactivity. No immunoreactivity was seen
in negative control ovary sections (Fig.2N)

3.3. Cellular immunolocalization of OATP1C1

Ovarian cell types showed variable immunoreactivity to OATP1C1
(Fig. 3A; Table 2). Very weak immunoreactivity was observed in oo-
cytes of primary (Fig. 3C), secondary (Fig.3D, E) and tertiary follicles
(Fig.3F), and granulosa cells of primary (Fig. 3D), corpus luteum
(Fig. 3J), and germinal epithelium (Fig.3K). Oocytes of primordial
(Fig. 3B) and Graafian follicles (Fig. 3H), as well as granulosa and theca
cells of secondary (Fig. 3G), tertiary and Graafian follicles showed
moderate immunoreactivity. Cells from stroma (Fig. 3B), tunica albu-
ginea (Fig. 3K), blood vessels (Fig.3L), and adipose tissue (Fig. 3M)
showed very strong immunoreactivity. No immunoreactivity to
OATP1C1 was seen in negative control ovary sections (Fig. 3N).

Fig. 1. Relative mRNA expression of MCT8 and OATP1C1 in the ovary from six
rats (R1–R6). A) Representative PCR-amplified products in agarose gel stained
with ethidium bromide. B) Densitometry analysis of gene expression, the results
were normalized with the reference gene PPIA. Each bar represents the
mean ± SEM of each gen (*p≤0.01).

Table 2
Immunoreactivity of MCT8 and OATP1C1 in the different ovarian cells of the
virgin rat. Strong (+++), moderate (++) and weak (+) immunoreactivity.

Cell type MCT8 OATP1C1

Primordial
oocyte ++ ++
follicular epithelium ++ ++
Primary
oocyte ++ +
granulosa ++ +

F o l l i c l e s Secundary
oocyte ++ +
granulosa ++ ++
theca ++ ++
Tertiary
oocyte +++ +
granulosa +++ ++
theca +++ ++
Graafian
oocyte +++ +
corona radiata +++ ++
cumulous oophorus +++ ++
granulosa +++ ++
theca +++ ++
Corpus luteum +++ +
Stroma ++ +++
Tunica albuginea ++ +++
Germinal epithelium +++ +
Blood vessels +++ +++
Adipose tissue +++ +++
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Fig. 2. Immunohistochemical localization of MCT8 in the ovary of virgin adult rat (A, K). Ovarian follicles (B–I), corpus luteum (J), blood vessel (L) and adipose
tissue (M). Negative control (N). Abbreviations: af, antral follicle; cl, corpus luteum; st, stroma cells, ta, tunica albuginea; ov, oocito; gc, granulosa cells; tc, theca
cells; cr, corona radiata; co, cumulus oophorus; lc, luteal cells; ep, epithelium germinal; bv, blood vessel; ad, adipose tissue. Scale bars: 500 μm in A; 500 μm in N;
50 μm in F; 20 μm in.B–E,G–M.
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Fig. 3. Immunohistochemical localization of OATP1C1 in the ovary of virgin adult rat (A, K). Ovarian follicles (B–I), corpus luteum (J), blood vessel (L) and adipose
tissue (M). Negative control (N). Abbreviations: af, antral follicle; cl, corpus luteum; st, stroma cells, ta, tunica albuginea; ov, oocito; gc, granulosa cells; tc, theca
cells; cr, corona radiata; co, cumulus oophorus; lc, luteal cells; ep, epithelium germinal; bv, blood vessel; ad, adipose tissue. Scale bars: 500 μm in A; 200 μm in N;
20 μm in B–M.
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4. Discussion

4.1. Expression of MCT8 and OATP1C1

This study shows that the ovary of the rat expresses the THs
transporters MCT8 and OATP1C1. This is in accordance to the results
reported for the ovary of other species (zebrafish, fathead minnow,
mouse and human) where the presence of MCT8 mRNA (Arjona et al.,
2011; Muzzio et al., 2014; Nishimura and Naito, 2008) and mRNA of
OATP1C1 (Cheng et al., 2005; Muzzio et al., 2014) has been proved. In
this study, we found that the MCT8 gene expression level was higher
than that of OATP1C1, in contrast to what was reported in the ovary of
teleost fish, fathead minnow (Muzzio et al., 2014). No data are avail-
able on the comparison of the expression of MCT8 and OATP1C1 in
mammalian ovaries. In other reproductive tissue, such as the placenta
of the Wistar rat, the expression of MCT8 is also higher than the ex-
pression of OATP1C1 (Sun et al., 2014).

Although MCT8 is part of the family of the MCTs, it has been
characterized as an exclusive transporter of THs, specifically T3 and T4
(Bernal et al., 2015; Friesema et al., 2003). This suggests that the ex-
pression of MCT8 shown by the ovarian tissue is given as a function of
the thyroid status as seen in other tissues (Engels et al., 2015). On the
other hand, OATP1C1 has an average affinity for transporting THs, and
sulfated T3 and T4 (Bernal et al., 2015; Visser et al., 2011). In addition
to transporting THs, OATP1C1 can also transport sulfated estrone-3-
sulfate and estradiol-17β-glucuronide (Visser et al., 2011). In this case,
the functional role of the OATP1C1 transporter is very important, al-
lowing not only the efflux of THs but also of metabolites of steroid
hormones.

This study is the first to show the cellular localization and the dif-
ferential immunoreactivity of both THs transporters in all ovarian cell
types of the adult virgin rat.

4.2. Cellular immunolocalization of MCT8

The immunoreactivity of MCT8 was found in all ovarian structures.
The fact that antral follicles, as well as the corpus luteum, show an
abundant immunoreactivity of MCT8 may be related to the function of
THs in these structures. The ovarian follicles (primordial, primary,
secondary, tertiary and Graaf) are susceptible to the action of THs.
Therefore, by synergizing with follicle-stimulating hormone (FSH), THs
regulate the development and maturation of granulosa, theca and oo-
cyte cells, as well as the regulation of steroidogenesis (Fedail et al.,
2014; Liu et al., 2017; Zhang et al., 2013). Due to this, both the oocyte
and the granulosa cells (including the radiated corona and the oo-
phorous cumulus) and the theca express the TRα and TRβ (Aghajanova
et al., 2009; Rodríguez-Castelán et al., 2017a; Wakim et al., 1994). In
this study, we found an abundant immunoreactivity of MCT8 in tertiary
and Graafian follicles, which could be related to the degree of maturity
from several processes mediated by developmental thyroid hormone
signal. Since this work is the first to demonstrate the cellular im-
munoreactivity of MCT8, comparison with previous studies is not pos-
sible. Nevertheless, research shows that in other mammal tissues the
expression of MCT8 is also differentially influenced by cellular type,
physiological condition and thyroid status (Alkemade et al., 2011;
Alvarez-Salas et al., 2016; Arjona et al., 2011; Engels et al., 2015; Kirat
et al., 2013).

It has been described that in the corpus luteum of mammals, THs
have different functions, including regulating proliferation, apoptosis,
and angiogenesis for luteal cells maintenance, and secretion of pro-
gesterone (Macchiarelli et al., 2013; Navas et al., 2014; Silva et al.,
2013). In addition, the corpus luteum expresses the TRα and TRβ that
help the THs carry out the functions described above (Aghajanova
et al., 2009; Rodríguez-Castelán et al., 2017a; Wakim et al., 1994). The
abundant immunoreactivity of the MCT8 transporter found in the
corpus luteum of the rat demonstrates the importance of the THs in this

structure. Adipose tissue also shows an abundant immunoreactivity of
MCT8, this is because THs regulates adipogenesis, mobilization, and
storage of lipids, inflammation and insulin sensitivity (Obregon, 2014;
Panveloski-Costa et al., 2018).

4.3. Cellular immunolocalization of OATP1C1

The ovarian cells of the virgin adult rat show immunoreactivity to
the OATP1C1 transporter. The ovarian structures that exhibit the
highest immunoreactivity to OATP1C1 are the tertiary and Graafian
follicles, as well as the stroma and tunica albuginea. This could be
because these structures are targets of THs (Fedail et al., 2014; Zhang
et al., 2013).

Likewise, the adipose tissue also has an abundant immunoreactivity
to OATP1C1, possibly because adipocytes, like the ovary, secrete es-
trone and store it as sulfated estrone, which requires OATP1C1 to enter
and leave the cell (Bernal et al., 2015; Ihunnah et al., 2014).

The higher immunoreactivity to MCT8 and OATP1C1 observed in
the blood vessels can be explained by the fact that the molecules that
transport these proteins (T4, T3, T2, T3S, T4S, rT3) must pass through
the bloodstream to reach the cells that require them (Bernal et al.,
2015; Visser et al., 2011).

In conclusion, our results provide evidence that the rat ovary ex-
presses the THs transporters MCT8 and OATP1C1, which could play a
key role in ovary responses to circulating THs. Furthermore, the results
indicate that some alteration in these transporters could interfere with
reproductive processes, such as ovulation and steroidogenesis, com-
promising the fertility of the female. In addition, our findings in the
ovarian tissue provide a basis to the study of the THs transporters on
different physiological conditions.
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ABSTRACT

Ribonucleoprotein (RNP) complexes and RNA-
processing enzymes are attractive targets for an-
tibiotic development owing to their central roles
in microbial physiology. For many of these com-
plexes, comprehensive strategies to identify in-
hibitors are either lacking or suffer from substantial
technical limitations. Here, we describe an activity-
binding-structure platform for bacterial ribonuclease
P (RNase P), an essential RNP ribozyme involved in
5′ tRNA processing. A novel, real-time fluorescence-
based assay was used to monitor RNase P activ-
ity and rapidly identify inhibitors using a mini-helix
and a pre-tRNA-like bipartite substrate. Using the
mini-helix substrate, we screened a library com-
prising 2560 compounds. Initial hits were then val-
idated using pre-tRNA and the pre-tRNA-like sub-
strate, which ultimately verified four compounds as
inhibitors. Biolayer interferometry-based binding as-
says and molecular dynamics simulations were then
used to characterize the interactions between each
validated inhibitor and the P protein, P RNA and pre-
tRNA. X-ray crystallographic studies subsequently
elucidated the structure of the P protein bound to the
most promising hit, purpurin, and revealed how this
inhibitor adversely affects tRNA 5′ leader binding.
This integrated platform affords improved structure-
function studies of RNA processing enzymes and
facilitates the discovery of novel regulators or in-
hibitors.

INTRODUCTION

Regulatory RNAs, ribozymes, and RNA-protein complexes
are appealing antibiotic targets due to their essential func-
tions in microbial metabolism (1–3). This clinical impor-
tance is exemplified by the ribosome, which is currently the
target of roughly 50% of known antibiotics (4). The focus of
this work is Ribonuclease P (RNase P), the only ribozyme
other than the ribosome that is present in all three domains
of life (see (5–8) for some reviews). This essential ribonu-
cleoprotein complex remains to be exploited as a target for
much-needed novel antibacterial agents (9).

The composition of RNase P varies across the three do-
mains of life (10) and therefore may afford high selectivity
in drug targeting (11,12). While in archaea and eukaryotes,
RNase P is comprised of one RNA subunit and four to ten
proteins (13), in bacteria, this complex is formed by an RNA
subunit (P RNA, 350–400 nucleotides, 110–125 kDa) and a
single protein (P protein, ∼110 amino acids, 13 kDa) (14).
In all species, the P RNA serves as the primary biocata-
lyst (15) for the cleavage of the 5′-leader sequence of pre-
tRNAs during tRNA maturation (16). The P protein, on
the other hand, binds the distal 5′-leader region of the pre-
tRNA substrate, enhances the affinity of metal ions, and as-
sists in product release (17–20). RNase P is dependent on
divalent metal ions (Mg2+ is needed for proper folding and
activity (21–23)) and in vitro, high concentrations of Mg2+

are sufficient to allow P RNA catalysis, even in the absence
of the protein subunit (15,24,25).

There are several known inhibitors of RNase P (reviewed
in (12,26,27)), with iriginol hexaacetate and methylene blue
being the most recently discovered (26,28). However, to
date, neither natural nor highly specific RNase P inhibitors
have been identified. The dynamic and flexible nature of
the RNase P complex may have hindered the evolution
of specific binders (29) and moreover, the protein subunit
has some features of intrinsically disordered proteins, which
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could hamper the stable binding of ligands (30). There also
may be an inherent limitation for small molecules to com-
pete with the protein for binding to the P RNA, depending
on the relative affinity of the P RNA:P protein pair.

Monitoring RNase P activity has traditionally relied on
using radiolabeled RNA substrates (31). In this method, ra-
diolabeled RNA is mixed with RNase P. The reaction is then
monitored by denaturing polyacrylamide gel electrophore-
sis (Urea-PAGE) followed by auto-radiography (31). Very
recently, alternatives to measure the kinetics of RNase P
on pre-tRNA substrates have emerged. A recent paper de-
veloped a fluorescence polarization-based activity assay to
monitor RNase P activity on a full-length substrate (26).

To expand the repertoire of inhibitors that may serve as
clinical leads as antibiotics, a robust platform for assessing
RNase P activity in high throughput is essential. Current
activity protocols are either inhibited by 1% (v/v) DMSO or
not amenable to high-throughput screening. Additionally,
validation methods to verify efficacious RNase P inhibition
are lacking. Recognizing these shortcomings, we aimed to
create improved methods for discovering small molecule in-
hibitors of RNase P. To accomplish this goal, we focused
on the following strategy: (i) developing a novel method to
measure real-time RNase P activity in solution; (ii) obtain-
ing real-time measurements of the binding of the RNase P
holoenzyme, P RNA and P protein to their native substrate
and inhibitors and (iii) obtaining structural information, in
silico and through X-ray crystallography, on the binding of
potential inhibitors to the P protein.

In this work, we present an RNase P activity assay
that exploits a previously reported minimal model sub-
strate (pMini3bpUG, herein referred to as Minihelix or Mh)
(32,33). This substrate utilizes a FRET mechanism in which
the RNase P substrate couples both a 3′ fluorophore and
a 5′ non-fluorescent quencher. Cleavage and release of the
quencher molecule by RNase P enables the detection of en-
zymatic activity by measuring fluorescence emission over
time, which is amenable for monitoring steady-state kinetics
and for high-throughput screening assays.

We then implemented this method to assess a compound
library of 2560 small molecules and found four compounds
that inhibit RNase P activity. These inhibitors were effective
in the presence of both a canonical pre-tRNA substrate and
a novel pre-tRNA-like substrate (herein referred to as ‘bi-
partite pre-tRNA’) that is composed of two RNA oligonu-
cleotides and monitors the reaction in an analogous way to
the Mh substrate. To avoid the sensitivity of RNase P pro-
cessing to organic solvents using the bipartite pre-tRNA
substrate, we dissolved the hits in PEG 200 rather than
DMSO. This procedure allowed us to validate the inhibitory
properties of these molecules under varied conditions.

Positive hits were then verified and characterized using
biolayer interferometry (34), which allowed us to perform
the following tasks: (i) define the affinity parameters of the
RNase P holoenzyme, P RNA and P protein to the RNA
substrates, (ii) discriminate between the interactions of a
given compound with the holoenzyme, P RNA, P protein or
the substrate and (iii) determine if a given compound hin-
ders the binding of the holoenzyme to pre-tRNA or the P
protein to the 5′-leader.

Once validated, we performed docking and molecular dy-
namics simulations with each hit and identified putative
binding sites for two inhibitors on the P protein. Further-
more, purpurin, a competitive inhibitor which behaved as
the most consistent hit across our assays, was shown to bind
the P protein by X-ray crystallography, with its binding site
corresponding to part of the 5′-leader binding site.

MATERIALS AND METHODS

Selection of bacterial RNase P

We chose to work with RNase P from the thermophilic
bacterium Thermotoga maritima for several reasons. First,
it represents the ancestral and most common ‘type A’ ri-
bozyme, the same that is present in Escherichia coli (35).
Second, the crystal structure of the RNase P holoenzyme
from T. maritima in complex with tRNA (19) as well as
the apo-structure of the RNA subunit (36) are known,
thus facilitating structure-function studies. Third, the fold-
ing protocol of the RNase P holoenzyme from T. mar-
itima (described below) leads to crystals that present a func-
tional and homogeneous molecular complex (19). Fourth,
although the RNase P from T. maritima has optimal activ-
ity at 50◦C (37), the holoenzyme is active in a temperature
range of 20–55◦C.

RNase P production

The preparation of P RNA and pre-tRNA from T. mar-
itima was carried out by in vitro transcription and puri-
fied by denaturing 6% urea-PAGE with standard protocols
as described previously (19,38). The P protein was purified
according to (39). The A260/A280 ratio was between 0.6
and 0.7 for each preparation of purified protein.

RNase P reconstitution

The reconstitution of the RNase P holoenzyme was per-
formed as described in (40,19). This protocol produces a
homogeneous and functional ribozyme that can be crystal-
lized by mixing P RNA and P protein in a 1:1.1 molar ratio
in 1× TH buffer (33 mM Tris–HCl, 66 mM HEPES, pH 7.4)
and 400 mM ammonium acetate (AmOAc). The mixture
was heated to 95◦C for 2 min in a water bath, then chilled on
ice for 2 min, after which MgCl2 was added to a final con-
centration of 100 mM. Although RNase P from T. maritima
is catalytically active at 10 mM MgCl2 (19), we found that
for our minihelix substrate, 100 mM MgCl2 demonstrated
more robust activity. This higher concentration was used in
all experiments described herein. The holoenzyme was fur-
ther incubated at 50◦C for 10 min and 37◦C for 40 min. The
final concentration of holoenzyme was 333 nM (35.6 �g/ml
of P RNA and 4.7 �g/ml of P protein).

Substrate minihelix (Mh)

The minihelix (Mh) substrate (Figure 1A) was adopted
from a previously characterized RNase P substrate,
pMini3bpUG (32,33) and coupled to either Black Hole
Quencher 1 (BHQ1) or Black Hole Quencher 2 (BHQ2) at
the 5′-end and Alexa Fluor 488 at the 3′-end. This probe was
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Figure 1. Validation of the fluorescent minihelix (Mh) substrate. (A) Cleavage by bacterial RNase P. Top. Schematic representation of the 24-nucleotide
fluorescent (left) or non-fluorescent (right) minihelix (Mh) substrate with the predicted secondary structure according to Brannvall et al. (32). Middle left.
RNase P holoenzyme from Thermotoga maritima cleaves the fluorescent Mh substrate, as visualized by 20% urea-PAGE under UV light. The fluorescence
detected from both the substrate (upper band) and the product (lower band) is due to the unfolding of the Mh probe under the denaturing gel conditions.
The time-dependent disappearance at 55◦C of the 24 nt Mh fluorescent substrate (5 ng), with a simultaneous accumulation of the 15 nt product, confirms
the catalytic cleavage of RNase P on the proposed minihelix. Middle right. FRET-pair addition does not affect the cleavage of RNase P on the fluores-
cent probe as visualized by UV after PAGE and ethidium bromide staining. Bottom. Similar time courses of substrate conversion are observed for the
fluorescent (left) and non-fluorescent (right) Mh substrates. (B) Kinetic assays of RNase P with the fluorescent substrate show a typical Michaelis-Menten
enzymatic behavior. Left. Representative plots of kinetic assays are shown. RNase P holoenzyme was incubated at 20◦C at 11 nM, with increasing Mh
concentrations as indicated. Right. Michaelis-Menten model fitting (R2 = 0.9368). Initial velocities from three independent trials were plotted against
substrate concentration; error bars indicate the standard error for each plot. (C) The reported RNase P inhibitors methylene blue and iriginol hexaacetate
inhibit bacterial RNase P from Thermotoga maritima. Left. The inhibition of RNase P by methylene blue. Dose-response curve (R2 = 0.9543) calculated
from the normalized slope values from the linear portions of the kinetic assays in triplicate shown in Supplementary Figure S5. The reported Ki value using
a conventional pre-tRNA substrate and the RNA subunit of different bacterial RNase P′s is between 14 and 28 �M (28). Right. Inhibition of RNase P
by iriginol hexaacetate. Dose–response curve (R2 = 0.9556) calculated from the normalized slope values from assays in triplicate. The reported IC50 value
using a fluorescent pre-tRNA substrate is 0.8 �M for Bacillus subtilis RNase P (26).
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purchased either from Sigma-Aldrich or Integrated DNA
Technologies (IDT). A requested scale of 0.05 mmol yielded
between 6.3 and 20 nmol (57.5 to 181 �g, enough for 1300–
4000 reactions depending on the experimental substrate
concentration). Before use, the minihelix was diluted from
a 100 �M stock (dissolved in water) to 3.6 �M in activity
buffer H (33 mM Tris–HCl, 66 mM HEPES, pH 7.4, 400
mM AmOAc and 100 mM MgCl2).

Substrate bipartite pre-tRNA

The bipartite pre-tRNA substrate derived from pre-
tRNAPhe from T. maritima (Supplementary Figure S13) was
designed for the ease of chemical synthesis and conceived
from the fact that the anticodon loop is not required for
RNase P recognition (Reiter et al.). As for the Mh substrate,
fluorescent bipartite pre-tRNA was coupled to Black Hole
Quencher 1 (BHQ1) at the 5′-end of the 5′ oligo, and to
Alexa Fluor 488 at the 3′-end of the 3′ oligo (see Supple-
mentary Table S1). The probes were purchased from Inte-
grated DNA Technologies (IDT). A requested scale of 250
nmol yielded 27.4 nmol (0.36 mg) for the 5′ oligo and 3.8
nmol (50 �g) for the 3′ fluorescent oligo. Before use, the
probes were diluted from a 100 �M stock (dissolved in wa-
ter) and assembled by mixing and heating to 3.6 �M in ac-
tivity buffer L (Tris–HCl pH 7.4 33 mM, HEPES 66 mM,
100 mM AmOAc and 10 mM MgCl2).

Fluorescence-based activity assay

Reactions were performed in a total volume of 20 �l. Pipet-
ting was done by hand using multichannel pipettes. First, an
18 �l reaction mixture containing 16.5 �l of activity buffer
(H for Mh or L supplemented with 10% PEG 200 for bi-
partite pre-tRNA) and 270 nM (Mh) or 135 nM (bipartite
pre-tRNA) (1.5 or 0.7 �l of the 3.6 �M stock) of the fluores-
cent substrate probe was pre-incubated on ice for at least 5
m in a black polystyrene 384-well microtiter microplate with
a flat transparent bottom (Corning ref 3540). The holoen-
zyme was then added at a final concentration of 33 nM (2 �l
of a 333 nM stock) in 1× TH buffer and mixed. Kinetic ac-
tivity was monitored in a Synergy MX Multimode Detector
(BioTek) at 37◦C with rapid agitation. At least 20 readings
were taken per well every 15 s. The probe was excited at 485
nm, and its emission was monitored at 535 nm with an in-
tegration time of 1 s. From the plots of relative fluorescent
units (RFU) versus time, linear regression was used to de-
termine the slopes in the linear portion of the curves, using
at least 12 data points to obtain initial velocities. Non-linear
fitting to obtain the Michaelis–Menten parameters was per-
formed using GraphPad Prism® 6.01 software.

Gel-based activity assay

For gel-based activity assays, reactions were prepared as
described in the previous section (fluorescence activity as-
say), incubated for 1–15 min at 37–50◦C, then loaded
onto a denaturing 7 M urea–20% acrylamide gel in
the case of the Mh substrate or 19% acrylamide (40%
acrylamide/bisacrylamide 38.5:1.5) for the bipartite pre-
tRNA substrate. The activity conditions for the gel reported

in Figure 3A, to monitor the cleavage of the holoenzyme
and P RNA, were under 100 mM AmOAc and 10 mM
MgCl2. The gels (13 × 16 × 0.15 cm) were electrophoresed
at 20 V/cm for 2–3 h. UV shadowing or ethidium bromide
staining was used to visualize RNA cleavage. Detection of
minihelix fluorescence was achieved without staining using
a UV lamp with excitation at ∼254 nm.

Library screening

Screening was performed with the Spectrum Collection
(MicroSource Discovery Systems, Inc), which comprises
2560 compounds, each dissolved in DMSO at 10 mM. For
our initial screening, compounds from this collection were
tested in cocktails; eight compounds were tested per well
in 384-well format. The final concentration of each com-
pound in the cocktail was 1.25 mM. For the activity as-
say, reactions were set up in a total volume of 20 �l (13.5
�l of activity buffer, 1.5 �l of fluorescent Mh at 3.6 �M,
3 �l of DMSO or cocktail). This set-up resulted in a fi-
nal concentration of 187.5 �M for each compound. The
control wells included for each experiment series were: (i)
reaction with twice (3 �l) the fluorescent Mh amount to
avoid a signal saturation for the rest of the wells, (ii) two
reactions with 10% DMSO (no cocktail), (iii) Mh substrate
only, with no ribozyme, (iv) reaction with 100 mM CaCl2,
which it is used as a negative control as it competes with
MgCl2 (EDTA was not used because metal ions are essen-
tial to maintaining the structure of P RNA (41)). The re-
action was initiated by adding 2 �l of holoenzyme at 333
nM and monitored as described above. Each round of ex-
periments contained twenty different cocktails correspond-
ing to one row of a 384-well plate (Supplementary Figures
S6 and S24). Cocktails that showed inhibition (those with
a slope value lower than any of the positive controls in the
same plate) were verified (Supplementary Figure S7) and
deconvoluted (Supplementary Figure S8) to determine the
individual fragment or fragments responsible for the inhi-
bition. At this stage, each compound from the inhibitory
cocktails was tested at a final concentration of 1 mM (2 �l
of the 10 mM stock). We performed a gel-based assay for the
nine selected compounds to qualitatively verify the results
obtained by the fluorescence assay (Supplementary Figure
S9). After deconvolution, each of the final four potential
positive compounds was purchased individually from a dif-
ferent provider (Sigma-Aldrich) and tested inhibition us-
ing the T. maritima Mh, pre-tRNA and bipartite pre-tRNA
substrates (Figure 2 and Supplementary Figures S10–S12
and S14).

Expression and purification of His-tagged P protein for bind-
ing assays

The gene encoding the P protein from T. maritima (gene
synthesis performed by DNA 2.0 ATUM) was cloned into
the expression vector TmP-pD454-GST as a Glutathione
S-transferase (GST) fusion protein, with a TEV protease
cleavage site and a His6-tag at the N-terminus. This vector
was transformed into E. coli BL21(DE3)pLysS cells. Cells
were then used to inoculate 3 l of Luria-Bertani media and
incubated with orbital shaking at 250 rpm and 37◦C until
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Figure 2. Four validated hits inhibit RNase P holoenzyme from Thermotoga maritima in the micromolar range using the substrates Mh and bipar-
tite pre-tRNA. After the screening step (Supplementary Figures S6–S9), four compounds inhibit RNase P using substrates Mh (A) and bipartite pre-
tRNA (B). See Supplementary Figure S13 for a description and validation of the bipartite pre-tRNA substrate. Experiments were performed using
compounds from Sigma Aldrich in standard conditions and as described in Supplementary Figures S10 and S14. The four hits are gentian violet
(tris(4-(dimethylamino)phenyl)methylium chloride), juglone (5-hydroxy-1, 4-naphthoquinone)., purpurin (1,2,4-trihydroxyanthraquinone) and hematein
(3,4,6a,10-tetrahydroxy-6a,7-dihydroindeno[2,1-c]chromen-9(6H)-one. A brief description of some properties found of these compounds is given in the
Supplementary Information.

the OD600 reached 0.6. Protein expression was then induced
with IPTG at 1 mM for 6 h. The cell pellet was collected and
sonicated in 40 ml of lysis buffer (20 mM sodium phosphate
monobasic, pH 8.0, 500 mM NaCl, 20 mM imidazole, 10%
glycerol, 1 mM TCEP). TEV protease (700 �g) was then
added directly to the lysate and incubated for 16 h at 34◦C.
The lysate was centrifuged at 13 000g and solid urea was
added to the supernatant to reach a final concentration of 5
M. The sample was then purified by Ni-NTA affinity chro-
matography column (HisTrap FF crude, GE Healthcare)
equilibrated with binding buffer (20 mM sodium phosphate
monobasic, 500 mM NaCl, 5 M urea, 30 mM imidazole,
pH 8.0). A 30 min wash at 5 ml/min was performed after
which the protein was eluted in 20 mM sodium phosphate
monobasic, 500 mM NaCl, 5 M urea, 2 M imidazole, pH
8.0. The elution was then loaded onto a gel filtration column
(HiPrep 26/10 desalting, GE Healthcare) equilibrated with
desalting buffer (20 mM sodium phosphate monobasic, pH
8.0, 500 mM NaCl). The eluted protein was concentrated to
5 mg/ml and stored at 19◦C until needed.

Biolayer interferometry assays (P RNA and holoenzyme)

Real-time binding assays of the holoenzyme, P RNA, P
protein, the substrate minihelix and the 5′-leader to in-
dividual compounds were performed by biolayer interfer-
ometry using an Octet RED96 system (ForteBio). For the
holoenzyme or P RNA, a 5′ biotinylated RNA oligonu-
cleotide with the sequence 5′biotin-CAUUCCAGACGAU
was immobilized on Super Streptavidin (SSA) biosensors.
Then, a modified P RNA or holoenzyme was added. The
P RNA modification consisted of a sequence with part
of the P1 stem sequence complementary to the biotiny-
lated oligonucleotide (AUCGUCUGGA) (Supplementary
Figure S23A). P1 is far from the active site or other re-
gions involved in specific interactions (Supplementary Fig-
ure S23B) (19). The activity of this construct was indis-
tinguishable from the wild-type holoenzyme. Alternatively,

the holoenzyme was immobilized through the His-tagged P
protein from T. maritima at 0.05 mg/ml (3.4 �M) on Ni-
NTA biosensors. Control biosensors were used to subtract
non-specific binding of compounds to the biosensor sur-
face. All assay steps (immobilization, wash, baseline, associ-
ation, and dissociation) were performed in 20 mM HEPES
pH 7.4, 100 mM ammonium acetate, 10 mM MgCl2, 2.5%
DMSO. The assays were performed on black bottom 96-
well microplates (Greiner Bio-One 655209) in a total vol-
ume of 200 �l, at 30◦C with orbital shaking at 1000 rpm.
Experiments were controlled with the software Data Acqui-
sition 8.2 (ForteBio, Inc.). Kinetic binding parameters were
calculated using Data Analysis 8.2 (ForteBio, Inc.). Af-
ter subtraction of reference biosensors, the binding curves
were aligned to the X- and Y-axis and the association-
dissociation inter-step curve in order to get a common base-
line for the association and dissociation phases.

Biolayer interferometry assays (P protein)

Immobilization of the His-tagged P protein from T. mar-
itima at 0.05 mg/ml (3.4 �M) was performed on Ni-NTA
biosensors. For the initial binding tests to the P protein,
a compound concentration of 1 mM was used. Periods
for each step of the assay were as follows: immobiliza-
tion (400 s), wash (100 s), baseline establishment (100s),
association (250 s), dissociation (250 s). For each titration
curve, six points were used corresponding to the 125, 62.5,
31.25, 15.6 and 7.8 �M compound concentrations. Con-
trol biosensors were used to subtract non-specific bind-
ing of compounds to the biosensor surface. All assay steps
(immobilization, wash, baseline, association, and dissocia-
tion) were performed in 20 mM HEPES pH 7.4, 100 mM
ammonium acetate, 10 mM MgCl2, 5% DMSO. The as-
says were performed on black bottom 96-well microplates
(Greiner Bio-One 655209) in a total volume of 200 �l, at
30◦C with orbital shaking at 1000 rpm. Experiments were
controlled with the software Data Acquisition 8.2 (Forte-
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Figure 3. The inhibitors purpurin and hematein bind to the holoenzyme.
(A) Top. 19% urea-PAGE demonstrates bipartite pre-tRNA substrate is
processed with either P RNA or the RNase P holoenzyme from T. mar-
itima. Bottom. Comparison of RNase P activity using P RNA (left) or
the holoenzyme (right), indicates that purpurin and hematein do not in-
hibit the P RNA reaction, as derived by densitometry analysis of the lower
band (product). (B) The relative affinities of the inhibitors for the P RNA
or the holoenzyme differ. Binding sensorgrams obtained by biolayer inter-
ferometry (BLI). P RNA or RNase P holoenzyme was immobilized on su-
per streptavidin (SSA) biosensors through a 5′-biotinylated RNA oligonu-
cleotide complementary to a region on the P1 stem of P RNA (see Mate-
rials and Methods). Remarkably, purpurin does not bind to P RNA (or-

Bio, Inc.). Kinetic binding parameters were calculated using
Data Analysis 8.2 (ForteBio, Inc.). After subtraction of ref-
erence biosensors, the binding curves were aligned to the X-
and Y-axis and the association-dissociation inter-step curve
in order to get a common baseline for the association and
dissociation phases.

Biolayer interferometry assays (minihelix substrate)

3′-Biotinylated minihelix was purchased from Integrated
DNA Technologies (IDT) (24-mer RNA sequence, 5′-
GAUCUGAAUGCGGAAACGCGCCAC-3′-Biotin).
The biotinylated minihelix was immobilized on Super
Streptavidin (SSA) biosensors at a concentration of 10
�M. An initial screening of compounds at 1 mM yielded
a binding signal only for two compounds: gentian violet
and methylene blue. For the titration experiments, 10 �M
of 3′-biotinylated minihelix was immobilized for 300 s on
Super Streptavidin (SSA) biosensors, followed by a wash
step of 100 s and association and dissociation steps of 200 s
in the presence of 6 different concentrations of compound
ranging from 500 to 15.6 �M. SSA biosensors with no
minihelix were used to measure non-specific binding of
compounds. All other parameters (buffer, instrument
control, analysis) are as described above.

Binding of the P protein to the 5′ RNA leader and binding
hindrance

A 5′ RNA leader sequence with 10-bases 5′-
GGAAAAAGAU-3′ was purchased from IDT and
used at a concentration of 5 �M. This sequence is the
same used to obtain the crystal structure of the RNase P
holoenzyme (19). The His-tagged P protein was immobi-
lized on Ni-NTA biosensors at 0.05 mg/ml (3.4 �M). The
5′ RNA leader does not bind to the Ni-NTA biosensor
surface. The steps performed on the assay and their periods
were: P protein immobilization (400 s), wash (100 s),
baseline (100ms) (1000 rpm), compound association (800
s), compound dissociation (200 s) (500 rpm), baseline (100
s), 5′ leader association (200 s), 5′ leader dissociation (200
s) (1000 rpm). The assay was performed at 30◦C. The
compounds were used at 100 �M throughout. All assay
steps were performed in 20 mM HEPES pH 7.4, 100 mM
ammonium acetate, 10 mM MgCl2, 5% DMSO.

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ange). In contrast, gentian violet binds not only to P RNA but also to the
Mh substrate (Supplementary Figure S16). (C) Molecular Dynamics (MD)
simulations of RNase P protein in complex with the validated inhibitors.
In each panel, semitransparent spheres represent the geometric center, over
a 200 ns trajectory, of the corresponding tested compound. The 5′-leader
(yellow) is shown for reference purposes only; it was not included in the
simulation. Sphere color coding indicates the starting and final positions
in blue and red, respectively. The starting complex conformation for gen-
tian violet, juglone and hematein correspond to the best pose suggested
by docking simulations. Purpurin’s starting conformation corresponds to
that observed in the crystal structure in complex with the P protein (PDB
code: 6MAX. See Figure 5). Hematein and purpurin remain bound to the
P protein throughout the dynamics protocol.
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Molecular docking

In silico molecular docking of gentian violet, juglone, pur-
purin and hematein were performed on the RNase P protein
from Thermotoga maritima (PDB code 1NZ0). The anal-
ysis was conducted using AutodockVina 1.2 (42). Protein
and small molecule compounds’ structures were prepared
by employing scripts from AutoDockTools (43). Two search
boxes, with sizes 30 Å × 30 Å × 30 Å, were explored, aim-
ing to cover the tRNA 5′-leader binding region (PDB code
3Q1R). These two boxes were centered at (x = 51.45, y =
–23.71, z = –3.4) and (x = 49.01, y = –18.63, z = –8.04).
When indicated, side chain flexibility was considered for
F17, K51, K53 and K90. Search parameters were set to
their default values. The best-suggested pose from the two
searches for each ligand was selected as a starting position
to perform Molecular Dynamics simulations.

Molecular dynamics simulation

Molecular dynamics simulations were performed on the
best binding modes (according to the docking score), for
gentian violet, juglone and hematein. Purpurin’s starting
conformation corresponded to that observed in the crystal
structure (PDB code: 6MAX). All systems were simulated
with GROMACS 5.0.3 (44) using the AMBER99SB-ILDN
all-atom force field (45) in an explicit water solvent scheme
with periodic boundary conditions. The topology and force
field parameters files for the gentian violet and purpurin
compounds were generated with ACYPE (46). The protein
protonation was performed with Molprobity (47). The wa-
ter molecule model used was based on the transferable in-
termolecular potential with three sites (48). The solvent also
included sodium chloride (NaCl) at 0.15 mM plus a small
surplus of ions for electric charge neutralization. The long-
range electrostatic interactions were computed using fast
Particle-Mesh Ewald (PME) (49), using a grid spacing of
1.2 Å. The van der Waals and short-range electrostatic in-
teractions were computed using a cutoff of 1.1 Å for both
parameters. The neighbor list was updated every 20 steps
using the Verlet cut-off scheme. All bonds were constrained
using LINCS (50), enabling a simulation time step of 0.002
ps. The following startup protocol was applied to all mod-
eled systems: Firstly, two following minimization processes
with (i) 1000 steps under the steepest descendant algorithm
and (ii) 500 steps using the conjugate gradient algorithm.
Subsequently, the following two simulations were carried
out to equilibrate the system at 300 K: (i) 500 ps in the
canonical ensemble at 300 K using a V-rescale thermostat (�
= 0.1 ps) (51) and (ii) 500 ps in the isobaric-isothermal en-
semble using Berendsen (52) pressure coupling at 1 bar (� =
2.0 ps). During these processes, a restraint constant of 1000
kJ mol−1 nm−2 was applied to all heavy protein atoms and
all main chain heavy atoms for the temperature and pres-
sure equilibrations, respectively. An additional 500 ps were
simulated within the isobaric–isothermal ensemble without
restraints. Finally, 100 ns of molecular dynamics simulation
was performed in the isobaric–isothermal ensemble using
the Parrinello–Rahman barostat with no restraints (53). For
all systems, the protocol was repeated three times starting
from the minimized structures with a new assignment of ve-
locities.

Protein crystallization, fragment screening, and structure de-
termination

P protein from T. maritima in 50 mM Tris–HCl pH 7.5,
0.2 mM EDTA was crystallized at 3 mg/mL in 12% PEG-
1000, 100 mm sodium acetate, pH 4.8, and 200 mM potas-
sium sulfate by vapor diffusion in a sitting drop configura-
tion in 96-well crystallization plates (Swissci™), where 1 �l
of P protein plus 1 �l of mother liquor were mixed thor-
oughly. Crystals appeared in 3 days at 19◦C with approx-
imate dimensions of 300 × 200 × 90 �m. Due to the fre-
quent appearance of salt crystals of similar morphology, the
presence of protein crystals was checked under a CrystaL-
ight™ 100 UV Source (Molecular Dimensions). P protein
crystals were severely damaged at concentrations of DMSO
as low as 5%. Thus, purpurin was solubilized in 50% PEG-
400, which proved useful in dissolving this compound en-
tirely and maintaining the integrity of P protein crystals.
From this stock, a cryoprotectant solution was prepared
at a final concentration of 20 mM purpurin, which addi-
tionally contained 35% PEG-1000, 100 mM sodium acetate,
pH 5.2, 20 mM potassium sulfate and 1 mM DTT. Crystals
were soaked for 3 months using the solution with purpurin.
Crystals were flash-frozen and stored in liquid nitrogen until
needed. Diffraction data were collected at 100 K at a wave-
length of 0.9785 Å at the Life Sciences Collaborative Ac-
cess Team (LS-CAT) 21-ID-F and 21-ID-G beamlines at
the Advanced Photon Source (Argonne National Labora-
tory, Argonne, IL, USA). Data were indexed and processed
with XDS (54) and reduced with Aimless (55).

For fragment screening, the reference structure was
solved by molecular replacement using Phaser (56), with
a search model based on the structure of the P protein
from Thermotoga maritima (PDB entry: 1NZ0). There is
one monomer in the asymmetric unit, with a crystal sol-
vent content of 40%. The presence of purpurin was initially
confirmed by difference Fourier maps calculated using the
structure of the wild-type enzyme.

The ligand was manually fit, and the restraints for re-
finement were generated using the eLBOW program of
the PHENIX suite (57) using the SMILES string C1
= CC = C2C( = C1)C( = O)C3 = C(C2 = O)C( =
C(C = C3O)O)O. Refinement was alternated with man-
ual building/refinement in COOT (58), PHENIX and the
PDB REDO server (59).

The B-factor of the ligand is 42.5 versus 16.0, 25.4 and
21.1 Å2 for the surrounding residues Val33 Gln28 and
Arg89, respectively and the density of the ligand is evident
in the 2mFo – DFc map at a contour level of 1.5�. �A-
weighted, 2Fo – Fc simulated annealing omit maps (Supple-
mentary Figure S19) were used to validate the presence of
the ligand further.

The model presents no Ramachandran outliers. Data col-
lection and refinement statistics are summarized in Sup-
plementary Table S2. Figures were prepared with Pymol
(The PyMOL Molecular Graphics System, Version 1.7.4,
Schrödinger, LLC). The atomic coordinates and structure
factors of the RNase P protein from T. maritima in the com-
plex with purpurin have been deposited in the Protein Data
Bank (PDB) with the accession code 6MAX.
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RESULTS

A new fluorescent probe as an RNase P substrate

In this work, we designed a synthetic oligonucleotide sub-
strate probe with a fluorophore and a non-fluorescent
quencher (NFQ) at the two termini (Figure 1A, Supplemen-
tary Table S1) based on a FRET detection mechanism. If
the substrate is cleaved, physical separation of the quencher
from the fluorophore allows light emission that can be de-
tected with a fluorometer (60–62). A short RNase P sub-
strate candidate that fulfills the assay design requirements
was the minihelix (Mh) pMini3pbUG (Figure 1A), whose
cleavage kinetics were previously characterized (32,33) and
confirmed in the present study. Substrate functionality was
first tested in a polyacrylamide gel-based assay (Figure 1A)
to ascertain uniform cleavage of the substrate by the RNase
P holoenzyme and ensure that the appended fluorophore
and quencher did not hinder catalysis. After testing the
RNase P activity on the modified FRET substrate and con-
firming the specific cleavage (Figure 1A), we also tested the
minihelix construct without the fluorescent label. The same
RNase P processing pattern was observed in both cases
(Figure 1A) thus supporting that the fluorophore and the
quencher do not affect the ability of this substrate to be en-
zymatically processed by RNase P. Finally, the titration of
the Mh fluorescent substrate using unlabeled pre-tRNA or
Mh (Supplementary Figure S1) in solution activity assays
(described below) led to a decrease in the relative fluores-
cence in time-course measurements.

The Mh substrate can be used in a novel, real-time in-solution
RNase P fluorescence-based assay.

The in-solution activity assays were performed at 37◦C in a
total volume of 20 �l on a fluorescence microplate reader
in 384-well plates (Figures 1B, C, 2 and Supplementary
Figures S1–S10). Supplementary Figure S2A demonstrates
the stability over time and the FRET quenching efficiency
of the substrate (fluorescent substrate or holoenzyme with
CaCl2 added as a negative control). Using the Mh substrate,
we did not observe RNase P activity (Supplementary Fig-
ure S2A) at 10 mM MgCl2. The kinetic analysis further
demonstrated that this is indeed a viable and useful assay
for monitoring RNase P activity (Figure 1B, left and Sup-
plementary Figure S2B). A Michaelis–Menten fit was per-
formed, and the kinetic parameters were calculated (Figure
1B, right). The obtained KM and kcat values are 1.3 �M and
6.7 min−1, respectively. The only previously reported values
for this substrate are KD = 2.8 �M and kobs = 0.86 min−1

using the RNase P from E. coli (33).

The novel fluorescence assay using Mh Is reproducible, tol-
erant of DMSO, sensitive to known RNase P inhibitors and
amenable for high-throughput screening

Before performing this assay in a large-scale setup, we first
assessed its reproducibility in 10–12 reactions usually per-
formed in a single run (Supplementary Figure S3). To eval-
uate the robustness of the assay, we used a Z’-factor scoring
method (63) for both the end-point of the assay (Supple-
mentary Figures S3A, C) and the initial velocities of the re-

action (Supplementary Figure S3B, D) (Z’-factor = 0.73).
The linear responses in all cases were 3–5 min long (Fig-
ure 1B and Supplementary Figures S3–S10). In subsequent
experiments, we considered the kinetics information given
by the linear parameter to calculate the IC50 values for the
inhibitors described in Figures 3 and 4. Most notably, we
found that DMSO does not decrease the activity of RNase
P on the cleavage of the Mh substrate up to a concentration
of 30% (v/v) (Supplementary Figure S4). For the assays in-
volving inhibitors (Figure 2A and Supplementary Figures
S5–S10), we used a concentration of 10% DMSO.

To benchmark our assay against known inhibitors, we
tested the activity of two newly-described RNase P in-
hibitors, methylene blue (33) (Figure 1C, left and Supple-
mentary Figures S5A, B) and iriginol hexaacetate (26) (Fig-
ure 1C, right and Supplementary Figures S5C, D). Notably,
we detected inhibition for both compounds, and IC50 values
are in reasonable agreement with the published data (109
�M versus 62 �M (reported) for methylene blue and 29.5
�M versus 0.8 �M (reported) for iriginol hexaacetate). As
expected, we did not detect inhibition by neomycin B or
kanamycin B, as it is known that high Mg2+ concentrations
nullify their effects on RNase P (64). These results corrob-
orate the validity of the assay as we were able to detect in-
hibition in the same range as previously reported inhibitors
and exclude non-specific interactors. Our chosen RNase P
system and the developed assay (regarding substrate, real-
time monitoring, volume, buffer composition, [E]/[S] ratio
and DMSO tolerance) are a reliable platform to search for
new inhibitors in a high-throughput manner.

Library screening and hit validation identifies four potential
inhibitors of RNase P

We performed a screen of the Spectrum Collection library
(Discovery Systems, Inc.) comprising 2560 compounds
(Supplementary Figure S6). A schematic view of the over-
all workflow and results is presented in Supplementary Fig-
ure S22. In our setup, the screening strategy involved initial
testing of cocktails with eight compounds per assay/well.
To select a positive hit, we considered the inhibition of the
initial velocity of the reaction based on its Z-factor robust-
ness (Supplementary Figures S3B and D). Several cocktails
exhibited initial velocity changes that were significantly de-
creased (Supplementary Figure S6). In general, we further
analyzed the compounds that demonstrated an initial veloc-
ity slope lower than the positive control or a negative slope
(Supplementary Figure S6. Red bar corresponds to the pos-
itive control). We verified the selected cocktails by a second
round of selection (Supplementary Figure S7) and finally
deconvoluted to identify active compounds (Supplemen-
tary Figure S8). The potential hits were further verified at
this stage by the correspondence between the fluorescence-
based assay and the canonical gel-based inhibition test us-
ing lower concentrations of compounds (Supplementary
Figure S9).

Using this strategy, after the initial screening (Supple-
mentary Figure S6), 37 cocktails were selected and verified
again for inhibition (Supplementary Figure S7). Of these,
ten cocktails with evident inhibition were retained and then
deconvoluted to deduce the 10 active compounds in each
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Figure 4. Characterization of the inhibition of T. maritima RNase P by purpurin. (A) Best global fit for inhibition of RNase P in the presence of varying
concentrations of fluorescent Mh substrate. A competitive inhibition model best fit the data (R2 = 0.9549) with Ki = 1.9 ± 0.5 �M. Symbols represent
the mean ± standard error as determined from three independent experiments at each concentration. See also Supplementary Figure S18. (B) The affinity
of purpurin for the RNase P holoenzyme comparable to its Ki. Binding sensorgrams obtained by biolayer interferometry (BLI). RNase P holoenzyme at
400 nM was immobilized on Ni-NTA. (C) Purpurin displaces bound pre-tRNA in a dose-response behavior. Binding sensorgrams obtained by biolayer
interferometry (BLI). RNase P holoenzyme was immobilized on Ni-NTA biosensors, incubated with purpurin at varying concentrations (0–400 �M),
and then the association and dissociation pre-tRNA was monitored. Of the four inhibitors found in this study, only purpurin exhibited a dose–response
behavior in this experiment. See also Supplementary Figure S17.

(Supplementary Figure S8). One compound, ethidium bro-
mide, was discarded due to its known non-specific effects
on nucleic acids. We thus proceeded with 9 compounds for
confirmation of inhibition at a lower concentration (Sup-
plementary Figure S9).

A gel-based inhibition assay was performed in parallel for
the nine selected compounds to qualitatively verify the re-
sults obtained by the fluorescence-based assay of Supple-
mentary Figure S9A for the nine selected compounds (Sup-
plementary Figure S9B) (250 and 500 �M at this stage ver-
sus 1 mM for the deconvolution stage shown in Supplemen-
tary Figure S8). In this assay, the compound iodoquinol
resulted in a false positive (the inhibition does not corre-
late in both assays, Supplementary Figures S9A and B).
Pararoseaniline and emodin did not inhibit RNase P under
the conditions tested in these assays (Supplementary Fig-
ure S9), nifursol is a weak inhibitor (Supplementary Fig-
ure S9), and alexidine hydrochloride seems to precipitate
the holoenzyme (Supplementary Figure S9B and Supple-
mentary Figure S8C). These results excluded five more com-
pounds.

After this more restrictive analysis, four remain-
ing compounds were pursued further: gentian violet
(Tris(4-(dimethylamino)phenyl)methylium chloride),
juglone (5-hydroxy-1, 4-naphthoquinone), purpurin
(1,2,4-trihydroxyanthraquinone) and hematein (3,4,6a,10-
tetrahydroxy-6a,7-dihydroindeno[2,1-c]chromen-9(6H)-
one. We purchased these reagents from a different provider
(Sigma Aldrich) and used these compounds to generate
dose-response curves (Figure 2A and Supplementary
Figure S10). The range of IC50 values was between 4.5 and
96.2 �M (Figure 2A).

Pre-tRNA and a pre-tRNA-like substrate allow validation of
the four identified hits using gel and fluorescence-based assays

First, we qualitatively validated the results obtained using
the fluorescent Mh substrate by gel-based assays using a
canonical pre-tRNA substrate (Supplementary Figures S11
and S12). Next, to mimic a substrate similar to the natu-

ral pre-tRNA, we designed a new probe consisting of two
individual oligonucleotides (39 and 38 nucleotides for the
5′ and 3′ components, respectively) (Figure 2B, right, Sup-
plementary Figure S13 and Supplementary Table S1). This
probe, named bipartite pre-tRNA, differs from a canoni-
cal pre-tRNA in the sense that it lacks the anticodon loop
and it is composed of two oligonucleotides (Supplementary
Figure S13A). Binding experiments of pre-tRNA and bi-
partite pre-tRNA substrates to the holoenzyme using bi-
olayer interferometry show that their affinity is compara-
ble (KD values of 1.8 and 3.5 nM, Supplementary Figure
S13B). For the binding experiments, we tested the agree-
ment of the affinity values obtained by BLI with previous
KD determinations of the RNase P holoenzyme:pre-tRNA
and the P RNA:P protein pairs (65,40). These KD values are
in excellent agreement with the published data (Supplemen-
tary Figure S15A, B). Finally, titration of fluorescent bipar-
tite pre-tRNA, with a similar design to fluorescent Mh, in
time-course fluorescence emission experiments using unla-
beled substrates shows highly similar profiles (Supplemen-
tary Figure S13C). Thus, we used fluorescent bipartite pre-
tRNA as an analog that is highly similar to pre-tRNA, and
we obtained dose-response curves using this substrate in
the presence of the four hits obtained using fluorescent Mh
(Figure 2B and Supplementary Figure S14). As the sensi-
tivity to DMSO for this assay using the bipartite pre-tRNA
substrate was very high (no more than 2% DMSO was tol-
erated, similar to (26,17), we used 10% PEG 200 instead.

Overall, the fluorescent screening strategy––using both
a model substrate, tolerant to high DMSO concentra-
tions and a pre-tRNA-like substrate, useful to demon-
strate the inhibition properties under low monovalent and
Mg2+ conditions––demonstrates its utility to find new small
molecule inhibitors directed against RNase P.

Purpurin and hematein bind to the RNase P holoenzyme

Gel-based assays performed using the bipartite pre-tRNA
substrate (Figure 3A) under a single buffer condition where
both P RNA and the holoenzyme display activity demon-
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strated that the hits purpurin and hematein inhibit the re-
action catalyzed by the RNase P holoenzyme but not the P
RNA alone (Figure 3A). The gel-assay using the bipartite
pre-tRNA substrate allowed us to distinguish this behavior
clearly. In agreement with this result, binding assays with
immobilized P RNA or holoenzyme using a 5′ biotinylated
RNA oligonucleotide (Figure 3B) show that purpurin does
not bind to P RNA and hematein binds only slightly to P
RNA (Figure 3B). In contrast with the behavior of these two
hits, gentian violet inhibits the reaction via P RNA (Figure
3A) and also binds more strongly to it (Figure 3B). More-
over, unlike the other three hits, gentian violet binds to the
biotinylated minihelix substrate in the micromolar range
(Supplementary Figure S16). The hit juglone displayed a
less clear behavior in these assays (Figure 3A, B).

Given that the main difference between P RNA and the
holoenzyme is the presence of the P protein, we performed a
preliminary interrogation of potential inhibitor interactions
between the P protein and each of the four hits using dock-
ing and Molecular Dynamics (MD) (Figure 3C and Sup-
plementary Figure S18). Small molecule docking studies of
gentian violet, juglone and hematein were performed on the
model obtained from crystallographic data of the RNase P
protein from T. maritima (PDB codes 1NZ0, 3Q1R). Next,
Molecular Dynamics (MD) simulations were performed on
the four compounds with the best-scoring docking poses
or the purpurin position as observed in complex with the
P protein by X-ray crystallography (Figure 5C, PDB code:
6MAX). While the dynamics preserve the overall protein
structure, the binding modes of the tested compounds were
affected (Figure 3C and Supplementary Figure S20). While
hematein and purpurin rearranged themselves into a new
binding mode around the initial docking or crystallographic
pose around the P protein (Figure 3C and Supplementary
Figure S20), juglone and gentian violet did not adopt a
stable arrangement (Figure 3C and Supplementary Figure
S20).

Overall, the activity, binding, docking and MD experi-
ments point to gentian violet as a non-specific inhibitor that
binds to RNA, juglone as an inhibitor with an ambiguous
mechanism and hematein and purpurin as inhibitors of T.
maritima RNase P holoenzyme which may specifically tar-
get the P protein.

Purpurin inhibits RNase P holoenzyme through a competi-
tive mechanism and shows a dose-response relationship on its
binding to the holoenzyme and pre-tRNA displacement

We tested whether any of the four validated hits were capa-
ble of displacing the canonical substrate pre-tRNA from the
holoenzyme in a binding assay. Purpurin displays a dose-
response relationship and remarkably, none of the other
three hits demonstrated this behavior (Figure 4C, Supple-
mentary Figure S17). Together, all of the data collected for
purpurin are in agreement with the activity and binding cri-
teria to validate an RNase P inhibitor (Table 1). Further
characterization shows that the Ki value of purpurin (Figure
4A, Supplementary Figure S18), obtained from an adjust-
ment to a competitive inhibition model, is in general agree-
ment with the KD value obtained for RNase P holoenzyme-
purpurin (Figure 4B, Table 1).

Purpurin has a binding site on the P protein in a region im-
portant for substrate binding

To further explore the possible binding of purpurin to the
P protein, we tested the binding interference of an RNA
oligonucleotide with the sequence of a 5′leader in the pres-
ence of this compound (Figure 5A). Remarkably, purpurin
interferes with the binding of the leader to the P protein
(Figure 5A). The three other hits were also tested in this
manner (Supplementary Figure S19). Juglone and gentian
violet do not impede the leader binding (Supplementary
Figure S19). We discounted hematein because, although it
displayed leader-binding hindrance (Supplementary Figure
S19), unlike purpurin, it lacked a dose-response relationship
on pre-tRNA displacement in the presence of the holoen-
zyme (see Figure 4C for purpurin). We next determined that
purpurin binds to the P protein with micromolar affinity in
a dose-response relationship (Figure 5B). Finally, the crys-
tal structure of T. maritima P protein in complex with pur-
purin (Figure 5C, D Supplementary Figure S21 and Table
S2) shows a binding region of the compound located in a
hydrophobic patch formed by residues Val 33, Leu 35 and
Ile 87. Additional hydrogen-bonding interactions are ob-
served between purpurin and Gln 28 and Arg 89. Arg 89 is a
conserved protein residue, essential for efficient T. maritima
RNase P activity, that potentially contacts the pre-tRNA
leader binding region (Figure 5D) (38). Taken together, the
binding and X-ray crystallography results indicate the ex-
istence of a region in the P protein that is sensitive to the
binding of inhibitory compounds of T. maritima RNase P
and that this region is also crucial for substrate binding.

DISCUSSION

In this work, we developed and implemented novel methods
to discover and validate inhibitory compounds against bac-
terial RNase P and gain insight into the structure and func-
tion of this ribozyme. Although FRET assays have been
used for high-throughput screening of RNA-based targets
(66,61,62), this is the first description of this type of method
tailored for RNase P. The most noteworthy differences be-
tween the proposed method compared to the recent ad-
vances described by (26) are the DMSO tolerance (provided
by the use of the Mh substrate), the salt tolerance (which re-
duces non-specific binding) and the development of a novel
bipartite pre-tRNA substrate (which allows hit validation).
In particular, the DMSO tolerance of the new assay allows
for additional chemical space to be probed beyond what was
previously explored. It should be noted however that, given
the assay design, inhibitors that alter the fidelity of pro-
cessing might appear as false negatives in the fluorescence-
screening step. It should also be considered that there might
be a quenching effect from cleaved 5′ leader that could lead
to an underestimation of the catalytic activity. Despite these
potential issues, the presented method offers a powerful way
to discover new inhibitors under a variety of conditions and
substrates.

Additionally, this work presents the first binding screen-
ing method amenable for high-throughput for RNase P.
The method may be useful for enhanced characterization
of known inhibitors (26) or to demonstrate specific binding
to the holoenzyme, P RNA or P protein (67,68). Notably,
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Figure 5. Purpurin binds the P protein. (A) Purpurin hinders the binding of the P protein to the 5′ RNA leader. Association and dissociation of the 5′ RNA
leader to the P protein (TmP) is measured over time. P protein was immobilized on Ni-NTA biosensors while purpurin was assayed at 100 �M and the 5′
RNA leader at 5 �M. A 10-nt leader was used for these experiments. See Supplementary Figure S10 for the experimental design and testing of the other
three inhibitors. (B) Purpurin binds to the P protein from T. maritima in a dose-response manner (KD = 6.8 �M). Binding sensorgrams obtained by BLI.
P protein was immobilized on Ni-NTA biosensors after which its association and dissociation from indicated compounds were monitored. Sensorgrams
were fit to a 1:1 Langmuir binding model. (C) Location of purpurin (green) on the T. maritima P protein as determined by X-ray crystallography (PDB
code: 6MAX; see Supplementary Figure S19 and Supplementary Table S2). (D) Location of the 5′ RNA leader (yellow) on the P protein in the context of
the RNase P holoenzyme in complex with tRNA (19) (PDB code: 3Q1R). In both cases, residue Arg 89 (labeled in panel C) forms interactions with the
different ligands.

Table 1. Summary of inhibition and affinity parameters for the four identified hits

Compound name Mh IC50 (�M)
Bipartite pre-tRNA
IC50 (�M) Targets RNA

Dose–response
displacement of
pre-tRNA

Ki and Kd (holoenzyme)
(�M)

Gentian violet 7.3 ± 1.6 16.2 ± 2.1 ++ (substrate) No ND
Juglone 12.8 ± 1.9 11.9 ± 1.7 + No ND
Purpurin 96.2 ± 21.7 13.1 ± 2.3 - Yes 1.9 ± 0.4, 13.2 ± 2.6
Hematein 4.5 ± 0.9 87.9 ± 19.7 - No ND

this method provided insights into the inhibitory mode of
action via monitoring the pre-tRNA or the leader binding
hindrance to the holoenzyme or the P protein. Overall, the
results obtained point to the P protein as a promising target
for the yet undiscovered inhibitors.

We also used molecular docking, molecular dynamics,
and X-ray crystallography to elucidate the possible site of
action for the validated hits. P protein is an ideal target for
these techniques. Due to its small size (117 aa, 14 kDa), ef-
ficient MD protocols are executed successfully. The protein
crystallizes in 3 days, the crystals diffract to high resolu-
tion (∼1.5 Å), a structure of the holoenzyme is known, and
the critical binding sites have been identified (19). Most im-

portantly, the crystallization precipitant (PEG 1000) is fully
compatible with the solvent used to solubilize fragments
(PEG 400 50%). However, it has been challenging to obtain
complexes of the P protein with different ligands, probably
due to steric hindrance in the crystal packing. Nonetheless,
we succeeded in obtaining the crystal structure of the P pro-
tein in complex with purpurin, which binds in a region im-
portant for the 5′-leader interaction with the protein (38).
This region includes R89, a highly conserved residue that
makes putative contacts with the phosphate backbone of
N-5 of the pre-tRNA leader. The mutation of this residue
has substantial effects on RNase P activity (38). These re-
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sults point to the P protein as an attractive component for
targeted inhibition.

Table 1 shows a summary of the four validated hits and
some parameters analyzed in this work. Most importantly,
purpurin is the only compound that shows similar IC50 val-
ues using the fluorescent substrates Mh and bipartite pre-
tRNA and presented a dose-response relationship on the
pre-tRNA displacement assay. Moreover, the obtained KD
value to the holoenzyme and the Ki are in reasonable agree-
ment. Holistically, this work demonstrates the necessity to
consider several corroborating approaches before commit-
ting to an initial small-molecule inhibitor hit. While pur-
purin binds somewhat weakly, its relatively low molecular
weight (256 Da), may allow its further optimization.

Three of the found hits––juglone, hematein, and
purpurin––have characteristics of known non-specific
inhibitors in drug screens, specifically catechol and quinone
groups that are known to undergo addition reactions,
complex with divalent metal ions, or act as redox cyclers
(69–71). On the other hand, several lines of evidence point
to purpurin as a potential inhibitor amenable to further
optimization. This compound maintains inhibition even
at remarkably high concentrations of MgCl2 (100 mM)
and ammonium acetate (400 mM), shows a dose–response
relationship in binding the holoenzyme, binding P protein
and displacing pre-tRNA, and it presents a specific binding
site on the P protein, as revealed by the co-crystal structure.

Taken together, this work offers the following technolog-
ical advances that may be more widely applied to the study
of RNA-protein complexes: (i) establishment of biolayer in-
terferometry as a real-time technique for measuring ligand
interactions with all the components of RNase P (P RNA,
P protein and substrate); (ii) demonstrating the utility of
a novel, pre-tRNA-like substrate, which may be useful for
the study of other tRNA-processing enzymes and (iii) high-
lighting the use of low molecular PEGs as substitutes for
DMSO in the study of small ligands in complex with macro-
molecules. This work offers a multi-technique platform for
inhibitor discovery and indicates, for the first time, that the
P protein is a promising target for future antibiotics.
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Hippocampal neurogenesis 
regulates recovery of defensive 
responses by recruiting threat- 
and extinction-signalling brain 
networks
Alonso Martínez-Canabal1, Grecia López-oropeza1, Abril Gaona-Gamboa1, paola Ballesteros-
Zebadua  2, olinca Galvan de la Cruz2, sergio Moreno-Jimenez2 & Francisco sotres-Bayon  1

safe exposure to a context that was previously associated with threat leads to extinction of defensive 
responses. such contextual fear extinction involves the formation of a new memory that inhibits 
a previously acquired contextual fear memory. However, fear-related responses often return with 
the simple passage of time (spontaneous fear recovery). Given that contextual fear and extinction 
memories are hippocampus-dependent and hippocampal neurogenesis has been reported to modify 
preexisting memories, we hypothesized that neurogenesis-mediated modification of preexisting 
extinction memory would modify spontaneous fear recovery. to test this, rats underwent contextual 
fear conditioning followed by extinction. subsequently, we exposed rats to an enriched environment 
or focal X-irradiation to enhance or ablate hippocampal neurogenesis, respectively. over a month later, 
rats were tested to evaluate spontaneous fear recovery. We found that enhancing neurogenesis after, 
but not before, extinction prevented fear recovery. In contrast, neurogenesis ablation after, but not 
before, extinction promoted fear recovery. Using the neuronal activity marker c-Fos, we identified brain 
regions recruited in these opposing neurogenesis-mediated changes during fear recovery. together, 
our findings indicate that neurogenesis manipulation after extinction learning modifies fear recovery 
by recruiting brain network activity that mediates the expression of preexisting contextual fear and 
extinction memories.

To survive in a dynamic environment, animals must be able to distinguish between a dangerous and a safe place. 
When a place is associated with an aversive consequence (e.g. a foot-shock) the brain forms a threat memory to 
that context (contextual fear memory), representing a dangerous place. After repeated re-exposure to the same 
context but without the aversive consequence (i.e. without foot-shock), the brain forms an extinction memory 
to that context, representing a safe place1,2. Later, exposure to the context evokes the extinction memory rather 
than fear memory, as indicated by low defensive responses to the threat. However, with the simple passage of time 
after extinction learning, expression of the fear memory returns, as indicated by high defensive responses to the 
threat3–5. This time-dependent phenomenon, known as spontaneous recovery of fear6,7, is accentuated in patients 
with fear-related disorders8. Despite the importance of spontaneous fear recovery to study how animals distin-
guish between safe and dangerous contexts over time and how dysregulation of this phenomenon may relate to 
psychopathology, its underlying brain mechanisms are not clear.

Neural activity in the hippocampus is crucial for encoding contextual memories in rodents as in humans1. 
Recent reports show that the addition of new neurons (neurogenesis) to the adult dentate gyrus of the hip-
pocampus can modify preexisting hippocampal-dependent memories9–12. Contextual memory that is 
hippocampus-dependent, and that is crucial for survival, involves encoding the association of a place with its 
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biological significance, as in fear and extinction memories1,3,13. It has been suggested that hippocampal neurogen-
esis modulates the expression of fear-related memories. Yet the accumulated evidence that supports this notion is 
conflicting. On one hand, evidence shows that facilitation of neurogenesis can increase fear context-specificity14, 
decrease context-mediated fear-related responses9,10 or have no effect15. On the other hand, there is evidence 
that blockade of neurogenesis can increase fear-related responses in infants10, decrease fear-related responses in 
adults16 or have no effect17–19. It is not clear whether the conflicting evidence in these different studies is due to 
neurogenesis manipulations being performed at different time points with respect to the formation of contextual 
fear and extinction memories. Thus, the time at which new neurons are added or not to the hippocampus cir-
cuitry may be crucial to understand its contribution to regulation of fear-related behaviours.

Spontaneous recovery of fear may be a particularly relevant phenomenon to study fear-related behaviours 
and contextual memory discrimination2,5,20. Testing memory retrieval during spontaneous recovery may allow 
to evaluate a time point when fear and extinction memories compete for the control of fear-related behaviours. 
Thereby this time point denotes a moment where the individual is required to distinguish between a dangerous 
and a safe place that may share some features2,21. Notably, this cognitive function (pattern separation), impor-
tant for survival and mental health, has been associated with the addition of new neurons to the hippocampal 
circuits22,23. We hypothesized that a change in the hippocampal circuitry mediated by the addition or ablation of 
new-born neurons would modify the circuits that support fear expression during spontaneous recovery. Indeed, 
we found that increasing neurogenesis using environmental enrichment (EE) after, but not before or in absence 
of, fear extinction learning prevents spontaneous fear recovery. Consistently, we found that ablating hippocampal 
neurogenesis using focal X-irradiation15 after, but not before or in the absence of, fear extinction learning pro-
motes spontaneous fear recovery. Notably, using c-Fos expression as a neuronal activity marker, we identified that 
underlying brain activity involved in neurogenesis-mediated control of fear recovery levels involves opposing 
recruitment in the prefrontal-amygdala-habenula network.

Results
environmental enrichment after extinction increases neurogenesis and prevents fear recov-
ery. To test the hypothesis that adding more adult-born hippocampal neurons prevents fear recovery, we com-
pared spontaneous fear recovery levels (freezing and bar presses per minute) before and after a month of either 
living in EE or in a standard home cage (non-EE). On day 1, rats were conditioned to fear a context (chamber) 
by pairing it with an aversive consequence (mild foot-shocks). The next day (day 2), rats extinguished their fear 
to the conditioned context by not receiving any aversive consequence. One day later (day 3), rats were tested for 
memory retrieval to the context. We used this first retrieval test to match groups (experimental and control) based 
on similar fear response levels. This matching allows for a fair comparison of fear response levels before and after 
living in an EE or non-EE. After matching, fear-related behaviours (freezing and presses per minute) were similar 
between groups during conditioning (day 1; freezing: F (1,19) = 1.80, p = 0.31; bar-pressing: F(1,19) = 0.31, p = 0.58), 
extinction (day 2; freezing: F(1,19) = 1.15, p = 0.29; bar-pressing: F(1,19) = 1.24, p = 0.30) and retrieval test (test 1 on 
day 3; freezing: t(19) = 0.52, p = 0.60; bar-pressing: t(19) = 0.4, p = 0.96). Over a month later rats were evaluated for 
a second retrieval test (day 38).

Rats either lived in an EE or in a non-EE for more than a month (35 days), the time that has been shown to be 
sufficient for adult-born new neurons to incorporate into hippocampal circuits24. On day 38, to evaluate sponta-
neous recovery of fear, rats were tested in the same context for a second retrieval test (test 2). We found, that rats 
that lived in an EE showed significantly lower levels of fear-related responses during test 2 as compared to rats that 
lived in a non-EE (freezing: EE: 23.72%; non-EE: 50.78%; t(19) = 2.33, p = 0.03; bar-pressing: EE: 6.34 press/min; 
non-EE: 0.55 press/min; t(19) = 3.56, p = 0.002), suggesting prevention of fear recovery (Fig. 1A). Moreover, rats 
that lived in an EE showed a robust increase in hippocampal neurogenesis, indicated by significantly higher num-
bers of doublecortin (DCX) positive cell density (+/mm2), compared to rats that lived in a non-EE (Fig. 1B,C; EE: 
475.47 DCX+/mm2; non-EE: 212.70 DCX+/mm2; t(19) = 3.56, p = 0.002). Importantly, this effect was associated 
with specific local increase of hippocampal neurogenesis by EE as indicated by lack of effect on neurogenesis in 
the rostral migratory stream (EE: 0.53 ± 0.09 optical density units (OD), non-EE: 0.58 ± 0.03 OD; t(14) = 0.33, 
p = 0.74). Further, we found that during test 2, fear response levels and levels of neurogenesis were related, as indi-
cated by DCX+ neurons correlation with freezing (R = −0.59, p = 0.0018) and bar-pressing (R = 0.52, p = 0.014) 
(Fig. 1D). Together, these findings indicate that EE-mediated increase of hippocampal neurogenesis after extinc-
tion prevents fear recovery.

Hippocampal irradiation after extinction ablates neurogenesis and promotes fear recov-
ery. Even though we showed that EE-mediated neurogenesis after extinction is sufficient to prevent fear recov-
ery, it is possible that neurogenesis is not necessary to modulate fear recovery. To test this possibility, we ablated 
hippocampal neurogenesis by focal X-irradiation. To evaluate the effect of neurogenesis ablation on fear recovery, 
we compared spontaneous fear recovery levels (freezing and bar presses per minute) before and after three irra-
diation (IRR) or sham irradiation (non-IRR) sessions that occurred during a 35-day period to be comparable to 
the EE experiment above. Thus, on day 1, rats were conditioned to fear a context (chamber) by pairing it with an 
aversive consequence (mild foot-shocks). The next day (day 2), rats extinguished their fear to the conditioned 
context by not receiving any aversive consequence. One day later (day 3), rats were tested for memory retrieval 
to the context. We used this first test to match groups (experimental and control) based on similar fear response 
levels. This matching allows for a fair comparison of fear response levels before and after IRR or non-IRR. After 
matching, fear-related behaviour (freezing and presses per minute) was similar between groups during condi-
tioning (day 1; freezing: F(1,19) = 0.47, p = 0.79; bar-pressing: F(1,19) = 0.38, p = 0.95), extinction (day 2; freezing: 
F(1,19) = 0.13, p = 0.73; bar-pressing: F(1,19) = 0.20, p = 0.65) and retrieval test (test 1 on day 3; freezing: t(19) = 0.28, 
p = 0.77; bar-pressing: t(19) = 1.27, p = 0.21). Then rats received either IRR or non-IRR.
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On day 38, over a month after the first retrieval test, to evaluate spontaneous recovery of fear, rats were tested 
in the same context for a second retrieval test (test 2; Fig. 2A). We found that rats treated with IRR showed sig-
nificantly higher levels of fear-related responses during test 2 as compared to rats treated with non-IRR (freezing: 
IRR: 62.64%; non-IRR: 30.34%; t(19) = 3.41, p = 0.003; bar-pressing: IRR: 0.31 press/min; non-IRR: 9.39 press/
min; t(19) = 3.41, p = 0.003), suggesting promotion of fear recovery. Importantly, and consistent with previous 
reports25, irradiated rats showed a robust decrease in hippocampal neurogenesis as compared to non-IRR rats, 
as indicated by significantly lower DCX+ neurons in the hippocampus of IRR-treated rats compared to non-IRR 
control rats (Fig. 2B,C; IRR: 350 DCX+/mm2; non-IRR: 56.85 DCX+/mm2; t(19) = 8.40, p < 0.0001). Further, we 
found that this effect was due to specific local increase of hippocampal neurogenesis as indicated by lack of effect 
on neurogenesis in the rostral migratory stream (non-IRR: 0.64 ± 0.81 OD, IRR: 0.56 ± 0.06 OD; t(14) = 0.34, 
p = 0.74). Further, we found that during test 2, fear response levels and levels of neurogenesis were related, as 
indicated by DCX+ neurons correlation with freezing (R = −0.58, p = 0.03) and bar-pressing (R = 0.47, p = 0.03) 

Figure 1. EE-mediated neurogenesis increase after extinction prevented spontaneous fear recovery. (A) Top, 
Rats were trained to associate a context with foot-shocks (day 1; conditioning). One day later, rats were trained 
to associate the same context with the absence of foot-shocks (day 2; extinction). The next day, rats were placed 
in the same context without foot-shocks (day 3; test 1). Then, rats were housed for over a month (35 days) either 
in an EE or a non-EE. Finally, rats were placed again in the same context alone to test for fear recovery (day 38; 
test 2). Bottom, EE after extinction training prevented spontaneous fear recovery, as indicated by low freezing 
and high bar presses per minute, when comparing EE with non-EE (EE: n = 10; non-EE: n = 11). Insets: bar-
pressing behavior (press/min) across the different phases of the behavioral protocol. Data are shown for first 
block (early) and last block (late) of conditioning and extinction (5-minute blocks), and as a single block in test 
sessions (10-minute block). (B) Rats that lived in an EE for over a month showed more number of immature 
cells (DCX+) per area (mm2) in the dentate gyrus of the hippocampus than rats that lived in a non-EE. (C) 
Representative immunohistochemically stained immature cells (DCX+; black) in the dentate gyrus of the 
hippocampus after EE or non-EE. Low magnification scale bar = 200 µm (left) and high magnification scale 
bar = 50 µm (right). (D) Negative correlation between number of DCX+/mm2 and percent freezing response in 
Test 2 (R = −0.59; p < 0.01). Positive correlation between number of DCX+/mm2 and presses per min in Test 2 
(R = 0.52; p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM. EE: enhanced environment; 
Cond: conditioning; Ext: extinction; DCX+: doublecortin positive cells.
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(Fig. 2D). Together, these findings indicate that IRR-mediated ablation of hippocampal neurogenesis after extinc-
tion promotes fear recovery.

Neurogenesis-mediated fear recovery is associated with opposite changes in brain network 
activity. Our results of the manipulation of neurogenesis levels after extinction, using EE to increase it and 
IRR to ablate it, suggest that the amounts of adult-born neurons that are incorporated into the hippocampus is 
crucial to regulate spontaneous fear recovery. During fear recovery, both fear and extinction memories compete 
for the control of fear-related behaviour21. Interestingly, recent studies show that neurogenesis modifies pre-
existing memories10. One way to evaluate whether neurogenesis manipulations modify preexisting memories 
is by assessing the recruitment of neuronal activity in structures involved in signalling threat and extinction 
memories26. To address this recruitment issue, rats from the previous experiments (EE vs. non-EE and IRR vs. 
non-IRR) were sacrificed and perfused 90 minutes after the second retrieval test (day 38). We used expression 
of the c-fos immediate early gene as a marker of recent neuronal activity (Fig. 3A). To directly compare c-Fos 
protein expression between candidate brain structures (hippocampus, amygdala, prefrontal cortex and dorsal 

Figure 2. IRR-mediated neurogenesis ablation after extinction promoted spontaneous fear recovery. (A) Top, 
Rats were trained to associate a context with foot-shocks (day 1; conditioning). One day later, rats were trained 
to associate the same context with the absence of foot-shock (day 2; extinction). The next day, rats were placed 
in the same context without foot-shocks (day 3; test 1). Then, rats received three IRR or non-IRR sessions 
during a 35-day period. Finally, rats were placed again in the same context alone to test for fear recovery (day 38; 
test 2). Bottom, IRR after extinction training promoted spontaneous fear recovery, as indicated by high freezing 
and low bar presses per minute (inset), when comparing IRR with non-IRR (IRR: n = 9; non-IRR: n = 12). 
Insets: bar-pressing behavior (press/min) across the different phases of the behavioral protocol. Data are shown 
for first block (early) and last block (late) of conditioning and extinction (5-minute blocks), and as a single block 
in test sessions (10-minute block). (B) Rats subjected to IRR showed less number of immature cells (DCX+) per 
area (mm2) in the dentate gyrus of the hippocampus than non-IRR. (C) Representative immunohistochemically 
stained immature cells (DCX+; black) in the dentate gyrus of the hippocampus after IRR or non-IRR. Low 
magnification scale bar = 200 µm and high magnification scale bar = 50 µm. (D) Negative correlation between 
DCX+/mm2 and percent freezing response in Test 2 (R = −0.58; p < 0.05). Positive correlation between number 
of DCX+/mm2 and presses per min in Test 2 (R = 0.47; p < 0.05). **p < 0.01, ***p < 0.001. Error bars indicate 
SEM. IRR: irradiation; Cond: conditioning; Ext: extinction; DCX+: doublecortin positive cells.
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thalamus) and experiments (EE-mediated increase of neurogenesis and IRR-mediated ablation of neurogene-
sis), data were normalized using z-scores. On the one hand, we found that increased neurogenesis mediated 
by EE, (as compared with non-EE) was associated with c-Fos expression changes in specific brain sub-regions 

Figure 3. Opposing brain network recruitment during fear recovery mediated by neurogenesis manipulations. 
(A) Top, Rats were trained to associate a context with foot-shocks (day 1; conditioning). One day later, rats were 
trained to associate the same context with the absence of foot-shocks (day 2; extinction). The next day, rats were 
placed in the same context without foot-shocks (day 3; test 1). Then, separate groups of rats received different 
treatments to induce opposing neurogenesis effects (EE to enhance it or IRR to ablate it) during a 35-day period. 
After neurogenesis manipulations rats were placed again in the same context alone to test for fear recovery (day 
38; test 2). Ninety minutes following this test, brains were removed and expression of activity-regulated gene 
c-fos was evaluated immunohistochemically. (B) Data represent normalized contrast of c-Fos immunoreactive 
cells in treated rats (EE and IRR) as compared to its control group (non-EE and non-IRR, respectively) 
(z-score). (B1) Top, Z-scores of c-Fos expression shows that EE, as compared to non-EE, increased recruitment 
(positive z-scores that exceeded 1.96; p < 0.05) of dorsal CA3 (CA3d) and centrolateral amygdala (CeL), while 
decreasing neuronal activity (negative z-scores that exceeded −1.96; p < 0.05) in prefrontal (PFC) prelimbic 
cortex (PL), centromedial amygdala (CeM) and lateral habenula (LHb). Bottom, Correlation analysis between 
percent freezing response during fear recovery (day 38) and c-Fos density (c-Fos positive cells per 100 µm2) 
shows a positive correlation for PL (R = 0.57; p < 0.01), CeM (R = 0.45; p < 0.05) and LHb (R = 0.48; p < 0.05). 
(B2) Top, Z-scores of c-Fos expression shows that IRR, as compared to non-IRR, increased recruitment 
(positive z-scores that exceeded 1.96; p < 0.05) of centromedial amygdala (CeM) and lateral habenula (LHb), 
while decreasing neuronal activity (negative z-scores that exceeded −1.96; p < 0.05) in prefrontal (PFC) 
infralimbic cortex (IL), dorsal and ventral CA3 (CA3d and CA3v) as well as centrolateral amygdala (CeL). 
Bottom, Correlation analysis between percent freezing response during fear recovery (day 38) and c-Fos density 
(c-Fos positive cells per 100 µm2) shows a positive correlation for LHb (R = 0.48; p < 0.05), CeM (R = 0.49; 
p < 0.05) and a negative correlation for CA3d (R = −0.51, p < 0.05) and IL (R = −0.47, p < 0.05). Both in z-score 
and correlation analysis: *p < 0.05, **p < 0.01, ***p < 0.001.
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related to threat and extinction signalling. This is indicated by the increase of c-Fos activity in the lateral region 
of the central amygdala (CeL) and dorsal cornu ammonis 3 (CA3d), as well as decreased c-Fos activity in the 
prelimbic region of the prefrontal cortex (PL), medial region of the central amygdala (CeM) and lateral region 
of the habenula (LHb) (Fig. 3B1; CeL: z = 2.59, p = 0.01; Ca3d: z = 2.40, p = 0.016; PL: z = −5.52, p < 0.001; 
CeM: z = −2.16, p = 0.03; LHb: z = −2.94, p = 0.003). This pattern of brain activity suggests that prevention of 
fear recovery behaviour, mediated by increased neurogenesis, recruits an amygdala subregion associated with 
decreased fear-related behaviour (CeL)27,28, while at the same time engages inhibition of brain regions associ-
ated with increased fear-related behaviour (PL29,30, CeM27 and LHb31). Consistent with this interpretation, we 
found that brain activity pattern and freezing behaviour were inversely correlated (negative correlation) with CeL 
(R = −0.44, p = 0.047) and were directly correlated (positive correlation) with PL, CeM and LHb (PL: R = 0.57, 
p = 0.006; CeM: R = 0.45, p = 0.042; LHb: R = 0.48, p = 0.03) (Fig. 3B1).

On the other hand, we found that neurogenesis ablation mediated by IRR (as compared with non-IRR) was 
associated with c-Fos expression changes in brain regions related to fear and extinction memories, as indicated by 
increases of c-Fos activity in CeM and LHb, as well as decreased c-Fos activity CA3d, CA3v, IL and CeL (Fig. 3B2; 
CeM: z = 3.29, p = 0.0009; LHb: z = 2.01, p = 0.044; CA3d: z = −4.21, p < 0.0001, CA3v: z = −2.72, p = 0.006; 
IL: z = −2.24, p = 0.024; CeL: z = −2.75, p = 0.006). This pattern of brain activity suggests that promotion of 
fear recovery behaviour, mediated by ablated neurogenesis, recruits amygdala and dorsal thalamus subregions 
associated with increased fear-related behaviour (CeM32 and LHb33), while at the same time engages inhibition 
of brain regions associated with decreased fear-related behaviour (IL34, CeL32 and CA335). Consistent with this 
interpretation, we found that brain activity pattern and freezing behaviour were related, as indicated by direct 
correlation (positive correlation) of freezing behaviour and c-Fos expression in CeM and LHb (CeM: R = 0.49, 
p = 0.041; LHb: R = 0.49, p = 0.041), as well as inverse correlation (negative correlation) in IL, CA3 and CeL 
(IL: R = −0.47, p = 0.045; CA3d: R = −0.51, p = 0.03; CeL: R = −0.29, p = 0.26) (Fig. 3B2). Together, these find-
ings indicate that neurogenesis manipulations to increase (using EE) and ablate (using IRR) neurogenesis after 
extinction modify, in opposing manner, the neuronal activity of brain subregions related to preexisting fear and 
extinction memories.

Neurogenesis after extinction is necessary for environmental enrichment-mediated prevention 
of fear recovery. We showed that EE-mediated neurogenesis increase after extinction prevents spontane-
ous fear recovery and IRR-mediated neurogenesis ablation after extinction promotes spontaneous fear recovery. 
However, despite hippocampal neurogenesis being one of the most notorious effects observed at molecular level 
due to EE36, living in an EE could affect brain activity that is not limited to the hippocampus37. To exclude the 
possibility that the observed EE-mediated prevention of fear recovery is independent of hippocampal neurogen-
esis, we subjected rats with ablated hippocampal neurogenesis (using IRR) to an EE for over a month (35 days) 
after extinction and evaluated spontaneous fear recovery (day 38). As in our previous experiments in this study, 
rats were matched for similar levels of fear-related behaviour during the first retrieval test (day 3) (freezing: 
t(14) = −1.26, p = 0.23; bar-pressing: t(14) = 0.76, p = 0.45). This matching resulted in similar fear-related response 
levels between groups during conditioning (day 1; freezing: F(1,14) = 0.47, p = 0.49; bar-pressing: F(1,14) = 0.02, 
p = 0.88) and extinction (day 2; freezing: F(1,14) = 0.32, p = 0.58; bar-pressing: F(1,14) = 2.271, p = 0.15). We found 
that, rats treated with IRR followed by EE (IRR/EE) showed significantly higher levels of fear-related responses 
during test 2 as compared to rats treated with non-IRR followed by EE (non-IRR/EE) (Fig. 4A; freezing: IRR/
EE: 51.66%; non-IRR/EE: 21.7%; t(14) = 2.79, p = 0.015; bar-pressing: IRR/EE: 2.96 press/min; non-IRR-EE: 11.04 
press/min; t(14) = 220, p = 0.045), excluding the possibility that the observed EE-mediated effect on prevention 
of fear recovery is independent of hippocampal neurogenesis. Further, we confirmed that IRR decreases hip-
pocampal neurogenesis as compared to non-IRR rats, as indicated by significantly lower DCX+ neurons in the 
hippocampus of IRR/EE-treated rats compared to non-IRR/EE control rats (Fig. 4B; IRR/EE: 126.34 DCX+/
mm2; non-IRR/EE: 389.62 DCX+/mm2; t(14) = 5.66, p < 0.0001); and that this neurogenesis ablation effect 
was specific to the hippocampus as indicated by lack of effect on neurogenesis in the rostral migratory stream 
(non-IRR: 0.58 ± 0.03 OD, IRR: 0.62 ± 0.02 OD; t(10) = 0.77, p = 0.45). Consistently, we found that during test 2, 
freezing response and levels of neurogenesis are related, as indicated by DCX+ neurons correlation with freezing 
responses (freezing: R = −0.57, p = 0.02) (Fig. 4C). Together, these findings indicate that EE-mediated increase 
in neurogenesis after extinction, that in turn prevents spontaneous fear recovery, is dependent on hippocampal 
neurogenesis.

Neurogenesis manipulations before extinction do not affect fear recovery. In the present study, 
we have shown that neurogenesis manipulations after extinction learning, regulates the expression of spontane-
ous fear recovery: increased neurogenesis leads to low fear recovery and decreased neurogenesis leads to high fear 
recovery. However, it is possible that neurogenesis manipulations at other time points, besides after extinction, 
also have an impact on fear-related behaviour. To test this possibility, neurogenesis manipulations (EE-mediated 
increase or IRR-mediated ablation of neurogenesis) were performed before, rather than after extinction learning. 
Rats were matched for similar fear-related behaviour levels during conditioning (day 1; freezing: EE vs non-EE: 
F(1,14) = 0.02, p = 0.88; IRR vs non-IRR: F(1,11) = 0.015, p = 0.9; bar-pressing: EE vs non-EE: F(1,14) = 0,32, p = 0.84; 
IRR vs non-IRR: F(1,11) = 1.25, p = 0.28). The next day four different groups of rats were subjected to four dif-
ferent treatments: EE or non-EE and IRR or non-IRR. Over a month (35 days) after conditioning, rats extin-
guished fear to the context (day 36) and were tested for retrieval in two consecutive days (days 37 and 38). We 
found that neither increasing nor decreasing neurogenesis (using EE (Fig. 5A) or IRR (Fig. 5C), respectively) 
before extinction (after conditioning) affected fear expression, extinction learning or spontaneous fear recov-
ery, as indicated by similar levels of fear-related behaviour during extinction between groups (freezing: EE vs 
non-EE: F(1,14) = 0.85, p = 0.37; IRR vs non-IRR: F(1,11) = 0.84, p = 0.38; bar-pressing: EE vs non-EE: F(1,14) = 0.42, 
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p = 0.84; IRR vs non-IRR: F(1,11) = 0.14, p = 0.71) and two retrieval tests (test 1; freezing: EE vs non-EE: t(14) = 0.18, 
p = 0.88; IRR vs non-IRR: t(11) = 0.11, p = 0.91; bar-pressing: EE vs non-EE: t(14) = 0.28, p = 0.77; IRR vs non-IRR: 
t(11) = 0.46, p = 0.65; test 2: freezing: EE vs non-EE: t(14) = 1.353, p = 0.11; IRR vs non-IRR: t(14) = 1.41, p = 0.18; 
bar pressing: EE vs non-EE: t(11) = 0.88, p = 0.39; bar-pressing: IRR vs non-IRR: t(11) = 1.57, p = 0.14). Yet, as 
expected, we found significantly more DCX+ neurons in EE-treated rats as compared to non-EE rats (Fig. 5B; 
t(14) = 3.88, p = 0.043) and significantly less DCX+ neurons in IRR-treated rats as compared to non-IRR rats 
(Fig. 5B; t(11) = −4.82, p = 0.02), supporting the notion that EE increases neurogenesis and IRR ablates it, inde-
pendently of when it occurs. Together these results indicate that for neurogenesis to influence spontaneous fear 
recovery it must occur after, but not before, extinction learning.

To assess whether the neurogenesis-mediated effect on fear expression we observed (low with EE and high 
with IRR) is dependent on the experience of extinction, rats were tested in a behavioural protocol that includes 
conditioning (day 1) and two different retrieval tests (day 2 and 38) separated by over a month (35 days), but 
without an extinction training session. After proper group matching during the first conditioning retrieval test 
(day 2; EE vs non-EE: t(12) = 1.08, p = 0.3; IRR vs non-IRR: t(10) = 0.4, p = 0.69), we found that neither EE nor IRR 
altered fear expression, as indicated by similar fear-related behaviours during the second retrieval test (day 38) 
(Fig. 5E,G; freezing: EE vs non-EE: t(12) = −1.55, p = 0.15; IRR vs non-IRR: t(10) = 0.46, p = 0.64; bar-pressing: EE 
vs non-EE: t(12) = 0.1.26, p = 0.23; IRR vs non-IRR: t(10) = 0.14, p = 0.88). Again, despite not having a behavioural 
effect, both manipulations used (EE and IRR) were effective at modifying neurogenesis levels (increase and ablate, 
respectively) (Fig. 5F,H; EE vs non-EE: t(12) = 4.54, p = 0.007; IRR vs non-IRR: t(10) = 4.03, p = 0.0024). These 
results indicate that neurogenesis-mediated effect on fear expression is dependent on extinction. Moreover, all 
together these findings highlight the importance of timing neurogenesis manipulations after extinction to influ-
ence the expression of spontaneous fear recovery.

Increased neurogenesis after extinction does not prevent cued fear recovery. Fear-related behav-
iour regulation can be triggered by context or specific environmental cues such as a tone. Contextual fear-related 
behaviour is dependent on the hippocampus, but cued fear-related behaviour is dependent on the amygdala38. 
Thus, to test whether neurogenesis-mediated prevention of spontaneous fear recovery is hippocampus dependent, 

Figure 4. Irradiation arrest of EE-mediated neurogenesis increase after extinction restores spontaneous fear 
recovery. (A) Top, Rats were trained to associate a context with foot-shocks (day 1; conditioning). One day later, 
rats were trained to associate the same context with the absence of foot-shock (day 2; extinction). The next day, 
rats were placed in the same context without foot-shocks (day 3; test 1). Rats were housed for over a month (35 
days) in an EE. At the beginning of EE rats received three IRR or non-IRR sessions. Finally, rats were placed 
again in the same context alone to test for fear recovery (day 38; test 2). Bottom, rats subjected to both IRR and 
EE (IRR/EE: n = 6) after extinction showed high spontaneous fear recovery, as indicated by high freezing and 
low bar pressing rate (inset) compared with rats subjected to both non-IRR and EE (non-IRR/EE: n = 12) after 
extinction. Data are shown for first block (early) and last block (late) of conditioning and extinction (5-minute 
blocks), and as a single block in test sessions (10-minute block). (B) Rats subjected to non-IRR/EE showed 
more number of DCX+ per area (mm2) in the hippocampus than EE/IRR-treated rats. (C) Negative correlation 
between number of number of DCX+ per area (mm2) and percent freezing response in Test 2 (R = −0.57; 
p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM. EE: environmental enrichment; IRR: 
irradiation; Cond: conditioning; Ext: extinction; DCX+: doublecortin positive cells.
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Figure 5. Neurogenesis increase by EE or decrease by IRR before or without extinction training does not 
alter fear-related behaviors. (A,C) Top, Rats that previously associated a context with foot-shocks (day 1; 
conditioning) were either housed in an EE or non-EE, or subjected to three IRR or non-IRR sessions, in a 35 
day-period. On day 36, rats were exposed to the conditioning context without foots-shocks (extinction). The 
following two days, rats were exposed again to the same context alone (days 37 and 38; tests 1 and 2). Data 
are shown for first block (early) and last block (late) of conditioning and extinction (5-minute blocks), and 
as a single block in test sessions (10-minute block). (A) Bottom, EE before extinction training did not alter 
fear-related behaviors during extinction or test sessions, as compared to non-EE (EE: n = 8; non-EE: n = 8), as 
indicated by similar freezing responses and bar presses per minute (inset). (B) Rats that lived in an EE for over 
a month, before extinction training, showed more number of DCX+ per area (mm2) in the hippocampus than 
non-EE. (C) Bottom, IRR before extinction training did not alter fear-related behaviors during extinction or 
test sessions, as compared to non-IRR (IRR: n = 7; non-IRR: n = 6), as indicated by similar freezing responses 
and bar presses per minute (inset). (D) Rats that were subjected to IRR, before extinction training, showed 
less number of DCX+/mm2 in the hippocampus than non-IRR. (E,G) Rats that were trained to associate a 
context with foot-shocks (day 1; conditioning) were exposed to the conditioning context alone the next day 
(day 2; test 1). Then after over month (36 days) of either living in an EE or non-EE, or subjected to three IRR or 
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we used a non-hippocampus dependent conditioning procedure (auditory fear conditioning). We compared 
spontaneous tone-elicited fear recovery before and after a month of either living in an enriched environment 
(EE) or a standard home cage (non-EE). On day 1, rats were conditioned to fear a sound (tone) by pairing it with 
an aversive consequence (mild foot-shocks). The next day (day 2), rats extinguished their fear to the conditioned 
tone by not receiving any aversive consequence. One day later (day 3), rats were tested for fear memory retrieval 
to the tone. After proper group matching during the first retrieval test (day 3; t(13) = 0.91, p = 0.92), rats spent over 
a month in EE or non-EE until tested for a second retrieval test (day 38). We found that rats that lived in an EE 
showed similar tone-elicited fear-related behaviour levels during test 2 as compared to rats that lived in a non-EE 
(Fig. 6A; freezing: EE: 70.02%; non-EE: 55.36%; t(13) = 1.15, p = 0.26; bar-pressing: EE: 1.031 press/min; non-EE: 
3.43 press/min; t(13) = 0.99, p = 0.3). Despite the consistent EE-induced increase of neurogenesis after extinction 
(Fig. 6B; t(13) = 3.13, p = 0.008), our behavioural results indicate that neurogenesis-mediated prevention of spon-
taneous fear recovery is hippocampus dependent and amygdala independent.

Discussion
We investigated when adult hippocampal neurogenesis affects spontaneous fear recovery and its underlying brain 
network activity. We found that EE-mediated enhancement of neurogenesis prevented fear recovery. Consistently, 
we found that IRR-mediated ablation of neurogenesis promoted fear recovery. Interestingly, these opposing neu-
rogenesis manipulations affected fear-related behaviours only if manipulations occurred after, but not before or 
in the absence of, extinction learning. These behavioural findings indicate that neurogenesis effect on fear-related 
behaviour during fear recovery is time- and extinction-dependent. Notably, assessment of neural activity revealed 
that recruitment of distinct prefrontal-amygdala-habenula networks correlates with opposing neurogenesis 
manipulations and fear-related response during fear recovery. These findings add to a growing body of evidence 
showing that neurogenesis regulates fear-related behaviour by altering activity in fear-signalling brain regions9,10 
and highlight the importance of timing neurogenesis manipulations after extinction learning.

New neurons are generated in the adult dentate gyrus of the hippocampus in mammals39; however, the func-
tional impact of these adult-born neurons on hippocampus-dependent functions is still unclear. For instance, 
although the impact of neurogenesis on hippocampal-dependent contextual fear memories has been largely 
explored, current results are conflicting. Neurogenesis manipulations (using different methods to enhance or 
ablate it) can either increase16, decrease10 or have no effect17 on fear-related responses. Here we show that iden-
tifying when neurogenesis is crucial and irreplaceable may be key to understand the role it plays in fear-related 
behaviour. We found that neurogenesis modulations alter the of expression fear-related behaviours only if neu-
rogenesis manipulations occurred after, but not before, extinction training, suggesting a time-dependent effect. 
This post-training effect is consistent with the long-held notion that the hippocampus plays a key role in memory 
consolidation and its retrieval13,40. More interestingly, our behavioural findings are consistent with the recently 
emerged notion that neurogenesis is crucial to alter preexisting hippocampal-dependent memories11,41. It has 
been suggested that targeting neurogenesis after memory formation (post-training) is more disruptive because 
these memories are already committed to memory traces42. Further, recent studies have shown that neurogenesis 
manipulations after memory formation can alter the expression of the fear memory by either promoting memory 
consolidation15 or forgetting10. But, we found that increasing neurogenesis after conditioning (before extinction) 
did not promote forgetting of fear memory. A possible explanation for the discrepancy with Akers et al., 2014 
is twofold: stronger conditioning and saliency of bar-pressing across contexts in our study. The former expla-
nation agrees with a recent report showing that spatial memory forgetting is prevented by long training43. The 
latter explanation agrees with another recent report showing spatial memory forgetting can be prevented by the 
addition of a salient retrieval reminder44. Although we cannot specify through which mechanism(s), our findings 
indicate that opposing neurogenesis manipulations timed after the formation of the extinction memory may alter 
the expression of fear-related contextual memories and thereby prevent or promote fear recovery.

Previous studies exploring the relationship between hippocampal neurogenesis and extinction of fear have 
shown conflicting data. One report found that neurogenesis ablation retards extinction learning45, while another 
found the same manipulation had no effect46. Yet, the effect of manipulating neurogenesis after extinction learn-
ing had not been studied. By timing neurogenesis manipulation before or after extinction and evaluating spon-
taneous fear recovery, our findings reveal that neurogenesis manipulations after extinction learning, but not 
before, is crucial to modify fear levels during fear recovery. Notably, this effect on fear-related behaviours is not 
present in the absence of extinction training, suggesting it is an extinction-dependent effect. Given hippocam-
pus’ well-known role in consolidation47, our results extend its role to neurogenesis-mediated consolidation of 

non-IRR sessions, rats were again exposed again to the conditioning context alone (day 38; test 2). (E) Bottom, 
EE after conditioning and a retrieval test (without extinction) did not alter fear-related behaviors during test 
sessions, as compared to non-EE (EE: n = 8; non-EE: n = 6), as indicated by similar freezing responses and 
bar presses per minute (inset). (F) Rats that lived in an EE for over a month, after conditioning and a retrieval 
test (without extinction), showed more number DCX+/mm2 in the hippocampus than non-EE. (G) Bottom, 
IRR after conditioning and a retrieval test (without extinction) did not alter fear-related behaviors during test 
sessions, as compared to non-IRR (IRR: n = 6; non-IRR: n = 6), as indicated by similar freezing responses 
and bar presses per minute (inset). (H) Rats that were subjected to IRR, after conditioning and a retrieval test 
(without extinction), showed less number of DCX+/mm2 in the hippocampus than non-IRR. Data are shown 
for early and late conditioning and extinction (5 min blocks) and for test sessions (10 min average). **p < 0.01., 
***p < 0.001. EE: environmental enrichment; IRR: irradiation; Cond: conditioning; Ext: extinction; DCX+: 
doublecortin positive cells.
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extinction memory. Further, events that involve synaptic changes (including neurogenesis), mediated by hip-
pocampal communication with the medial prefrontal cortex (mPFC) are necessary and recruited during con-
solidation of remote fear memory15. However, changes that mPFC undergoes (e.g. increased synaptic density) 
during remote memory consolidation48,49 are reverted by extinction training, suggesting synaptic modifications 
in mPFC can be mediated by hippocampal neurogenesis during extinction. This is consistent with the presently 
observed PL decreased recruitment mediated by neurogenesis enhancement and IL decreased activity mediated 
by neurogenesis ablation during extinction consolidation.

It is also possible that the effect we observed is also due to modulation of other cognitive functions. It has 
been suggested that during fear recovery of extinguished fear, two memory traces (fear memory and extinction 
memory) compete for the control of fear-related behaviours1,21. Our results suggest that increasing neurogenesis 
may balance towards the expression of extinction memory and decreasing neurogenesis may balance towards the 
expression of fear memory. Given that in our study, both fear and extinction memories share the representation 
of the same context, it is possible that the observed neurogenesis-mediated effect on fear recovery also relies on 
a neurogenesis-dependent phenomenon known as pattern separation50. Neurogenesis may prevent fear recovery 
by facilitating the separation of similar contextual representations that may otherwise cause defensive responses 
based on ambiguous interpretations of the valence of the context (dangerous vs. safe environment)51. Further 
experiments are necessary to test this idea formally.

But what brain activity supports the observed neurogenesis-mediated time- and extinction-dependent effect 
on fear recovery? Consistent with previous results, we found that extinguished fear recovery involves recruitment 
of the canonical brain circuit involved in fear regulation (distinct regions of the hippocampus, medial prefrontal 
cortex and the amygdala26,30,34). Additionally, consistent with habenula´s role in signalling aversion31, we found 
the habenula to be heavily correlated with fear recovery levels associated with opposing neurogenesis manipu-
lations. Importantly, our findings suggest that modifications generated in the hippocampus mediated by adding 
new-born neurons modifies the activity of this circuitry. This is consistent with the idea that, through adulthood, 
new neurons are continuously generated and integrated into existing circuits in the hippocampus52,53 modulating 
hippocampus-dependent information processing and associated circuitry12. Further, our brain activity findings 
are consistent with studies in silico that predict that neuronal plasticity mediated by adding new neurons alters 
brain activity associated to previously established memory traces11,54. Thus, together our results are consistent 
with the idea that hippocampal neurogenesis models (or remodels) connectivity of the brain network involved in 
fear-related behaviours linked to previous contextual experiences.

Fear-related disorders in humans are associated with high fear relapse rates55, reduced hippocampal vol-
ume56,57, hyperactivity in the dorsal anterior cingulate cortex58 (a homolog of rodent PL59) and reduced activity 
in the ventromedial prefrontal cortex60 (a homolog of rodent IL61). We found that high fear recovery medi-
ated by neurogenesis ablation after extinction is associated with decreased hippocampal and IL activity, while 
low fear recovery mediated by increased neurogenesis is associated with conspicuously decreased PL activity. 

Figure 6. EE-mediated neurogenesis increase does not prevent tone-associated fear recovery. (A) Top, Rats 
were trained to associate a tone with foot-shock (five tone-shock pairings) (day 1; conditioning). One day 
later, rats were trained to associate the same tone (20 presentations) with the absence of foot-shock (day 2; 
extinction). The next day, rats were presented with the same tone without foot-shocks (day 3; test 1). Then, rats 
were housed for over a month (35 days) either in an EE or a non-EE. Finally, rats were presented with two tones 
alone in the same context to test for fear recovery (day 38; test 2). Data are shown for first block (early) and last 
block (late) of conditioning and extinction, and as a single block in test sessions (2-trial blocks). Bottom, EE 
after extinction training did not prevent tone-associated fear recovery, as indicated by similar freezing responses 
and bar presses per minute (inset), when comparing EE with non-EE (EE: n = 8; non-EE: n = 7). (B) Rats that 
lived in an EE for over a month showed more number of DCX+ per area (mm2) in the dentate gyrus of the 
hippocampus than rats that lived in a non-EE. **p < 0.01. Error bars indicate SEM. EE: enhanced environment; 
Cond: conditioning; Ext: extinction; DCX+ doublecortin positive cells.
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Thus, targeting the promotion of neurogenesis (for example with regular aerobic exercise programs62) after 
extinction-based therapy may help restore activity of the fear regulation brain network and thereby prevent fear 
relapse in humans.

Methods
subjects. A total of 107 male Wistar rats (180–220 g; Instituto de Fisiología Celular breeding colony) were 
housed in polyethylene cages and maintained on a standard 12 h light/dark schedule with ad libitum access to 
standard laboratory rat chow and water until bar-press training. All manipulations and behavioural procedures 
were performed during the light phase between 7:00 and 19:00 h. Animals were housed in groups of 2–3 per 
cage in a temperature-controlled environment (24 °C). All procedures were approved by the Institutional Animal 
Care and Use Committee of the Cellular Physiology Institute at the National Autonomous University of Mexico 
(FSB35–14 and FSB98-35), in compliance with the National Ministry of Health guidelines for the care of labora-
tory animals.

Behaviour. Food was restricted to 18 g/day of standard laboratory rat chow until rats reached 85% of their 
free-feeding weight. Rats were trained to press a lever for food (dustless precision pellets, 45 mg Bioserve, New 
Jersey) on a variable interval reinforcement schedule (VI 60 s). All rats received six bar-press training sessions 
until they reached a minimum of 12 presses per minute (each session lasted 30–35 min). Pressing maintains a 
constant level of activity against which freezing can be reliably measure. Bar-press training, fear conditioning, 
extinction and retrieval tests were performed in standard operant chambers (Coulbourn Instruments, Whitehall, 
PA) located inside sound-isolated cubicles (Med Associates, Burlington, VT). Bar-press training and fear condi-
tioning protocols were performed in different conditions to control for potential context pre-exposure. Bar-press 
and fear conditioning contexts differed considerably. While fear conditioning context included a grid floor, white 
house light, clear plastic walls and constant background white noise, bar-press training context included a plastic 
floor, no house light, striped plastic walls and no background noise. The only element in common between oper-
ant and classical conditioning contexts was the lever-feeder. Between experiments, shock grids and floor trays 
were cleaned with soap and water, and the chamber walls were cleaned with wet paper towels.

Contextual fear conditioning, extinction and retrieval tests were performed in the same chambers. Rats 
were exposed to 5 min of habituation to the context immediately followed by conditioning consisting of five 
foot-shocks (2 s, 1 mA; inter shock interval was variable with an average of 2 min) during 15 min exposure to the 
context. Contextual extinction of fear consisted of 50 min exposure to the context in the absence of foot-shocks. 
Contextual memory retrieval test consisted of 10 min exposure to the context alone. Food pellets were available in 
the conditioning chambers on a VI 60 s schedule throughout all phases of the experiment. Freezing data were cal-
culated as mean freezing per minute and expressed in graphs as average of 5 minutes in blocks (first block (early) 
and last block (late) of conditioning and extinction) or a 10-minute block (test sessions). Bar-pressing data were 
calculated as mean bar presses per minute and expressed in graphs as 5-minute blocks (first block (early) and last 
block (late) of conditioning and extinction) or a 10-minute block (test sessions).

Auditory fear conditioning, extinction and retrieval tests were performed in the same chambers. Auditory 
conditioning consisted on the presentation of five tones (30 s, 4 kHz, 75 dB) that co-terminated with foot-shocks 
(1 s, 0.8 mA). Auditory extinction of fear consisted on 20 tone-presentations in the absence of foot-shocks. 
Auditory fear memory retrieval test consisted on the presentation of 2 tones alone. In all sessions, the interval 
between tones was variable with an average of 2 min. Freezing and bar-pressing during the tone were used as a 
measure of cued fear. Food pellets were available in the conditioning chambers on a VI 60 s schedule throughout 
all phases of the experiment. Freezing data were calculated as mean freezing per minute during tone presentation 
(trial) and expressed in graphs as average of 2 trial in blocks (first block (early) and last block (late) of condition-
ing and extinction, and a single block in test sessions). Bar-pressing data were calculated as mean bar presses per 
minute during tone presentation (trial) and expressed in graphs as 2-trial blocks (first block (early) and last block 
(late) of conditioning and extinction, and a single block in test sessions).

Neurogenesis manipulations. Environmental enrichment: This procedure is used as an experimental 
tool to enhance adult hippocampal neurogenesis37,62. Rats were separated in two groups: those that lived in an 
enriched environment (EE) and those that lived in standard environment (non-EE). EE rats were housed in 
groups of 2–3 rats in standard large cages equipped with a running wheel for aerobic exercise (always available), 
an opaque plastic tunnel and chewing woods. Non-EE rats were also housed in groups of 2–3 rats in standard 
large cages but with no other material.

X–Irradiation: This procedure is used as an experimental tool to ablate adult hippocampal neurogenesis16,25. 
Rats were separated into two groups: those that were irradiated (IRR) and those that received sham-irradiation 
(non-IRR). All rats were anesthetized (ketamine 90 mg/kg and xylazine 10 mg/kg, i.p.). First, we obtained a cra-
nial tomography to obtain the specific target coordinates to locally irradiate the hippocampus specifically. Then, 
rats were placed in a stereotaxic apparatus. The whole procedure was performed using a 6MV linear accelerator 
(Novalis, Brainlab-Varian). IRR rats received three arcs of circular irradiation per each side of the hippocampus; 
X-rays were confined to the hippocampus shape using a circular collimator (6 mm-Brainlab). Non-IRR rats were 
anesthetized in the same conditions and placed in the stereotaxic apparatus in the irradiation room, however, no 
X-irradiation was applied. For each rat, this process was repeated three times per session in three separate ses-
sions distributed in 35 days. On each session, a dose of 5 Greys (Gy; Gy = J/kg) was applied, with a total dosage of 
15 Gy for the three sessions. At the beginning and the end of each session vital signs were monitored. After each 
session, rats were put back in their home cages.
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Immunohistochemistry. Ninety minutes after the final behavioural test, rats were overdosed with chloral 
hydrate (400 mg/Kg, Sigma) and transcardially perfused with cold saline solution (0.9%), and paraformaldehyde 
(PFA, 4%). Brains were collected and post-fixed in the same perfusate. One week later, brains were transferred 
into a 30% sucrose (Sigma) in PBS. Brains were mounted and cut (50 µm) using a cryostat (Leica, CM 1520) at 
−25 °C. Sections were collected into tissue culture plates with antifreeze (40% glycerol, 10% ethylene glycol in 
PBS). Then, brain sections were mounted into gelatinized slides. On the first immunohistochemistry day, the anti-
gen retrieval protocol was performed. Slides were placed through an alcohol gradient. Then, slides were placed in 
citrate buffer solution (10 mM Citric Acid, 0.05 Tween 20, pH 6.0) and subsequently in a pressure cooker during 
20 min. Next, tissue underwent endogenous peroxidases blocking (Hydrogen peroxide 3%, Sigma) for 10 min. 
Tissue was removed from slides and placed freely floating in a blocking solution (Bovine Serum Albumin, 1%, 
Santa Cruz Biotechnology, NGS 1%, Jackson Immunoresearch in TBS-T) during 1 hr. Tissues were then transferred 
to the primary antibody (1:2500, anti c-Fos, Ab-5, Polyclonal Rabbit, Millipore/Calbiochem or 1:5000, rabbit mon-
oclonal anti-DCX, #4604 S, Cell Signaling Technology) for 48 h at 120 rpm. The second immunohistochemistry 
day, sections were washed six times with TBS-T for 10 min. Then, tissue was incubated in the secondary antibody 
(1:1000, anti-rabbit, Jackson Inmunoresearch) for 1 h at 120 rpm. Afterwards, six TBS-T washes were performed 
for 10 min and then incubated in ABC complex (1:250) (kit ABC-peroxidase, elite VECTASAN®, Vector) during 
1 h. Next, six more TBS-T washes for 10 min were done. DAB-Ni (Sigma) solution was used as chromogen, forming 
a purple-black precipitate. Sections were mounted and counterstaining with methyl green (Sigma).

Cell counting and analysis. We quantified the number of c-Fos positive nuclei in the prelimbic (PL) and 
infralimbic cortex (IL), lateral habenula (LHb), basolateral (BLA) and central amygdala (CeA) as well as CA1, 
CA3 and dentate gyrus (DG) of the hippocampus. DCX positive cells (DCX+) were quantified in DG. The 
DCX+ cells were counted in all DG with a 40x objective (N.A 0.7) and images to measure the complete area 
were taken with 1X objective (N.A 0.04). Multiple images were captured for each brain region for c-Fos positive 
nuclei. All c-Fos images were taken with a microscope (Nikon Eclipse) with 10X objective (N.A 0.30) using the 
QCapturePro Program (7.05 v). For each region, the number of c-Fos positive nuclei were counted using the 
freely available image analysis software (ImageJ, 1.48 v, National Institutes of Health, US). Parameters we used to 
include c-Fos positive nuclei were: 52–250 µm area and 0.6–1 circularity. To directly compare c-Fos immunore-
activity in brain regions with different baselines, the expression of c-Fos was evaluated as a normalized contrast 
of c-Fos immunoreactive cells in treated rats (EE and IRR) relative to its control group (non-EE and non-IRR, 
respectively) (z-score; as in63). To obtain the density (numbers of cells per mm2) of c-Fos positive nuclei and 
DCX+, we obtained the weighted mean of all the cells per area unit using ImageJ.

To control for DCX staining in the X-irradiation experiments, we quantified immunostained DCX+ cells in the 
rostral migratory stream (RMS). RMS can be found in the region that comprises the ependymal/olfactory ventricle 
(E/OV) at the level of the prefrontal cortext in the rat brain. Given the high concentration and entangled config-
uration of immature cells in RMS, it is not possible to reliably quantify immature cells one by one using the same 
methods described above for the hippocampus. Thus, we used optical density (OD) values to provide a quantitative 
and unbiased measurement of the density of immunostained doublecortin positive (DCX+) cells in RMS. OD val-
ues represent a standardized measurement of the intensity of dark deposit in an image. To obtain an effective con-
trast to quantify OD, DCX+ cells were immunostained in purple/black (stains the whole cell body, dendrites and 
axon) whereas DCX− cells appeared as a light green nuclear counterstaining. The dramatic contrast that resulted 
from this staining allowed to clearly differentiate between DCX+ and DCX− congregate cells, as evidenced by very 
distinct grey levels in images taken with a microscope equipped with a digital camera. Finally, we converted grey 
levels to quantifiable standard OD unit values using a software calibration tool (ImageJ).

Data collection and analysis. Behaviour was recorded with digital video cameras. Freezing was quantified 
from digitized video images using commercially available software (ANY-maze; Stoelting Co., IL, USA). The 
amount of time spent freezing per minute (contextual conditioning protocol) or per tone (auditory conditioning 
protocol) was expressed as a percentage of context exposure time or tone presentation, respectively. Bar-pressing 
was also used as conditioned fear-related response during context exposure or tone presentation. Groups were 
compared by using, when appropriate, unpaired Student’s two-tailed t tests or repeated-measures analysis of var-
iance (ANOVA; STATISTICA; StatSoft, Tulsa, OK).
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Phasin PhaP1 is involved 
in polyhydroxybutyrate granules morphology 
and in controlling early biopolymer 
accumulation in Azospirillum brasilense Sp7
María de los Angeles Martínez‑Martínez1, Bertha González‑Pedrajo2, Georges Dreyfus2, Lucía Soto‑Urzúa1 
and Luis Javier Martínez‑Morales1* 

Abstract 

Phasins are amphiphilic proteins involved in the regulation of the number and size of polyhydroxybutyrate (PHB) 
granules. The plant growth promoting bacterium Azospirillum brasilense Sp7 accumulates high quantities of bioplastic 
PHB as carbon and energy source. By analyzing the genome, we identified six genes that code for proteins with a Pha‑
sin_2 domain. To understand the role of A. brasilense Sp7 PhaP1  (PhaP1Abs) on PHB synthesis, the phaP1 gene (AMK58_
RS17065) was deleted. The morphology of the PHB granules was analyzed by transmission electron microscopy (TEM) 
and the PHB produced was quantified under three different C:N ratios in cultures subjected to null or low‑oxygen 
transfer. The results showed that  PhaP1Abs is involved in PHB granules morphology and in controlling early biopolymer 
accumulation. Using RT‑PCR it was found that phasin genes, except phaP4, are transcribed in accordance with the C:N 
ratio used for the growth of A. brasilense. phaP1, phaP2 and phaP3 genes were able to respond to the growth condi‑
tions tested. This study reports the first analysis of a phasin protein in A. brasilense Sp7.

Keywords: Azospirillum brasilense Sp7, Phasins, C:N ratio, Oxygen stress, PHB accumulation
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Introduction
Since it was reported for the first time in 1926 (Lem-
oigne 1926), polyhydroxybutyrate (PHB) has been the 
best studied bacterial biopolymer. PHB exhibits similar 
characteristics with respect to petrochemical plastics 
in addition to its biodegradability and biocompatibility 
properties. These characteristics enable PHB conveni-
ent to reduce the use of petrochemical plastic derivatives 
(Madison and Huisman 1999; Anjum et al. 2016). Besides 
the significant advantages of PHB, it is currently not 
used in large quantities because of the high production 
costs (US$ 5.5/kg) (Brigham and Riedel 2018; Pavan et al. 
2019), mainly caused by the expensive carbon sources 
and the ineffective recovery process. A solution for 

improve the large-scale production of PHB could be the 
use of economic carbon substrates for PHB production 
such as food wastes (Brigham and Riedel 2018). None-
theless, usage of cheaper carbon source combined with 
optimized processes for PHA accumulation and extrac-
tion could reduce the cost of biopolymer production and 
this could allow to address the large-scale production 
challenge. Since the demand in the health industry, the 
making of renewable materials and the advances in tech-
nologies, will make the market increase at a rate of 6.3%, 
reaching 119.15 million dollars by 2025 (Global Poly-
hydroxyalkanoate (PHA) Market Analysis & Trends—
Industry Forecast to 2025).

More than 300 microorganisms have been reported 
to be PHB-producers (Koller et  al. 2010; Alarfaj et  al. 
2015). PHB-producing microorganisms synthesize PHB 
by three enzymatic reactions. β-ketothiolase (PhaA) 
condenses two acetyl-CoA into acetoacetyl-CoA, then 
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acetoacetyl-CoA is reduced to 3-hydroxybutyril-CoA 
by an acetoacetyl-CoA reductase (PhaB) and finally, 
3-hydroxybutyril-CoA monomers are polymerized to 
PHB by a PHB synthase (PhaC) (Madison and Huisman 
1999; Sagong et al. 2018).

Once synthesized, PHB is packaged into granules 
named carbonosomes which contain PHB covered by 
granule associated proteins (GAP’s) (Steinbüchel et  al. 
1995; Jendrossek 2009; Pfeiffer and Jendrossek 2012). 
Four main GAP’s have been reported: PHB synthases 
(PhaC), PHB depolymerases (PhaZ), regulators (PhaR 
or PhaM) and phasins (PhaP) (Steinbüchel et  al. 1995; 
Tirapelle et  al. 2013). Synthases and depolymerases are 
involved in PHB accumulation and utilization, respec-
tively (Juengert et al. 2018; Mezzolla et al. 2018). Phasins 
are small amphiphilic proteins that coat and stabilize 
PHB in the cytoplasm (Sznajder et  al. 2015) and there-
fore, phasins are involved in regulate the number and 
size of carbonosomes (Pfeiffer and Jendrossek 2012; Hauf 
et  al. 2015). Regulator proteins (PhaR) control phasin 
synthesis (Maehara et  al. 2002; Pötter et  al. 2002; York 
et  al. 2002) and possibly granule localization (PhaM) 
(Pfeiffer et al. 2011; Pfeiffer and Jendrossek 2014).

It has been demonstrated that phasins are the main 
GAP’s (Steinbüchel et al. 1995: Sznajder et al. 2015). Stud-
ies on phasins have suggested possible interactions with 
PHB polymerases and PHB depolymerases depending 
on the PHB-producing microorganism (York et al. 2001; 
Fukui et  al. 2001; Handrick et  al. 2004a, b; Tian et  al. 
2005; Ushimaru et  al. 2014). In Aeromonas hydrophila 
the PHB content increased twofold when the only PhaP 
was overexpressed (Ushimaru et al. 2014), also changes in 
the monomer composition of poly(3-hydroxybutyrate-co-
3-hydroxyhexanoate) [P(HB-co-HHx)] copolyester were 
documented (Tian et  al. 2005). It has also been shown 
that PHB is easily degraded in the presence of PhaP in 
Rhodospirillum rubrum (Handrick et al. 2004a, b; Kuchta 
et al. 2007).

PHB synthesis has been poorly studied in the 
α-proteobacterium A. brasilense Sp7. This bacterium 
accumulates up to 70% of its dry-cell weight (DCW) as 
PHB. The PHB accumulated energizes metabolic pro-
cesses that favor bacterial survival under stressful envi-
ronments (Tal and Okon 1985; Itzigsohn et al. 1995). PHB 
accumulation in A. brasilense Sp7 requires an excess in 
carbon and limited nitrogen sources (Tal and Okon 1985; 
Itzigsohn et  al. 1995). Malic acid and ammonium chlo-
ride are the best carbon and nitrogen sources to improve 
PHB accumulation in A. brasilense Sp7 (Itzigsohn et  al. 
1995). Biochemical analyses of the PHB synthase and 
PHB depolymerase in A. brasilense have been carried out 
(Tal et al. 1990; Kadouri et al. 2002, 2003). However, there 
are no reports dealing with phasin proteins.

Our goal in this study was to analyze the function of the 
 PhaP1Abs on the morphology of PHB granules and PHB 
accumulation using carbon:nitrogen (C:N) ratios of 30:1, 
60:1 and 90:1, in cultures subjected to null or low-oxygen 
transfer. By means of bioinformatics analyses we found 
six genes that code for proteins containing a Phasin_2 
domain (PF09361). In this work we deleted phaP1 gene 
and the resulting mutant was characterized. The results 
showed that  PhaP1Abs controls the morphology of the 
PHB granules and is involved in the control of early PHB 
synthesis in some of the growth conditions evaluated.

Materials and methods
Bacterial strains, plasmids and growth conditions
Bacteria used in this study are listed in Table 1. Escheri-
chia coli strains were grown in Luria Bertani (LB) broth 
supplemented with the appropriate antibiotics at 37  °C 
and 150  rpm. LB composition per liter: yeast extract 
5  g, casein peptone 10  g and NaCl 10  g. For A. brasi-
lense, a minimal medium supplemented with malic 
acid and ammonium chloride as carbon and nitrogen 
sources, was used. Minimal medium composition per 
liter: Malic acid 4.355  g,  NH4Cl 0.2  g,  K2HPO4 1.67  g, 
 KH2PO4 0.87 g,  MgSO4 0.29 g, NaCl 0.48 g,  CaCl2 0.07 g, 
 FeCl3·6H2O 0.01 g,  Na2MoO4·2H2O 0.025 g and 10 mL of 
trace element solution (containing  MnSO4·H2O 250 mg, 
 ZnSO4·7H2O 70 mg,  CoSO4·7H2O 14 mg,  CuSO4·5H2O 
12.5  mg and  H3BO3 3  mg per liter). A. brasilense Sp7 
strains were cultured, with the appropriated antibiotics, 
at 32  °C and 110  rpm. All incubations were carried out 
in a 25 mm amplitude orbital shaker (INO-650M  SEV®).

Bioinformatics analyses
Proteins containing a Phasin_2 domain (PF09361) in the 
A. brasilense Sp7 genome were searched on National 
Center for Biotechnology Information (NCBI) (Geer 
et al. 2009), Simple Modular Architecture Research Tool 
(SMART) (Letunic and Bork 2017) and PFAM databases 
(Finn et  al. 2015). Secondary structures were predicted 
using the PSI-blast based secondary structure PREDic-
tion (PSIPRED) software (Buchan et  al. 2013) and Pro-
tein Homology/AnalogY Recognition Engine (Phyre2) 
server (Kelley et al. 2015). Three-dimensional structures 
of putative phasins were predicted by using the Itera-
tive Threading ASSEmbly Refinement (I-TASSER) (Roy 
et al. 2010; Yang and Zhang 2015; Zhang et al. 2017) and 
SWISS-MODEL (Waterhouse et  al. 2018) servers. The 
obtained three-dimensional structures were evaluated by 
Qualitative Model Energy ANalysis (QMEAN) (Benkert 
et al. 2011) and Ramachandran plots at SWISS-MODEL 
Structure Assessment server. Alignments were done 
using Clustal X software (Larkin et al. 2007). Identity and 
similarity percentages were calculated on the Sequence 
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Manipulation Suite (Stothard 2000). For the phylogenetic 
analyses, 18 amino acid sequences of phasins from main 
PHB-producing microorganisms were aligned using 
Clustal X software (Larkin et al. 2007). The phylogenetic 
tree was inferred using the Neighbor-Joining method 
and the evolutionary distances were computed using the 
Poisson correction method at the Molecular Evolution-
ary Genetics Analysis software version 7.0 (MEGA 7.0) 
(Kumar et al. 2016). The number of replicates were 500. 
Amino acid sequences of Ralstonia eutropha phasins 
were used as outgroup for the tree.

DNA manipulation
DNA was obtained by the phenol:chloroform method 
as previously reported (Cheng and Jiang 2006). Briefly, 
bacterial cells were harvested by centrifugation (8000×g 
for 5  min), the supernatant was removed, and the pel-
let washed in Sodium chloride–Tris–EDTA (STE) 
buffer twice. Cells were recovered and resuspended in 
Tris–EDTA (TE) buffer. Tris-saturated phenol (pH 8) 
was added, and the samples were mixed by vortexing 
and centrifuged as above. Phenol traces and debris were 
cleaned by three chloroform washes and the aqueous 
phase containing nucleic acids was recovered. RNA was 
eliminated by adding RNase H (10 mg/mL) to the aque-
ous phase and incubating for 10  min at 37  °C followed 
by purification with phenol:chloroform (Invitrogen). 
Pure DNA was contained in the aqueous phase. Plasmid 
DNA was isolated by the miniprep technique (Sambrook 
et al. 1989). Cloning procedures such as PCR amplifica-
tions, digestions and ligations were performed accord-
ing to the instructions provided by the manufacturer 
(ThermoScientific).

In frame deletion of the phaP1 gene in A. brasilense Sp7
Upstream and downstream regions of the phaP1 gene 
(AMK58_RS17065) were PCR amplified using the prim-
ers phaP1FAPstI/phaP1RAXmaI (upstream) and phaP1
FBXmaI/phaP1RBEcoRI (downstream) (Table  2). Prim-
ers were designed to contain PstI/XmaI and XmaI/EcoRI 
restriction sites. PCR conditions consisted of an initial 
denaturalization step at 94  °C for 5 min, followed by 30 

Table 1 Strains and plasmids used in this study

Bacteria Characteristics Reference

Azospirillum brasilense Sp7 Wild type strain Tarrand et al. (1978)

A. brasilense ΔphaP1 A. brasilense Sp7 deleted in phaP1 gene. This study

A. brasilense  PhaP1+++ A. brasilense ΔphaP1 containing pMBA‑12 This study

E. coli S17‑1 Smr, recA, thi, pro, hsdR‑M+ RP4:2‑Tc:Mu:Km Tn7, λpir Simon et al. (1983)

Plasmids Characteristics References

pCR2.1TOPO Source of Km resistance cassette Invitrogen

pGLO Source of Ara promoter BioRad

pMMB206 Expression vector Morales et al. (1991)

pSUP202 Suicide vector Roschanski and Strauch (2011)

pSUPAB pSUP202 containing upstream and downstream phaP1 flanking regions. This study

pSUPAKB pSUPAB containing Km resistance cassette of pCR2.1TOPO This study

pMBA‑2 Expression vector pMMB206 derivative containing Ara promoter This study

pMBA‑12 pMBA‑2 with phaP1 This study

Table 2 Primers used in  this study (restriction sites are 
underlined)

Primer Sequence (5′ → 3′)

phaP1FAPstI gatactgcagcgccaacctgatcgagcata

phaP1RAXmaI tatccccgggcttggccatggttctcaccc

phaP1FBXmaI gatacccgggaagaagtaagcgtctctcccg

phaP1RBEcoRI ctatgaattcaaggaactgctggtcatctc

phaP1‑FMfeI ctagcaattgcatggccaagcagaccggtaa

phaP1‑RSmaI atacccgggttacttcttggcgatgcgggc

RT‑16 s rRNA‑F ctgaacaaccagcgcatcga

RT‑16 s rRNA‑r aagtcctcgcgcttcacg

RT‑phaP1‑F gccgagatcgtccgttcct

RT‑phaP1‑R gcgaccttgaccagttcgg

RT‑phaP2‑F cccagtcctcgctggagaag

RT‑phaP2‑R gtctcgaagctcgccttggc

RT‑phaP3‑F agctcctgaagatctcctccga

RT‑phaP3‑R cctcacgggtcagctcctcg

RT‑phaP4‑F cctgtccgcacaagccca

RT‑phaP4‑R ccattcgcgcatgatggac

RT‑phaP5‑F gccaatccggagttcgtcc

RT‑phaP5‑R ccctgcatcagggtcatcca

RT‑phaP6‑F cgtcaaccagatgcagaccgtc

RT‑phaP6‑R cggagcagccttcggagc
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cycles of denaturing at 94 °C for 45 s, annealing at 58 °C 
for 45 s and extension at 72 °C for 1 min as suggested by 
the manufacturer (ThermoScientific). Finally, an addi-
tional extension of 5 min at 72 °C was carried out. Both 
PCR fragments were digested with the specified endo-
nucleases and cloned into PstI/EcoRI sites of the suicide 
vector pSUP202 generating the plasmid pSUPAB. Then, 
kanamycin resistance gene from pCR2.1TOPO vector 
was cloned into XmaI sites of pSUPAB. The resulting sui-
cide vector, pSUPAKB, was mobilized into A. brasilense 
Sp7 using E. coli S17-1 as a donor strain as previously 
reported (Mishra et  al. 2011). The A. brasilense phaP1 
deleted mutant strain (named A. brasilense ΔphaP1) was 
selected on minimal medium supplemented with kana-
mycin (50 µg/mL) and ampicillin (100 μg/mL).

Complementation of the A. brasilense ΔphaP1 strain
The complementation of the A. brasilense ΔphaP1 was 
done in two steps. First, the pMBA-2 vector was gener-
ated by cloning of the arabinose promoter and the araC 
gene from pGLO into ApaI/EcoRI sites of the expression 
vector pMMB206. Second, the phaP1 gene was amplified 
by PCR using the primers phaP1-FMfeI/phaP1-RSmaI 
and wild type total DNA as a template. The PCR prod-
uct was digested and ligated into EcoRI/SmaI restriction 
sites of pMBA-2. The resulting pMBA-12 plasmid was 
mobilized into A. brasilense ΔphaP1 using E. coli S17-1 
as a donor strain. The complemented mutant (named A. 
brasilense  PhaP1+++) was selected on minimal medium 
supplemented with chloramphenicol (10  µg/mL), kana-
mycin (50  µg/mL) and ampicillin (100  µg/mL). Induc-
tion of the arabinose promoter for  PhaP1Abs expression 
in pMBA-12 vector was carried out with 0.1% arabinose 
(Sigma-Aldrich).

Growth curves of A. brasilense strains
Flasks containing 50  mL of minimal medium supple-
mented with malic acid and ammonium chloride at C:N 
ratios of 30:1, 60:1 and 90:1 were inoculated with the A. 
brasilense strains to an optical density at 600 nm (OD600) 
of 0.01, then the cultures were grown at 32 °C at 110 rpm. 
The OD600 was determined every 3 h during 24 h.

PHB quantitation
Strains of A. brasilense were grown on minimal medium 
supplemented with malic acid and ammonium chloride 
at C:N ratios of 30:1, 60:1 and 90:1 in flasks subjected 
to null or low-oxygen transfer. To generate null-oxygen 
transfer condition, unbaffled Erlenmeyer flasks of 125 mL 
of capacity were filled with 25  mL of minimal medium 
and capped with a number 5 rubber stopper, which keep 
off from the atmospheric oxygen transfer throughout 
the assay. To generate low-oxygen transfer condition, 

unbaffled Erlenmeyer flasks of 125  mL of capacity were 
filled with 25 mL of minimal medium and capped with a 
5 g cotton stopper, which keep off from the atmospheric 
oxygen transfer throughout the assay. The flasks contain-
ing the minimal medium were inoculated with an over-
night culture to an OD600 of 0.01 and grown at 32  °C 
and 110 rpm. For each strain, four flasks with 25 mL of 
minimal medium were inoculated with the appropriated 
strain. One flask was uncovered at 24  h to determine 
PHB production, another flask was uncovered at 48  h 
and so on. This led us to maintain the oxygen conditions 
throughout the study.  Samples of A. brasilense strains 
(10 mL) were taken at 24, 48, 72 and 96 h and harvested 
by centrifugation (6000×g for 5 min). Cells were washed 
with TE buffer twice, weighed and dried at 60  °C until 
weight was constant. PHB was extracted as reported else-
where (Hahn et  al. 1994) and quantified spectrophoto-
metrically (Law and Slepecky 1961). Data were correlated 
with a commercial standard of PHB (Sigma-Aldrich). 
Determinations were carried out in triplicate. Results are 
shown as mean ± standard deviation of % PHB/DCW. 
Statistical analysis was performed in Statgraphics Cen-
turion 18 software using One-way ANalysis Of VAriance 
(ANOVA) at 95% confidence level.

Transmission electron microscopy (TEM)
Samples of A. brasilense strains were grown at C:N ratios 
of 30:1, and 90:1, harvested (6000×g for 5  min) and 
washed with TE buffer twice. Cells were fixed in 2.5% 
(v/v) glutaraldehyde for 3 h, postfixed in 1% (w/v)  OsO4 
for 2 h and rinsed 3 times in 50 mM of sodium cacodylate 
buffer (pH 7.2). Bacteria were dehydrated with a graded 
ethanol series and embedded in a low-viscosity epoxy 
resin that was subsequently dried at 60 °C for 24 h. Ultra-
thin sections were stained with uranyl acetate and exam-
ined on a Jeol JEM-1200 EX II transmission electron 
microscope.

RT‑PCR analysis
RNA was extracted from cultures of A. brasilense strains 
(wild type, mutant and complemented) grown on mini-
mal medium at C:N ratios of 30:1 and 90:1. The extrac-
tion was performed using the Trizol reagent method 
according to the instructions provided (Sigma-Aldrich). 
A mix consisting of: 1 μg of pure RNA, phaP1 to phaP6 
gene-specific primers (RT-phaP1-R, RT-phaP2-R, RT-
phaP3-R, RT-phaP4-R, RT-phaP5-R and RT-phaP6-R) 
(Table 2), dNTP mix, RNase inhibitor, RevertAid reverse 
transcriptase and the RevertAid reverse transcriptase 
buffer, was used to produce the cDNA according to the 
recommendations of the manufacturer (ThermoScien-
tific). For the PCR amplification of each putative pha-
sin gene (internal region of ~ 120 nucleotides), a mix 
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consisting of: cDNA (1  μL), dNTPs, gene specified pair 
of primers (RT-phaP1-F/RT-phaP1-R, RT-phaP2-F/
RT-phaP2-R, RT-phaP3-F/RT-phaP3-R, RT-phaP4-F/
RT-phaP4-R, RT-phaP5-F/RT-phaP5-R or RT-phaP6-F/
RT-phaP6-R) (Table 2), Taq polymerase recombinant and 
Taq polymerase recombinant buffer, was utilized. PCR 
conditions consisted of an initial denaturalization step at 
94  °C for 5  min, followed by 30 cycles of denaturing at 
94 °C for 30 s, annealing at 58 °C for 30 s and extension at 
72 °C for 1 min as suggested by the manufacturer (Ther-
moScientific). Finally, an additional extension of 5 min at 
72  °C was carried out. 16S rRNA gene (AMK58_09830) 
was used as control. PCR products were analyzed by gel 
electrophoresis on 3% agarose gels and subsequent eth-
idium bromide staining. RT-PCR assays were repeated 
three times.

Results
A. brasilense Sp7 contains six putative phaP genes
In silico analyses of the A. brasilense Sp7 genome 
revealed six genes that code for proteins containing 
a Phasin_2 domain (PF09361). Two putative phasin 
genes are in plasmid 1: AMK58_RS17065 (Gene ID: 
36110503) and AMK58_RS20955 (Gene ID: 36111302) 
and the other putative phasin genes are in the chro-
mosome: AMK58_RS04265 (Gene ID: 36107916), 
AMK58_RS04270 (Gene ID: 36107917), AMK58_
RS07520 (Gene ID: 36108566) and AMK58_RS13850 
(Gene ID: 36109844) (Additional file  1). The putative 

phasin proteins were referred as  PhaP1Abs to  PhaP6Abs 
according to the e-value (Table  3) presented with 
respect to the Phasin_2 domain. The size of the PhaP 
proteins ranges from 15 to 29  kDa. Analysis of the 
predicted secondary structure showed that phasins 
 PhaP1Abs to  PhaP5Abs possess a high α-helix content (85 
to 95%) in contrast to  PhaP6Abs which shows a low per-
centage (14%) (Table 3).

The phasin amino acid sequences from other PHB-
producing microorganisms [R. eutropha (PhaP1 to 
PhaP7 and PhaM), Pseudomonas putida (PhaI and 
PhaF), Aeromonas hydrophila (PhaP), Herbaspirillum 
seropedicae (PhaP1 and PhaP2) and Azotobacter FA8 
(PhaP)] were used for protein alignment with the A. 
brasilense Sp7 phasins (Fig.  1a). The results obtained 
showed that some A. brasilense Sp7 phasins are mod-
erately conserved among phasins previously reported, 
with identities ranging from 3 to 33.7% and similari-
ties from 6 to 55.8% (Additional file  2). The low iden-
tity and similarity percentages between the analyzed 
phasins, occurs by the diversity of aligned amino 
acid sequences of phasins belonging to the α, β, and 
γ-proteobacteria classes and does not pretend to iden-
tify a phasin domain. Moreover, the entire amino acid 
phasin sequences from the above-mentioned microor-
ganisms were used to make a Neighbor-Joining phylo-
genetic tree (Fig. 1b). The putative  PhaP2Abs,  PhaP3Abs, 
 PhaP4Abs and  PhaP5Abs were clustered together on the 
500 bootstrap tree.  PhaP1Abs maybe share a common 

Table 3 Characteristics of A. brasilense Sp7 phasin proteins

a The E‑value was obtained from the alignment of each phasin protein with the Phasin_2 domain
b Amino acids
c Amino acids

Phasin protein Location E‑valuea Lengthb Phasin_2 
domain 
location

α‑helix MW (KDa)

Percentage Positionc

PhaP1Abs (AMK58_RS17065) ABSP7_p1: 722945–723373 4.56e−15 142 29–125 85 P8–E20
V28–A79
E85–I139

15.23

PhaP2Abs (AMK58_RS04265) Chr: 940913–941398 3.59e−14 161 46–142 94 K4–L96
I101–K158

16.98

PhaP3Abs (AMK58_RS04270) Chr: 941668–942204 3.89e−12 178 67–162 92 T2–K8
F17–L116
L121–I176

18.57

PhaP4Abs (AMK58_RS07520) Chr: 1633959–1634525 4.61e−10 188 79–174 95 E4–M128
V133–R185

20.37

PhaP5Abs (AMK58_RS13850) Chr: 2997626–2998141 6.20e−03 171 61–155 87 P11–A49
I55–L109
P115–Q169

18.34

PhaP6Abs (AMK58_RS20955) ABSP7_p1: 1595843–1596694 3.42e−03 283 25–111 14 A3–F12
E31–A35
T38–A57
A80–R83

28.84
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Fig. 1 Phylogeny of A. brasilense Sp7 phasin proteins. a The amino acids sequences of phasin proteins of PHB‑producing microorganisms were 
aligned to A. brasilense Sp7 proteins containing a phasin domain (PF09361). The conserved residues are highlighted. b A phylogenetic tree based 
on amino acid sequences of phasins was inferred using the Neighbor‑Joining method. The percentage of replicate trees in which the associated 
taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. The evolutionary distances were computed using the 
Poisson correction method and are in the units of the number of amino acid substitutions per site. The analysis involved 18 amino acid sequences. 
All the positions containing gaps and missing data were eliminated. PhaP1AbSp7 to PhaP6AbSp7 denotes the A. brasilense Sp7 PhaP1 to PhaP6. 
PhaP1Reu to PhaP7Reu indicates the phasins PhaP1 to PhaP7 of R. eutropha. PhaIPpu and PhaFPpu are the phasins PhaI and PhaF, respectively, of P. 
putida. PhaP1Hse and PhaP2Hse are the H. seropedicae PhaP1 and PhaP2. PhaPAhy denotes the A. hydrophila PhaP
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ancestor with this clade. The putative  PhaP6Abs was 
clustered alone. A gene duplication event is suggested 
for  PhaP2Abs and  PhaP3Abs. It is important to mention 
that was not possible enroot the phylogenetic tree due 
to the diversity of amino acid sequences of phasins used 
for tree construction.

Because of the non-existence of genetic, biochemical 
and structural information about phasin proteins of the 
most-well studied PHB-producing microorganisms, it 
was decided to analyze whether the putative A. brasilense 
Sp7 phasins share any structural homology with the crys-
tal structure of  PhaPAhy (Aeromonas hydrophila) (PDB 
number 5IP0) (Zhao et al. 2016). The  PhaPAhy was used 
as template to predict the three-dimensional structures 
of the A. brasilense Sp7 phasins by the I-TASSER and 
SWISS-MODEL servers (Fig. 2 and Additional file 3). The 
results showed a good structural similarity for  PhaP1Abs 
to  PhaP4Abs models (QMEAN ranging from − 1.03 to 
− 3.60).

Due to the similarity between  PhaP1Abs and  PhaP5Reu 
(R. eutropha PhaP5) (55.8%) and based on the data that 
we obtained it was decided to focus on the analyses of the 
function of  PhaP1Abs on PHB granule morphology and 
PHB accumulation.

PhaP1 does not affect growth of A. brasilense
Growth curves of A. brasilense strains were carried out 
using minimal medium containing malic acid and ammo-
nium chloride at C:N ratios of 30:1, 60:1 and 90:1 (Fig. 3). 
At all evaluated C:N ratios, the exponential growth phase 

was reached at 15 h of culturing, whereas the stationary 
phase occurred at 21  h. As was expected, the strains of 
study grew better when a C:N ratio of 30:1 was used. By 
comparing the growth curves of the mutant (A. brasilense 
ΔphaP1) and complemented (A. brasilense  PhaP1+++) 
strains with respect to the wild type (A. brasilense Sp7) 
strain was shown that  PhaP1Abs is not important for the 
growth of A. brasilense.

Deletion of phaP1 gene affects the morphology of the PHB 
granules
Wild type, mutant and complemented strains were cul-
tivated for 15 h in minimal medium at C:N ratios of 30:1 
and 90:1. Ultra-thin sections of the strains were analyzed 
by TEM (Fig. 4). At a C:N ratio of 30:1, several PHB gran-
ules were observed in the wild type strain. These gran-
ules are distributed throughout the cytoplasm (Fig.  4a). 
On the contrary, the mutant strain produced few PHB 
granules that appear to be larger and are located either 
at the center or at the pole of the cell (Fig. 4b). By restor-
ing the  PhaP1Abs function in the complemented strain, 
the number and appearance of the PHB granules was 
restored (Fig.  4c). This suggests that at a C:N ratio of 
30:1,  PhaP1Abs is involved in the control of the number 
and size of the PHB granules. However, when the bac-
teria were grown at a C:N ratio of 90:1, no differences 
in the size or distribution of the PHB granules could be 
observed (Fig. 4d–f). These results could suggest the par-
ticipation of other PhaP proteins that contribute in the 
maintenance of the architecture of the PHB granules at 
the evaluated conditions.

Fig. 1 (continued)
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Fig. 2 Predicted three‑dimensional structures of A. brasilense Sp7 phasins. Structures were predicted using the I‑TASSER and SWISS‑MODEL servers. The 
crystal structure of PhaP from A. hydrophila (PDB number 5IP0) was used as template. For each A. brasilense Sp7 phasin, the QMEAN value was calculated 
and the Ramachandran plots were obtained (see Additional file 3). a  PhaP1Abs, b  PhaP2Abs, c  PhaP3Abs, d  PhaP4Abs, e  PhaP5Abs and f  PhaP6Abs
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The deletion of the phaP1 gene affects early (24 h) PHB 
accumulation depending on the C:N ratio used
PHB accumulation was quantified to evaluate the possi-
ble involvement of  PhaP1Abs on biopolymer metabolism. 
Malic acid and ammonium chloride were used at C:N 
ratios of 30:1, 60:1 and 90:1 in cultures subjected to low 
or null oxygen transfer (as described in materials and 
methods). General comparison of the growth conditions 
evaluated for PHB accumulation (C:N ratio with low or 
null-oxygen transfer) is observed that the oxygen transfer 
limits PHB accumulation by approximately 50% (Fig. 5).

Moreover, by analyzing the PHB accumulation at a 
C:N ratio of 30:1 in cultures with null-oxygen trans-
fer (Fig.  5a) it can be observed that the PHB is accu-
mulated at 24  h of growth and subsequently degraded 
in wild type and mutant strain. However, it is observed 
that the mutant strain accumulates 17% PHB/DCW 
with respect to 9.5% PHB/DCW that was accumulated 
by the wild type strain. In addition, the PHB produced 
by the mutant is easily degraded to similar levels as wild 
type strain. This suggests that  PhaP1Abs somehow regu-
lates the early stage of PHB accumulation. Moreover, the 
restoration of  PhaP1Abs function in the complemented 
strain results in an increased PHB content to reach 17.5% 
PHB/DCW, it is about 90% more PHB with respect to the 
PHB accumulated by wild type strain. It should be noted 
that there was no signal observed for PHB degradation, 

since the PHB content decreased with time in the wild 
type and mutant strains but it was increased in the com-
plemented strain. We also quantified the PHB accumu-
lation in A. brasilense strains cultured at a C:N ratio of 
30:1 but subjected to low-oxygen transfer (Fig. 5b). Both, 
wild type and mutant strains reported a similar behav-
ior in PHB accumulation. In these strains, PHB content 
reach the maximum level at 24 h (~ 5% PHB/DCW) and 
it was subsequently decreased to minimum levels (~ 1% 
PHB/DCW) at the end of bacterial culturing time (96 h). 
Taken together data obtained is suggested that  PhaP1Abs 
could be involved in the control of PHB synthesis or utili-
zation at a C:N ratio of 30:1 in cultures subjected to null-
oxygen transfer when early PHB synthesis occurs (24 h) 
(Fig. 5a). It should be noted that under low-oxygen trans-
fer this does not occur (Fig. 5b).

To analyze whether the behavior observed is con-
stant at other C:N ratios, it was decided to quantify 
PHB accumulation by increasing the C:N ratio to 60:1 
and 90:1 under low or null-oxygen transfer (Fig.  5c–
f). The data obtained at a C:N ratio of 60:1 in cultures 
with null-oxygen transfer showed a similar behavior by 
wild type, mutant and complemented strains from 72 
to 96 h. However, at 24 h it appears that PHB synthesis 
in the mutant and complemented strains is delayed but 
at 48 h, they accumulated more PHB than the wild type 
strain (Fig.  5c). The observed phenotype may be due to 
the presence of another phasin protein that support PHB 
accumulation when a C:N ratio of 60:1 is combined with 
null-oxygen transfer. The above mentioned does not 
occur when PHB is measured in cultures subjected to 
low-oxygen transfer as can be observed in Fig. 5d.

Furthermore, when the PHB was quantified in cultures 
grown at a C:N ratio of 90:1 was observed that PHB is 
rapidly synthesized by the mutant strain when it is grown 
in cultures subjected to a null-oxygen transfer. At 24  h, 
the mutant strain accumulates approximately 50% PHB/
DCW, whereas the wild type strain accumulates 35% 
PHB/DCW (Fig. 5e). It should be noted that the excess of 
PHB accumulated by the mutant strain is degraded after 
48 h and remains constant up to 96 h of culture. Whereas, 
the PHB produced by the wild type strain increases over 
time. The complemented strain does not recover the wild 
type phenotype in PHB accumulation (Fig.  5e). Moreo-
ver, when cultures were grown at a C:N ratio of 90:1 and 
subjected to a low-oxygen transfer (Fig. 5f ), it was found 
that, between 24 and 48  h of culture, the mutant strain 
increases the PHB content from 50 to 60% with respect 
to the wild type strain. PHB is accumulated rapidly by the 
mutant strain in contrast to a slow accumulation of PHB 
by the wild type.
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Fig. 3 Growth kinetic behavior of A. brasilense strains. A. brasilense 
strains were inoculated in flasks containing minimal medium 
supplemented with malic acid and ammonium chloride, at C:N 
ratios of 30:1, 60:1 and 90:1, to an OD600 of 0.01. Samples were 
taken every 3 h for 24 h and measured spectrophotometrically at 
an OD600. Growth of A. brasilense Sp7 (WT) (circles), A. brasilense 
ΔphaP1 (ΔphaP1) (squares) and A. brasilense  PhaP1+++  (PhaP1+++) 
(diamonds). Dark spots indicate a C:N ratio of 30:1, gray spots for a C:N 
ratio of 60:1 and light gray spots denotes a C:N ratio of 90:1
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Differential transcription of putative phasin genes 
under three different C:N ratios
TEM images obtained from ultra-thin sections of A. 
brasilense strains grown at a C:N ratio of 90:1 showed 
no differences in the size and number of PHB granules 
by both, mutant and complemented strains, compared 
to the wild type strain (Fig. 4d–f). Additionally, the data 
obtained from the PHB quantification at C:N ratios of 
60:1 and 90:1 showed an unclear phenotype. This sug-
gests the possible involvement of other phasin proteins 
for the PHB accumulation and the maintenance of the 
structure of the PHB granules. To address this possibility, 
the transcripts of the phaP genes of wild type and mutant 
strains were evaluated by RT-PCR (Fig.  6). The results 
show that, phaP1 and phaP2 are the main genes tran-
scribed in the wild type strain when cultures are grown at 
a C:N ratio of 30:1 (Fig. 6a). However, in the mutant, the 
phaP2 transcript was the most prominent of all phasins 

and the phaP3 transcript was partially increased (Fig. 6a). 
Nevertheless, it is still possible that the phaP2 product 
could compensate for the lack of  PhaP1Abs in the gran-
ule structure as well as the PHB content in the mutant 
strain. Transcripts of the phaP4 and phaP6 were not 
observed either in wild type and mutant strains and the 
transcript of phaP5 was slightly detected at a C:N ratio of 
30:1 (Fig. 6a). However, when A. brasilense was grown at 
a C:N ratio of 90:1 (Fig. 6b), phaP3 transcript increased 
to levels similar to phaP2 in the wild type strain. A simi-
lar behavior was observed for the mutant strain (Fig. 6b). 
It should be mentioned that the transcript of the phaP4 
gene was not observed in both, wild type and mutant 
strains, whereas the phaP5 and phaP6 transcripts were 
present at low levels (Fig.  6b). Our results suggest that 
the C:N ratio has important implications on phasin genes 
transcription in this bacterium.

Fig. 4 Transmission electron microscopy of ultra‑thin sections of A. brasilense. Strains were grown on minimal medium containing malic acid and 
ammonium chloride at C:N ratios of 30:1 (a–c) and 90:1 (e–g). Strains were incubated at 32 °C and 110 rpm for 24 h. PHB granules of wild type 
(A. brasilense Sp7) (a and e), mutant (A. brasilense ΔphaP1) (b and f) and complemented (A. brasilense  PhaP1+++) (c and g) strains are shown as 
intracellular granules. Label Scale bar = 1 µm
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Discussion
The function of  PhaP1Abs on PHB synthesis and PHB 
granule structure in A. brasilense was analyzed. Phasin 

proteins have been mainly implicated in PHB granule 
stabilization which occurs due to their amphiphilic 
properties (Pötter and Steinbüchel 2005) that avoid the 
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Fig. 5 PHB/DCW content in A. brasilense strains. For PHB quantitation, flasks containing minimal medium supplemented with malic acid and 
ammonium chloride at C:N ratios of 30:1 (a and b), 60:1 (c and d), and 90:1 (e and f) were inoculated with the A. brasilense strains in flasks subjected 
to null (a, c and e) or low (b, d and f) oxygen transfer. Samples of cultures of A. brasilense were taken every 24 h for 96 h. Cells were harvested and 
dried, then PHB was extracted and quantified. PHB produced by A. brasilense Sp7 (WT), A. brasilense ΔphaP1 (ΔphaP1) and A. brasilense PhaP1+++ 
 (PhaP1+++) are shown. Data are presented as mean ± standard deviation of three independent experiments. Letters in each graphic denote 
significant differences (p > 0.05) according to a one‑way ANOVA test
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coalescence of the PHB granules (Wieczorek et al. 1995; 
Pfeiffer et  al. 2011). Every PHB-producing microorgan-
ism has at least one phasin, however there are reports of 
bacteria with several phasin proteins such as R. eutropha 
with seven PhaP proteins (Wieczorek et al. 1995; Pötter 
et  al. 2004; Pfeiffer and Jendrossek 2011, 2012). Despite 
the existence of multiple homologues in some bacterial 
species and the fact that most of them can be bound to 
the PHB granule, only one or two are covering the PHB 
granules (Pötter et  al. 2004; Yoshida et al. 2013). In this 
study, bioinformatic analyses of the A. brasilense Sp7 
genome revealed six putative phasin genes, referred as 
phaP1 to phaP6. The amino acid sequences of A. brasi-
lense phasins are not highly conserved however similar 
results have been reported for phasins of R. eutropha 
(Pötter et al. 2004; Pfeiffer and Jendrossek 2012), H. sero-
pedicae (Alves et  al. 2016), Bradyrhizobium japonicum 

(Yoshida et  al. 2013) and Haloferax mediterranei (Cai 
et al. 2012) among others. The predicted secondary struc-
tures of  PhaP1Abs to  PhaP5Abs reveals a high percentage 
of α-helix content as has been reported for this type of 
proteins (Mezzina and Pettinari 2016; Zhao et al. 2016).

The deletion of the main phasin that covers the PHB 
granules results in a single enlarged granule rather than 
five to ten granules that are observed in the wild type 
strains (Steinbüchel et  al. 1995; Jurasek and Marches-
sault 2002; Cai et  al. 2012). To analyze the role of the 
 PhaP1Abs in the PHB granule morphology, the phaP1 
gene was deleted. TEM images of the carbonosomes 
from the mutant strain showed fewer PHB granules that 
were larger than those observed in the wild type strain. 
This strongly suggests that  PhaP1Abs controls to a certain 
extent the number and size of the PHB granules.

Among other functions attributable to phasins are the 
regulation of synthesis and degradation of PHB (York 
et al. 2001; Handrick et al. 2004a, b; Cai et al. 2012) and 
the distribution of the PHB granules during cell division 
(Galán et  al. 2011; Pfeiffer and Jendrossek 2011; Wahl 
et al. 2012; Bresan and Jendrossek 2017). To analyze the 
possible involvement of  PhaP1Abs on PHB synthesis and 
degradation in A. brasilense Sp7, a phaP1 mutant strain 
was constructed and PHB accumulation was determined. 
For that, minimal medium supplemented with malic acid 
and ammonium chloride at different C:N ratios in addi-
tion to either low or null-oxygen transfer conditions was 
used. The results showed that  PhaP1Abs controls early 
PHB synthesis at a C:N ratio of 30:1 when the oxygen 
transfer is null. The overexpression of  PhaP1Abs in the 
complemented strain resulted in the increase of PHB 
over time, suggesting a possible increment in the PHB 
synthesis or a decrement in the PHB utilization. How-
ever, when the accumulation of PHB in A. brasilense was 
quantified in cultures grown in minimal medium at C:N 
ratios of 60:1 and 90:1 and subjected to low or null-oxy-
gen transfer, no clear effect caused by the lack or over-
expression of  PhaP1Abs was observed. This suggest a 
possible participation of other phasin proteins to main-
tain PHB accumulation.

By analyzing the behavior of phasins in R. eutropha, 
it was found that the phaP1 mutant strain accumu-
lates approximately 40% PHB/DCW less than the wild 
type strain (Pötter et  al. 2005). However, the deletion 
of phaP2, phaP3 or phaP4 did not affect PHB accumu-
lation (Pötter et al. 2005). In H. seropedicae SmR1, the 
deletion of phaP1 reduced PHB accumulation by 50% 
PHB/DCW but the phaP2 deleted strain produced 30% 
PHB/DCW more than the wild type strain when grown 
on glucose as a carbon source, suggesting that  PhaP2Hse 
(Herbaspirillum seropedicae PhaP2) compensates for 
the lack of  PhaP1Hse (Alves et al. 2016). Similar results 
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a

b
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Fig. 6 Analysis of the transcription of A. brasilense Sp7 phasin genes. 
RT‑PCR assays of the internal region of putative phasin genes were 
conducted using cDNA of wild type (A. brasilense Sp7) and mutant 
(A. brasilense ΔphaP1) strains. RNA was extracted from cultures grown 
on minimal medium containing malic acid and ammonium chloride 
at C:N ratios of 30:1 and 90:1. Transcripts were visualized on a 3% 
agarose gel electrophoresis. a Transcription analyses of putative 
phasin genes of wild type and mutant strains grown at a C:N ratio 
of 30:1. For wild type: phaP1 (lane 1), phaP2 (lane 2), phaP3 (lane 3), 
phaP4 (lane 4), phaP5 (lane 5), phaP6 (lane 6). GeneRuler 1 Kb DNA 
ladder ThermoScientific (lane 7). For mutant strain: phaP2 (lane 8), 
phaP3 (lane 9), phaP4 (lane 10), phaP5 (lane 11), phaP6 (lane 12). 
16S rRNA was used as positive control (lane 13). Negative control 
using cDNA of mutant strain with gene‑specified primers for phaP1 
transcript was done (lane 14). b Transcription analyses of putative 
phasin genes in wild type and mutant strains grown at a C:N ratio of 
90:1. For wild type strain: phaP1 (lane 1), phaP2 (lane 2), phaP3 (lane 
3), phaP4 (lane 4), phaP5 (lane 5), phaP6 (lane 6). GeneRuler 1 Kb 
DNA ladder ThermoScientific (lane 7). For mutant strain: phaP2 (lane 
8), phaP3 (lane 9), phaP4 (lane 10), phaP5 (lane 11), phaP6 (lane 12). 
16S rRNA was used as positive control (lane 13). Negative control 
using cDNA of mutant strain with gene‑specified primers for phaP1 
transcript was done (lane 14)
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have been obtained for Methylobacterium extorquens 
AM1 (Korotkova et  al. 2002). The deletion of phaP1 
and phaP2 in H. seropedicae and phaP1 to phaP4 in 
R. eutropha H16 abolished PHB accumulation (Pötter 
et al. 2005; Alves et al. 2016). These results, in addition 
to the changes observed in polymer accumulation allow 
to infer a possible interaction between phasin proteins 
and the PHB polymerase, which has been corroborated 
for R. eutropha (York et  al. 2001), Aeromonas caviae 
(Fukui et al. 2001; Ushimaru et al. 2014) A. hydrophila 
(Tian et al. 2005), and, in this work, is suggested for A. 
brasilense Sp7, however the mechanism by which the 
interactions take place has not been elucidated.

Furthermore, a strong interaction between  PhaP5Reu 
and the PHB depolymerase or the regulator protein 
(PhaR) has been proven (Pötter et al. 2005; Pfeiffer and 
Jendrossek 2011). Studies of  PhaP2Reu and  PhaP4Reu 
on PHB degradation conclude that both phasins, limit 
PHB degradation by interacting with the depolymer-
ases PhaZ2, PhaZ3 and PhaZ7. Moreover, the expres-
sion of  PhaP1Reu reduced the PHB content in E. coli 
when expressing the phaCAB operon of R. eutropha 
(Eggers and Steinbüchel 2014).

In conclusion, in this study we demonstrated that 
early PHB synthesis and the morphology of the PHB 
granules are influenced by  PhaP1Abs when A. brasilense 
Sp7 is grown in a medium with a C:N ratio of 30:1. Nev-
ertheless, when C:N ratios of 60:1 and 90:1 were used, 
PHB synthesis and the morphology of the PHB gran-
ules seem to be influenced by the coordinated action of 
several phasin proteins.
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ABSTRACT

Message-specific translational regulation mecha-
nisms shape the biogenesis of multimeric oxida-
tive phosphorylation (OXPHOS) enzyme in mito-
chondria from the yeast Saccharomyces cerevisiae.
These mechanisms, driven mainly by the action of
mRNA-specific translational activators, help to co-
ordinate synthesis of OXPHOS catalytic subunits
by the mitoribosomes with both the import of
their nucleus-encoded partners and their assem-
bly to form the holocomplexes. However, little is
known regarding the role that the mitoribosome it-
self may play in mRNA-specific translational regu-
lation. Here, we show that the mitoribosome small
subunit protein Cox24/mS38, known to be neces-
sary for mitoribosome-specific intersubunit bridge
formation and 15S rRNA H44 stabilization, is required
for efficient mitoribogenesis. Consequently, mS38 is
necessary to sustain the overall mitochondrial pro-
tein synthesis rate, despite an adaptive ∼2-fold in-
crease in mitoribosome abundance in mS38-deleted
cells. Additionally, the absence of mS38 preferen-
tially disturbs translation initiation of COX1, COX2,
and COX3 mRNAs, without affecting the levels of
mRNA-specific translational activators. We propose
that mS38 confers the mitochondrial ribosome an in-
trinsic capacity of translational regulation, probably
acquired during evolution from bacterial ribosomes
to facilitate the translation of mitochondrial mRNAs,
which lack typical anti-Shine-Dalgarno sequences.

INTRODUCTION

A major challenge in biology is to understand how protein
expression is regulated to attend cellular needs. One of the
orchestrating layers of regulation involves the translation
machinery itself, where protein synthesis is tightly regulated
to prevent wasting cellular resources (1). The mitochon-
drion, a eukaryotic organelle that possesses its own protein
synthesis apparatus, has also evolved several mechanisms
of translational control, some of which were identified and
best studied in the yeast Saccharomyces cerevisiae (2). How-
ever, the possible role the mitochondrial ribosome plays in
these mechanisms and whether it exerts an additional layer
of intrinsic regulation remains largely unexplored.

The yeast mitochondrial genome (mtDNA) encodes
eight proteins, two ribosomal RNAs (rRNAs) and a set
of tRNAs. Seven hydrophobic proteins are components of
the multimeric oxidative phosphorylation (OXPHOS) sys-
tem enzymes, and the eighth is a soluble mitoribosomal
protein of the small subunit (mtSSU). Regarding the OX-
PHOS system, one subunit (Cytb) from the bc1-complex
or complex III (CIII), three (Cox1, 2 and 3) from the cy-
tochrome c oxidase (COX) or complex IV (CIV), and three
(Atp6, 8 and 9) from the ATP synthase are encoded in the
mtDNA. The remaining subunits of the OXPHOS system
complexes, the mitoribosome proteins, and the factors re-
quired to assemble these macrostructures are all encoded by
the nuclear genome, synthesized in cytoplasmic ribosomes
and imported into mitochondria. Therefore, efficient pro-
tein synthesis and complex assembly within this organelle
require careful coordination to synchronize mitochondrial
and cytosolic translation programs (3).

Translation of mitochondrial mRNAs occurs in mitori-
bosomes, whose composition and structure are adapted
to translate mitochondrial mRNAs that lack a typical
anti-Shine-Dalgarno element, and to synthesize highly hy-
drophobic membrane proteins (4). The understanding of

*To whom correspondence should be addressed. Tel: +1 305 243 7215; Fax: +1 305 243 7404; Email: ffontanesi@med.miami.edu
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these adaptations and their evolution from yeast to humans
was recently illuminated by high-resolution cryo-EM re-
constructions of the yeast, porcine and human mitoribo-
somes (5–8). These structures confirmed that some proteins
present in bacterial ribosomes have been lost, proteins with
homologs in bacteria have substantial extensions, and the
mitoribosome has acquired many additional proteins. The
assembly lines of the yeast (9) and human mitoribosomes
(10) are also starting to emerge and provide insight into the
essentiality of mitoribosome proteins for mitoribosome as-
sembly and function.

The yeast mitoribosome small subunit (mtSSU) contains
an almost complete set of proteins with homologs in bac-
teria, with the single exception of bS20 (8). It additionally
contains 14 mitochondria-specific proteins, 7 of which have
homologs in the mammalian mitoribosome (8). A protein in
the latter group is Cox24, the yeast homolog of MRPS38,
recently renamed as mS38 (8). Yeast Cox24 was reported to
participate in COX1 mRNA splicing and also translation,
as cox24-deleted strains carrying intronless mtDNA have
attenuated Cox1 synthesis (11). However, the mechanism/s
by which Cox24 could influence or regulate COX1 mRNA-
specific translation remained unexplored. Now that Cox24
has been recognized as the mtSSU mS38 protein, the in-
trigue regarding how it can modulate mRNA-specific trans-
lation has only increased.

In the present study, we have used strains carrying intron-
less mtDNA to analyze the role of mS38 in mitoribosome
assembly and function, and its requirement for mRNA-
specific translation. We have demonstrated that mitoribo-
somes lacking mS38 are capable of synthesizing all pro-
teins, although at a strongly attenuated overall mitochon-
drial translation rate. Importantly, we show that mS38 is
preferentially required for translation initiation of not only
COX1 but also COX2 and COX3 mRNAs. The mechanism
does not directly involve mRNA-specific translational acti-
vators, but it involves functional interactions of mS38 with
the 5′UTRs of COX1, COX2 and COX3 mRNAs. Mitoribo-
some loading onto these mRNAs can occur in the absence
of mS38, but their translation is inhibited. Our results sug-
gest that mS38 was acquired by the mitoribosome before
or concurrently with the remodeling of the mRNA chan-
nel to facilitate the translation of mitochondrial transcripts.
The influence of mS38 on the flexibility of elements form-
ing the mRNA channel and the interaction of mS38 with
the COX1–2-3 mRNAs would be required for the efficient
translation of these mRNAs. In this way, our data support
the concept of mitoribosome-mediated translational regu-
lation.

MATERIALS AND METHODS

Yeast strains and media

All S. cerevisiae strains used are listed in supplemental Table
S1. The composition of the standard culture medium used
is defined in the Supplemental material.

Antibodies

Several attempts to obtain antibodies against an mS38
peptide were unsuccessful. However, a working antibody

against purified recombinant mS38 was obtained using
the services of GenScript. The antibody, however, pro-
duced multiple crossreacting bands in immunoblotting as-
says (Supplementary Figure S3A). Therefore, a GST-tagged
version of mS38 was generated. A list of all antibodies used
in this study is presented in supplemental Table S2.

Characterization of the mitochondrial respiratory chain and
oxidative phosphorylation system

Endogenous cell respiration was assayed in whole cells in
the presence of galactose using a Clark-type polarographic
oxygen electrode from Hansatech Instruments (Norfolk,
UK) at 30◦C as described (12).

Mitochondria were prepared from the different strains
as described (13) and used for spectrophotometric assays
performed at 24◦C to measure KCN-sensitive COX activity
and antimycin A-sensitive NADH cytochrome c reductase,
as described (12).

The abundance of OXPHOS complexes in mitochondrial
extracts obtained in the presence of 1% lauryl-maltoside
was analyzed by Blue Native polyacrylamide gel elec-
trophoresis (BN-PAGE) using a linear 3–12% acrylamide
gradient gel (14).

In vivo mitochondrial protein synthesis

Mitochondrial gene products were labeled with [35S]-
methionine (7 mCi/mmol, Perkin Elmer) in whole cells at
room temperature in the presence of 0.2 mg/ml cyclohex-
imide to inhibit cytoplasmic protein synthesis (12). In most
experiments, we used 10 �Ci [35S]-methionine for a final me-
thionine concentration of 17.2 nM. In some time-course ex-
periments, we used a mixture of labeled (2.5 �Ci; 4.3 nM)
+ cold methionine (12.9 nM). When indicated, mitochon-
drial translation was inhibited by addition of 0.08 mg/ml
puromycin and 40 mM cold methionine and samples were
chased for the indicated times. Equivalent amounts of total
cellular proteins were separated by SDS-PAGE on a 17.5%
polyacrylamide gel, transferred to a nitrocellulose mem-
brane and exposed to X-ray film.

Sucrose gradients

The sedimentation properties in sucrose gradients of mS38,
translational activators and mitoribosomal proteins from
total mitochondrial extracts were analyzed essentially as
previously described (13,15) and are further described in the
supplemental experimental procedures.

Analysis of mitochondrial polysomes

Yeast cells were grown in medium supplemented with 4
mg/ml chloramphenicol (CAP) for 3 h and in fresh medium
for 1 h before proceeding with mitochondrial isolation as
described (16–18). Mitochondria were further purified us-
ing a step sucrose gradient as described (19). Mitochondrial
extracts were prepared in the presence of 0.8% sodium de-
oxycholate (NaDOC), 10 mM Tris–HCl pH. 7.5, 100 mM
NH4Cl, 20 mM MgCl2 and 200 U of RNaseOUT (Thermo
Fisher) and loaded onto 10 ml 10–30% sucrose gradients.
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The gradients were centrifuged in an SW41 Ti rotor (Beck-
man) at 32 700 rpm during 2.5 h at 4◦C. Subsequently, the
gradients were fractionated using a BR-188 Density Gradi-
ent Fractionation System (Brandel). Aliquots of each of 28
fractions were used for immunoblotting analysis of mitori-
bosomal markers. The rest was used for RNA extraction, to
analyze the presence of the 15S and 21S rRNAs, and COX1
and COB mRNAs by cDNA synthesis followed by RT-PCR
amplification.

RNA analysis

Methods for RNA isolation and quantitative real-time
polymerase chain reaction (RT-PCR) are described in the
supplemental experimental procedures.

Statistical analysis

All of the experiments were done at least in triplicate. The
data are presented as the means ± S.D. of absolute values
or percentages of control. The values for the several param-
eters studied, obtained for WT and �mS38 mutant strains,
were compared by Student’s t-test. P < 0.05 was considered
significant.

RESULTS AND DISCUSSION

mS38 is a mitoribosome SSU protein specifically required for
the efficient synthesis of mtDNA encoded COX subunits

Yeast Cox24 was initially reported to act in COX1 mRNA
splicing and translation (11), and subsequently to be the
mitoribosome-specific mtSSU protein mS38 (8). How a
mtSSU structural subunit participates in mRNA-specific
translation is intriguing. To ascertain the mechanism in-
volved, we utilized for all our experiments a �mS38 strain
carrying intronless mtDNA (I0), to avoid the described ef-
fects on COX1 mRNA splicing, and started by assessing
its ability to support mitochondrial mRNA translation and
cellular respiration.

As previously reported (11), the �mS38 I0 strain was
found to grow poorly in respiratory YPEG media (Figure
1A). Furthermore, endogenous cell respiration was 45% of
WT (Figure 1B). The respiratory defect can be partially at-
tributed to a decrease in the activity of CIII since NADH-
cytochrome c reductase activity (NCCR) was 70% of WT
(Figure 1B). However, the major contributor to the respira-
tory defect appears to be COX, whose activity was severely
decreased to 20% of WT (Figure 1B), in agreement with the
markedly low levels of assembled CIV (Figure 1C) and COX
subunits (Figure 1D), detected in �mS38 I0 mitochondria.
The levels of several COX assembly factors were not af-
fected by the mS38 mutation (Figure 1D). This is partic-
ularly relevant for Mss51, a COX1 mRNA translation acti-
vator and Cox1 chaperone (16,20) since the mS38 gene on
chromosome XII of S. cerevisiae genome is ‘head to head’
with MSS51 and, as they share regulatory elements (21), the
mS38 deletion could have affected MSS51 expression.

To confirm that the OXPHOS biogenesis defect in the
�mS38 strain stems from a defect in mtDNA gene expres-
sion, we performed in vivo mitochondrial translation ex-
periments by following the rate of incorporation of [35S]-

methionine into the different translation products at in-
creasing pulse times. Our results showed that �mS38 cells
could synthesize mitochondrial proteins albeit not effi-
ciently (Figure 1E and Supplementary Figure S1). In the
experiment presented in Figure 1E, the labeling reaction
was supplemented with cold methionine to slow down
and better estimate the rate of [35S]-methionine incorpora-
tion into newly synthesized polypeptides. As previously re-
ported, the �mS38 mutation most specifically affected syn-
thesis of Cox1 (11), but also of Cox2 and Cox3 (Figure 1E
and Supplementary Figure S1). The incorporation of [35S]-
methionine into Cox1 in the mutant was ∼20% of WT, even
at the later time points (Figure 1E and Supplementary Fig-
ure S1). For Cox2 and Cox3, labeling was ∼30–70% of WT
after 1h of pulse-labeling (Figure 1E). For cytochrome b
and Var1, although the rate of synthesis in the �mS38 mu-
tant was initially lower than in the WT, in the longer pulses
these proteins reached WT labeling saturation (Figure 1E
and Supplementary Figure S1).

The poor labeling of COX subunits in the �mS38 mu-
tant strain could be due to an effect of the mS38 mutation
on the rate of protein synthesis or turnover. However, the
fact that incorporation of [35S]-methionine into Cox1, Cox2
and Cox3 is undetectable after short pulses (Figure 1E, 2.5
min) and that the residual proteins synthesized after 1 h
pulse are stable in chase experiments (Supplementary Fig-
ure S2A) argues against fast turnover. Likewise, the protein
synthesis defect in �mS38 cells is not due to a discrepancy
in mRNA levels, as �mS38 I0 mitochondria had wild-type
levels of COX2 and COB mRNAs, and even enhanced levels
of COX1 mRNA (Figure 1F).

mS38 is required for translation initiation of COX1, COX2
and COX3 mRNAs

The general decrease in mitochondrial protein synthesis
rate in the absence of mS38 could be attributed to a
change in mtSSU structure near the decoding center and
the mRNA exit channel, as well as to the absent intersubunit
bridges that involve mS38 (see below). However, translation
of a subset of mRNAs, COX1, COX2 and at a lower extent
COX3, is deeply affected. These mRNAs might undergo
specific interactions with the mS38-containing mtSSU that
are missing or attenuated in ΔmS38 mitochondria.

To test the direct involvement of mS38 in the trans-
lation of COX1, COX2 and COX3 mRNAs, we used
strains carrying a mitochondrion-encoded reporter gene
(20) in either WT or �mS38. The strains are deleted
for the nuclear ARG8 gene, and the reporter is a re-
coded version of ARG8, termed ARG8m, that encodes
a matrix-localized biosynthetic enzyme, which allows us
to look directly at mitochondrial translation by scor-
ing the growth of yeast in the absence of arginine. In
the strain YC162, the COX1 coding sequence was com-
pletely replaced by ARG8m (cox1�::ARG8m). Similarly,
ARG8m gene replaced the COX2 coding sequence in the
strain RGV139 (cox2�::ARG8m), the COX3 coding se-
quence in the RGV140 strain (cox3�::ARG8m), and as
a control, the COB coding sequence in the RGV137
strain (cob�::ARG8m) (Figure 2A). In these strains, ARG8
mRNA translation is dependent on the 5′- and 3’- un-
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Figure 1. mS38 is specifically required for the efficient translation of COX1, COX2, and COX3 mRNAs. See also Supplementary Figure S1. The intronless
WT (W303 I0) and �mS38 mutant strains were characterized by: (A) Serial dilutions growth test in fermentable complete solid media containing glucose
(YPD) and respiratory media containing ethanol and glycerol (YPEG). Pictures were taken after two days of growth at 30◦C. (B) Measurement of OXPHOS
parameters in the indicated cell strains. The graph shows the endogenous cell respiration rate (CR), and the enzymatic activities of CIV or cytochrome c
oxidase (COX) and of NADH-cytochrome c reductase (NCCR), expressed as the percentage of WT. Bars represent the mean ± SD of three independent
repetitions. (C) Steady-state levels of OXPHOS complexes extracted from isolated mitochondria with lauryl maltoside, analyzed by BN–PAGE and detected
by immunoblotting with the indicated antibodies. (D) Immunoblot analyses of the steady-state levels of the indicated complex III (CIII) and complex IV
(CIV) subunits and assembly factors. Porin was used as loading control. (E) Metabolic labeling with 35S-methionine (2.5 �Ci; 4.30 nM) + cold methionine
(12.90 nM) of newly synthesized mitochondrial products in whole cells during increasing pulse times in the presence of cycloheximide to inhibit cytoplasmic
protein synthesis. Immunoblotting for Porin was used as a loading control. Newly-synthesized polypeptides are identified on the right. In the lower panel,
raw densitometry values for the indicated individual proteins were plotted to visualize their synthesis kinetics. (F) RT-qPCR analysis of mitochondrial
RNA steady-state levels in WT (W303 I0) and �mS38 cells, expressed as fold change versus WT values. The bars represent the average ± SD of three
independent repetitions. Student’s t-test: *P < 0.01.
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Figure 2. mS38 is required for translation initiation of mtDNA-encoded COX subunits. See also Supplementary Figure S2. (A) Scheme depicting the
mitochondrial genotype of strains carrying mitochondrial ARG8 (ARG8m) as a reporter of mRNA translation. (B) Growth test using serial dilutions
of the indicated strains in yeast nitrogen base minimum media (YNB) supplemented or not with arginine. Pictures were taken after 2 days of growth
at 30◦C. (C) Steady-state levels of mitochondrial Arg8 in the indicated strains, estimated by immunoblotting. Cit1 (mitochondrial citrate synthase) was
used as loading control. (D and E) In vivo mitochondrial protein synthesis performed as in Figure 1E but using 35S-labeled (10 �Ci; 17.20 nM) and not
cold methionine, and the indicated strains. In (D), the effect of extra copies of the wild-type MSS51 or the heme-insensitive allele mss51F199I was tested.
YIp: empty integrative vector YIp211. YEp: empty episomal vector YEp351. In (E), the effect of a �cox14 mutation was assessed. (F) Sucrose gradient
sedimentation analyses of translational activator Mss51 on mitochondrial extracts prepared from the indicated strains carrying intronless mtDNA (I0) in
the presence of 0.8% digitonin. (G) Growth test using serial dilutions of the indicated strains in minimum media (YNB) supplemented with fermentable
(D, dextrose) or non-fermentable (EG, ethanol-glycerol) carbon sources. Pictures were taken after 2 days of growth at 30◦C.
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translated regions (UTRs) of COX1, COX2, COX3 and
COB respectively (20). When carrying a WT allele of mS38,
Arg8m is synthesized in all strains and supports arginine-
independent growth (Figure 2B). However, the �mS38 mu-
tation affected capacity of the strains to grow in the absence
of exogenous arginine (Figure 2B) due to the general trans-
lation defect observed in the �mS38 strain (Figure 1E). The
deleterious effect was particularly prominent in the �cox1
and �cox2 strains, less prominent in the �cox3 strain, and
markedly less severe in the �cob control strain (Figure 2B).
The growth results correlate well with the steady-state lev-
els of Arg8m detected in each of these strains (Figure 2C).
These results indicated that whereas mitochondrial transla-
tion in mS38-less mitoribosomes is generally compromised,
they are preferentially impaired in translation initiation of
COX1, COX2 and COX3 RNAs.

The mS38-dependent Cox1 synthesis defect is not the result
of Cox1 translational regulation

Synthesis of Cox1 is coupled to its assembly into COX
by a translational negative feedback loop in which Mss51
plays an essential role (16,20). Mss51 acts on the COX1
mRNA 5′-UTR to promote translation initiation and forms
a complex with newly synthesized Cox1 that is stabilized
by two specific chaperones, Cox14 and Coa3. Interactions
with these chaperones trap Mss51 in a ∼450 kDa Cox1
pre-assembly complex until Cox1 is matured or interacts
with its assembly partners (15,20,22–24). When this oc-
curs, Mss51 is released from its interaction with the Cox1
polypeptide, forms a ∼120 kDa recycling complex with the
Hsp70 chaperone (Ssc1) and becomes available to promote
new rounds of COX1 mRNA translation (15). To further
test whether the decrease in Cox1 synthesis that we observed
in the mS38 mutant is due to a primary defect in transla-
tion and not the result of Cox1 synthesis downregulation,
we followed two strategies to bypass feedback regulation
of COX1 mRNA translation. First, we previously reported
that additional copies of wild-type MSS51 or a single copy
of the mutant allele mss51F199I increases Cox1 synthesis in
COX assembly mutants in which Cox1 synthesis is down-
regulated (12,16). As shown in Figure 2D, these strategies
did not alleviate the Cox1 synthesis defect observed in the
�mS38 strain. Second, we introduced a �cox14 mutation
in the �mS38 strain. In most COX assembly mutants, the
absence of Cox14 destabilizes the complex of sequestered
Mss51 with newly synthesized Cox1 and renders Mss51
available for translation, thus bypassing the regulatory feed-
back mechanism (16). As shown in Figure 2E, the absence
of Cox14 suppressed the Cox1 synthesis downregulation in
the control COX mutant strain �shy1 but not in the �mS38
strain. SHY1 codes for the SURF1 homolog of yeast, a
known conserved COX assembly factor (12). The additional
�cox14 mutation was not found deleterious for the residual
Cox1 synthesis capacity retained by the �mS38 strain (Fig-
ure 2E), as previously reported (11). Instead, using pulse-
chase assays, we found that as in the �cox14 strain, newly
synthesized Cox1 is also very susceptible to degradation in
the double mutant strain (Supplementary Figure S2A).

We subsequently followed the sedimentation pattern of
Mss51 in sucrose gradients in �cox14, �mS38 and the

double �cox14�mS38 strain. In WT mitochondria, most
Mss51 sediments in the ∼450 kDa Cox1-preassembly com-
plexes, whereas in �cox14 mitochondria it sediments in the
120 kDa Mss51 recycling complex ((15) and Figure 2F). In
the absence of mS38, only traces of Mss51 sediment in the
∼450 kDa complex, and the additional absence of Cox14
exerts an epistatic effect (Figure 2F). Furthermore, mS38
and Mss51 do not interact genetically, as overexpression of
each protein does not compensate for the absence of the
other in terms of protein synthesis (Figure 2D) and respi-
ratory growth (Figure 2G).

We concluded that the Cox1 synthesis defect in the
�mS38 strain does not result from negative-feedback trans-
lation regulation, but from a COX1 mRNA translation im-
pairment affecting initiation according to the Arg8m re-
porter experiments presented earlier, that can be extended
to COX2 and to a lesser extent also to COX3 mRNAs.

Specific attenuation of the synthesis or assembly of
mtDNA-encoded subunits has been reported in strains car-
rying point mutations in some mtLSU proteins, although
the mechanisms involved differ from those underlying the
�mS38 phenotype. Temperature-sensitive point mutations
in the mtLSU protein bL34 (such as the highly conserved
R95 residue to W) result in specific alterations in the syn-
thesis of Cox1 and Cox3, but normal Cox2 synthesis (25).
The conserved bL34-R95 residue is in close contact with the
21S rRNA. bL34 also interacts with uL23 and uL24, two
components of the polypeptide exit tunnel that was modi-
fied from bacteria to become adapted for the passage of hy-
drophobic polypeptides (5). It has been proposed that the
bL34 mutations could slightly modify the exit tunnel cavity
and then challenge or block the path for the most hydropho-
bic polypeptides such as Cox1 and Cox3 (25). Differently,
strains expressing variants of mL38, a component of the
mtLSU central protuberance, carrying point mutations in
its phosphatidylethanolamine-binding protein (PEBP)-like
domain (mL38Y275) undergo normal synthesis of all pro-
teins, even enhanced for Cox1, but have impaired COX as-
sembly (26). The mL38-ts mutation might affect the func-
tional integrity of Coa3, Cox14 and Mss51, three Cox1-
binding proteins essential for Cox1 elongation, membrane
insertion and stability (26,27).

The phenotype of �mS38 is also reminiscent of that of
�mss116. Mss116 is a DEAD-box helicase that plays dis-
tinct roles in COX1 mRNA splicing, mtLSU biogenesis,
and mitochondrial COX mRNA-specific translation, pre-
dominantly affecting Cox1 synthesis (28). The absence of
Mss116 renders unstable the pentatricopeptide repeat pro-
tein Pet309, a COX1 mRNA-specific translational activa-
tor, thus explaining the Cox1 synthesis defect. Cox14, Coa3,
Mss51 and Mss116 were found stable in �mS38 mitochon-
dria (Figure 1D).

Therefore, mS38 is a mtSSU protein that could directly
influence the selection of mitochondrial mRNAs for trans-
lation. A potential mechanism could involve mitoribosome
heterogeneity, with mitoribosome pools containing or not
mS38. However, this possibility is tempered by the fact that
over-expression of mS38 in wild-type cells did not affect the
synthesis rate of Cox1–3 or any other protein (Supplemen-
tary Figure S2B), as it would be expected for a mitoribo-
somal protein present in all mitoribosomes. Furthermore,
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the cryo-EM structural reconstruction of the yeast mitori-
bosome did not display any heterogeneity involving mitori-
bosomal proteins (8).

Mitoribosomes are assembled and more abundant in mS38-
depleted mitochondria

Recently, mS38 has been identified as a mtSSU subunit by
cryo-EM analysis (8). However, the fact that the �mS38
strain can perform mitochondrial translation, despite at a
low rate, implies that mitoribosomes are assembled and
somehow functional in the absence of mS38.

To further explore the role mS38 plays in mitoribosome
biogenesis and function, we generated a polyclonal anti-
body against purified recombinant mS38 (Supplementary
Figure S3A) that allowed us to determine that in wild-
type mitochondria, all endogenous mS38 co-sediments with
mtSSU markers (Figure 3A). Similarly, a near fully func-
tional GST-tagged version of mS38 (Supplementary Fig-
ure S3B–D) co-sediments with the mtSSU and monosome
fractions (Figure 3B) when using extracts prepared in the
presence of Mg2+. However, when mtSSU and mtLSU are
separated by addition of EDTA, a portion of mS38-GST
accumulates in a non-assembled pool (Figure 3C), suggest-
ing that under these extraction conditions the large GST tag
could destabilize the association of mS38 with the mtSSU.
Association of mS38-GST with the mtSSU was further
tested by treatment with high concentrations of RNase to
disrupt ribosomal integrity. The RNAse treatment resulted
in the accumulation of all mS38 in the smaller complex (Fig-
ure 3C), further confirming that mS38 is an integral compo-
nent of the mtSSU.

To probe for a possible mitoribosome assembly defect,
mitochondrial proteins were extracted from isolated WT
mitochondria using 0.8% digitonin and 25 mM KCl and
analyzed by sucrose gradient sedimentation. The sedimen-
tation of the 74S monosome, the 54S mtLSU, and the 37S
mtSSU were similar in the WT and �mS38 strains in ex-
tracts prepared either in the presence of 0.5 mM MgCl2 to
preserve the intactness of the monosome or in the presence
of 5 mM EDTA to promote subunit dissociation (Figure
3B and C). To obtain a comprehensive picture of potential
differences in the composition of assembled mitoribosomal
subunits, sucrose gradient fractions from Figure 3C, corre-
sponding to the mtSSU were methanol/chloroform precipi-
tated and analyzed by mass spectrometry (supplemental Ta-
ble S3). Proteins mS38, mS47 and mS48 were not detected
in any of the samples. The rest of the mtSSU proteins were
detected in fractions from both WT and �mS38 mitochon-
drial extracts, which indicates that the absence of mS38 does
not prevent incorporation of the remaining proteins into the
mtSSU.

To compare the accumulation of mitoribosome protein
markers in WT and �mS38 extracts, we ran in parallel, in a
single gel, samples from the relevant sucrose gradient frac-
tions (Figure 3D). We determined that the levels of mtSSU
and mtLSU proteins were increased in the corresponding
fractions and in the fractions where the monosome peaks.
In agreement, the steady-state levels of mitoribosome pro-
teins indicated that the concentrations of two mtSSU and
five mtLSU proteins tested were enhanced in ΔmS38 cells

compared to the WT control (Figure 3E). Similarly, the
steady-state levels of 15S and 21S rRNAs were also found
∼1.5–2-fold increased in �mS38 mitochondria (Figure 1F).
We concluded that the steady-state levels of mS38-less mi-
toribosomes are enhanced, probably to attempt compensat-
ing for their inefficient functional performance.

Mitoribosome loading onto COX1 mRNA can occur in the
absence of mS38

A failure of translational activators to bind their specific
RNA is expected to prevent the proper mRNA loading onto
the mitoribosome (29). To assess whether the absence of
mS38 limits the mitoribosome-COX1 mRNA association,
we used highly purified mitochondria from WT and �mS38
I0 strains, both carrying a null allele of the unspecific mito-
chondrial nuclease nuc1, to avoid RNA degradation during
sample processing, as reported (29). Yeast cells were grown
in chloramphenicol (CAP) for 3 h and in fresh medium
for 1 h prior to mitochondrial isolation (Figure 4A). The
CAP treatment allows accumulation of cytoplasmically-
synthesized proteins required for mitoribosome assembly
and mitochondrial gene expression, which results in a ro-
bust increase in the proportion of mito-polysomes and of
mitochondrial protein synthesis (16,17,28). Mitochondrial
extracts were prepared in the presence of 0.8% NaDOC,
10 mM Tris pH 7.5, 100 mM NH4Cl, 20 mM MgCl2 and
200 U of RNaseOUT, and fractionated in sucrose gradients.
Aliquots of each fraction were used for immunoblot analy-
sis of mitoribosomal markers. The rest was used for RNA
extraction and the presence of the 21S and 15S rRNAs, and
the COX1 and COB mRNAs analyzed by cDNA synthe-
sis followed by quantitative RT-PCR amplification (Figure
4A). Polysomes were detected in the two strains analyzed
(Figure 4B). However, they were dramatically decreased in
�mS38 mitochondria compared to WT. In our experimen-
tal conditions, in both strains, all COX1 and COB mR-
NAs were found cosedimenting with mitoribosomal parti-
cles and not in free pools (Figure 4B). In WT mitochon-
dria, the proportion of COX1 and COB mRNAs detected in
the mtSSU was lower than in the monosome and polysome
fractions (Figure 4B). On the contrary, in �mS38 mito-
chondria, the proportion of COB and COX1 mRNAs was
higher in the mtSSU and monosome, and attenuated in the
polysome fractions, indicating a general role of mS38 in
translation. The proportion of COX1 mRNA on �mS38
polysome fractions was particularly attenuated (Figure 4B),
which explains why only traces of newly synthesized Cox1
are detected in mitochondrial protein synthesis experiments
(Figure 1E).

Using similar experiments, we previously reported that
mitoribosome loading onto COX1 mRNA could occur in
the absence of Pet309 or Mss116 (28). However, the COX1
mRNA was not detected in polysomes, thus supporting the
requirement of Pet309 and Mss116 for COX1 mRNA trans-
lation initiation (28). Similarly, the results presented here
indicate the mS38 is not required for the loading of COX1
mRNA on the mtSSU and the monosome, but rather for its
translation.

The mRNA molecules in the cell often assume a sec-
ondary and a tertiary structure that might be tight for some
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Figure 3. Mitoribosome particles are assembled and more abundant in mS38-depleted mitochondria. See also Supplementary Figure S3. (A–C) Sucrose
gradient sedimentation analyses of mitoribosomal protein markers on mitochondrial extracts prepared from the indicated strains carrying intronless
mtDNA (I0) in the presence of 0.8% digitonin and the conditions stated including either EDTA (A and C) or Mg2+ (B). Extracts from a �mS38 strain
expressing mS38-GST from an integrative plasmid were prepared in the presence or absence of a high concentration of RNAse (600U) to disrupt mitori-
bosome integrity. (D) To compare the levels of mtSSU (S), mtLSU (L) or monosome (M) in the WT and �mS38 strains, the indicated fractions from the
sucrose gradients in panel (B), were pooled and equal volumes analyzed by SDS-PAGE and immunoblotting. (E) Steady-state levels of mitoribosomal
proteins estimated by immunoblot analyses. Porin was used as a loading control.

genes, and loose for others. For translation to proceed, such
structure must first allow ribosome binding and then needs
to be threaded through the ribosome, thus providing an op-
portunity to regulate the translation efficiency of mRNAs
(30,31). The 5′-UTRs of S. cerevisiae mitochondrial mR-
NAs are highly variable in length, from 54 nt for COX2 to
954 nt for COB. Their structures have not been determined
in vivo, where RNA-specific binding proteins are expected
to modify them. However, models determined in silico by
applying free energy rules using the mfold web server al-

gorithms have shown that the secondary structures of all
naked 5′-UTRs are complex (28). According to these struc-
tures, the COX1 and COB 5′-UTRs contain convoluted
stem–loops and COX2 has the shorter and perhaps the sim-
plest 5′-UTR. Although a single short stable hairpin can
inhibit ribosome loading at the 5′-end of an mRNA (31),
these models suggest that there is more than differences in
5′-UTR arrangements behind the disfavored COX1–3 mR-
NAs translation observed in the absence of mS38.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/47/11/5746/5436776 by U

N
AM

 Instituto de Investigaciones Biom
édicas user on 20 O

ctober 2020



5754 Nucleic Acids Research, 2019, Vol. 47, No. 11

Figure 4. In the absence of mS38, COX1 mRNA is loaded onto the mitoribosomes but is poorly detected in polysomes. (A) Scheme depicting the ex-
perimental protocol for mito-polysome profiling. (B) Sucrose gradient sedimentation analyses of mitoribosomal subunits, monosomes, and polysomes in
extracts obtained from mitochondria isolated from the indicated strains. One representative image of three independent experiments is shown. The graphs
in the lower panels represent the relative amount of the indicated rRNAs and mRNAs in the gradient fractions, estimated by RT-qPCR. The bars represent
the average ± SD of three independent repetitions.

The preferential inability of mS38-less mitoribosomes to syn-
thesize Cox1 is independent of the COX1 mRNA-specific
translational activators

Next, we investigated whether mS38 genetically or phys-
ically interacts with the COX1 mRNA translational acti-
vators, Mss51, Mss116, Pet309, Mam33 and Pet54, which
could facilitate the recruitment of the COX1 mRNA to the
mtSSU.

As mentioned above, the five proteins are required for in-
tron splicing on the COX1 transcript, a function that has
also been proposed for mS38 (11), and have been shown to
act on the COX1 mRNA 5′-UTR to promote translation
(16,20,28,32). Moreover, Pet54 is a multifunctional protein
that acts primarily as a translational activator of COX3
mRNA and plays a role in Cox1 synthesis possibly by ren-
dering Mss51 competent as a COX1 mRNA translational
activator (33).

We started by testing whether overexpression of each
translation activator suppresses the �mS38 phenotype. Ex-
tra copies of MSS51 (Figure 2D-G and Supplementary Fig-
ure S5C), MSS116 (data not shown), MAM33 (Supplemen-
tary Figure S5C) or PET54 (Supplementary Figure S4F-G)
failed to restore the respiratory growth or protein synthe-
sis defects observed in the �mS38 strain. Furthermore, the
steady-state levels of endogenous Mss51 and Mss116 (Fig-
ure 1D) and functional tagged Pet54, Pet309 and Mam33
(Figure 5A, Supplementary Figure S4A and B and Supple-
mentary Figure S5A and B), were not affected by the pres-

ence or absence of mS38. Additionally, no additive effect
on the rate of Cox1 synthesis was observed in a double null
mutant strain Δpet54ΔmS38 compared to the single mu-
tant ΔmS38 (Supplementary Figure S4E).

Subsequently, we examined the association of the trans-
lational activators with mitoribosomes using sucrose gra-
dient sedimentation analyses. A small fraction of Mss51
was found to co-sediment with the mtSSU in mitochon-
drial extracts prepared in the presence of EDTA from WT
or from �mS38 reconstituted with a GST-tagged version
of mS38 (Figure 5B). The absence of mS38 abolished the
co-sedimentation of Mss51 with 37S mitoribosomal parti-
cles (Figure 5B). This observation could suggest an mS38-
mediated interaction of Mss51 with these particles. Alter-
natively, the Mss51-mitoribosome interaction is most prob-
ably mediated through newly synthesized Cox1 and then
abolished in �mS38 mitochondria in which Cox1 synthesis
is strongly attenuated. To solidify this concept we performed
similar experiments using strains carrying a �cox11 muta-
tion, since we have previously shown that the interaction
of Mss51 with the mitoribosome is particularly prominent
in strains deficient in Cox1 maturation or assembly, such
as �cox11, in which Cox1 synthesis is stalled (15). Con-
sistent with our hypothesis, that Mss51 could interact with
the ribosome through newly synthesized Cox1, we observed
that Mss51 co-sedimented with the 37S mitoribosome in
�cox11�mS38 mitochondrial extracts (Figure 5B). Also,
a functional FLAG-tagged version of Pet54 (Supplemen-
tary Figure S4A and B) was found to co-sediment with 37S
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Figure 5. mS38-specific role in regulating COX mRNA translation does not directly involve translational activators. See also Supplementary Figure
S4 and S5. (A) Steady-state levels in wild-type and �ms38 of proteins that regulate COX1 mRNA translation: Pet54, Pet309 and Mam33. Each strain
was constructed by generating double mutants that were reconstituted with an integrated plasmid to express a functional tagged version of the protein
being analyzed (�ms38�pet54 +PET54-FLAG; �ms38�pet309 +PET309-HA, and �ms38�MAM33 +MAM33-FLAG). Porin was used as a loading
control. (B–D) Sucrose gradient sedimentation analyses of mitoribosomal protein markers and the translational activators Mss51 (B) or Pet54 (C-D) on
mitochondrial extracts prepared from the indicated strains carrying intronless mtDNA (I0) in the presence of 0.8% digitonin and either EDTA (B, C) or
Mg2+ (D). (E) Co-immunoprecipitation of mS38-GST and Pet54-FLAG, using anti-FLAG-conjugated agarose beads. Protein A-conjugated beads were
used as a negative control. (F) Co-immunoprecipitation of Pet54-Flag with a mtSSU marker in cells carrying WT or deletion alleles of mS38 performed
as in panel (E).
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(Figure 5C and D) and 74S mitoribosomal particles (Figure
5D), although its sedimentation properties were not altered
in the absence of mS38 (Figure 5C). Immunoprecipitation
studies using a strain expressing PET54-FLAG (Figure 5E
and F) further confirmed that the interaction of Pet54 with
mitoribosomes is independent of mS38. Lastly, no sedimen-
tation with the mitoribosomes was observed for a Flag-
tagged functional version of Mam33 (data not shown).

As an additional relevant observation, we noted a differ-
ent sedimentation pattern in sucrose gradients for Mss51
extracted from strains expressing wild-type mS38 or mS38-
GST. The interaction of mS38-GST with the mitoribosome
is labile, and a portion is removed from the mitoribosome
particle in the presence of EDTA (Figures 3C and 5B),
suggesting that the fusion protein may not be fully func-
tional. In fact, although mS38-GST fully supports respi-
ratory growth (Supplementary Figure S3B) and largely re-
stores overall mitochondrial protein synthesis, the synthesis
of Cox1 (and at a lesser extent also Cox2 and Cox3) is not
fully restored (Supplementary Figure S3D and 7D). For this
reason, a portion of Mss51 is trapped in the Mss51 recycling
complex (Figure 5B). Importantly, the results obtained with
the mS38-GST strain further support the predominant re-
quirement of mS38 for the synthesis of COX subunits.

Overall, from the results presented in this section, we
conclude that the preferential inability of mS38-less mitori-
bosomes to synthesize Cox1 is independent of the COX1
mRNA-specific translational activators. The case reported
here differs from other instances in which interplay be-
tween translational activators and mitoribosome subunits,
has been reported. Such was the case of mutations in bS6
(former Mrp17) reported to compensate for a C-terminal
truncation of Pet122, a COX3 mRNA-specific translational
activator (34).

The absence of mS38 modifies the decoding center in the
mtSSU

In the mtSSU, mS38 interacts with the 15S rRNA he-
lix 44 ((8) Figure 6A-B). This helix is an element present
in all ribosomes that forms several inter-subunit bridges,
which regulate the relative movement of the subunits, and
is part of the decoding center. In bacteria, the lower part of
the helix is rigid and anchored by bS20, whereas the mid-
dle part forms major intersubunit bridges, and the upper
part is flexible being involved in tRNA translocation (35).
These H44-involving bridges are also present in the yeast
mitoribosome, which contains nine mitochondria-specific
bridges, one of which involves mS38 (8). Specifically, mS38
aa residues 101–102, 105–106 and 109–110 connect with
21S rRNA helices H70 (nt 1832–1834), H71 (nt 1859–1860),
H62 (nt 1643–1644) and H67 (nt 1739–1741 and 1874–
1877), respectively. It has been proposed that the extensive
intersubunit bridges may restrain the movement of the yeast
mitoribosomal subunits (8). The lack of mS38 in yeast is
then predicted to affect subunit association. Additionally,
the upper part of H44 is largely more flexible in mitochon-
drial compared to bacterial ribosomes and its movement is
mainly constrained by the presence of mS38. As a conse-
quence, in mS38 absence, H44 is likely to be unrestricted,

and decoding could be affected, due to loss of H44 base
pairing.

To determine how the absence of mS38 affects H44 near
the decoding center we exploited the fact that aminogly-
coside antibiotics such as paromomycin bind to the 15S
rRNA in the aminoacyl-tRNA site (A-site) to cause mis-
reading of the genetic code and inhibit translocation. Stud-
ies in bacteria comparing the 30S subunit with and with-
out paromomycin (36) confirmed an earlier model (37) in
which bases 1492 and 1493 of the 16S rRNA are in a posi-
tion to monitor the codon:anticodon fit via hydrogen bond-
ing to the codon:anticodon duplex. Paromomycin alters the
structure of the 16S rRNA to mimic conditions of a perfect
codon:anticodon fit, so that incorrect aminoacyl-tRNAs
may be selected. In yeast mitochondria, resistance to paro-
momycin (ParR) arises from a single base change in the 15S
rRNA H44 region ((39), Figure 6B). This mutation causes
a base pair mismatch, which is likely to increase the flex-
ibility of the decoding center. When the �mS38 mutation
was introduced into a ParR mtDNA background strain,
it did not affect respiratory growth of the resulting strain
in regular media (Figure 6C) or its mitochondrial protein
synthesis capacity (Figure 6D, E and Supplementary Fig-
ure S6) compared to the ParS background. However, the
double mutation conferred greater resistance to exogenous
paromomycin than the ParR mutation alone (Figure 6C).
Notably, the lack of mS38 is associated with strong ther-
mosensitivity. At 37◦C, whereas WT mitochondrial transla-
tion was unaffected, the synthesis of Cox1, Cox2 and Cox3
was barely detected in �mS38 ParS or ParR backgrounds
(Figure 6E), and therefore resistance to exogenous paro-
momycin was eliminated (Figure 6C). An increase in tem-
perature could also affect the decoding region structure, as
reported for Escherichia coli ribosomes (38).

Together, these results indicate that the absence of mS38
modifies the decoding center in the mtSSU.

The mS38 N-terminus is sufficient to support SSU assembly
and normal synthesis of all proteins other than COX subunits

Saccharomyces cerevisiae mS38 is a 111-aa protein that con-
tains a predicted 15-aa N-terminal mitochondrial target-
ing sequence (MTS, shadowed in yellow in Figure 7A). The
C-terminal aa 81–111 form an arginine-lysine-rich domain
(shadowed in red in Figure 7A) conserved from yeast to
human. As seen in the cryo-EM structure (8), from the C-
terminus, this domain forms a helix that runs parallel to
the 15S rRNA H44 at the subunit interface and contains
the residues involved in intersubunit bridge formation ((8)
and Figure 6B). mS38 then bends, probably restricting the
movement of the upper part of H44 that forms the decod-
ing center, and subsequently forces the mS38 N-terminus to
protrude into the 15S rRNA (8). The structure of the N-
terminal portion of the protein (aa 15–80), which is highly
divergent (Figure 7A), was not resolved by cryo-EM. The
most probable model of the structure of the full mature
protein (aa 16–111), obtained using Quark (Supplementary
Figure S8), is shown in Figure 7B. Quark is a computer al-
gorithm for ab initio protein structure prediction and pro-
tein peptide folding, which aims to construct the correct
protein 3D model from amino acid sequence only (39).
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Figure 6. mS38 genetically interacts with mutations in the 15S rRNA helix 44. See also Supplementary Figure S6. (A) Localization of the mRNA path in
the mtSSU, the proteins located at the entrance and exit channels, as well as mS38, the 15S rRNA helix 44 and the decoding center in the yeast mitoribosome
structure (PDB 5MRC) (8). (B) Close-up of the mS38-h44 region in the mtSSU structure. The location of the paromomycin-resistance mutation (ParR)
and key amino acids in mS38 are indicated. (C) Serial dilutions growth test of the indicated strains in complete fermentable (YPD) or non-fermentable
(YPEG) solid media. The effects of paromomycin supplementation and incubation at 37◦C were also tested. Pictures were taken after two days of growth
or the time indicated. (D, E) In vivo mitochondrial protein synthesis of the indicated strains performed as in Figure 2D. In (D), the intronless WT (W303 I0)
and �mS38 strains with mtDNA carrying the paromomycin-resistant mutation (ParR) were incubated or not overnight (ON) in the presence of 4 mg/ml
of paromomycin (Par) and pulsed with 35S-methionine for 10 or 30 min. In (E), the strains with mtDNA carrying paromomycin-sensitive or resistant
15S rRNA sequences were incubated at 30◦C in the presence or absence of 4 mg/ml paromomycin for 2 hrs or 37◦C and pulsed for 10 minutes with
35S-methionine in the same conditions.

Once acquired by the mitoribosome, mS38 probably co-
evolved with H44 and the downstream 3’-15S rRNA se-
quences that mark the mRNA exit path. As an example,
the mS38 C-terminus is longer in human than in yeast (Fig-
ure 7A). Coevolution was tested by assessing heterologous
complementation of the S. cerevisiae �mS38 strain with
mS38 from human (also known as AURKAIP1) and sev-
eral yeast and plant species (Supplementary Figure S7A-
C). Human mS38 was unable to substitute for the S. cere-
visiae protein even when the S. cerevisiae mS38 N-terminus
was co-expressed (Supplementary Figure S7C). Among
fungi, mS38 from Kluyveromyces lactis and Yarrowia lipoly-
tica complemented the S. cerevisiae �mS38 strain. Among
plants, mS38 from Arabidopsis thaliana did it only partially,

and that of Oriza sativa did not (Supplementary Figure
S7A). These results highlight the structural diversity of mi-
toribosomes across evolution.

In an attempt to dissect the roles of the mS38 N- and
C- termini, each half of the protein was expressed in the
�mS38 strain. Expression of either mS38 N-domain (aa
1–81) or mS38 C-domain (aa 1–15+81–111), both con-
taining the 15-aa N-terminal mitochondrial targeting se-
quence, largely restored the respiratory growth defect of the
�mS38 strain (Figure 7C) by repairing its general mito-
chondrial protein synthesis deficiency (Figure 7D). How-
ever, translation of COX1, COX2 and COX3 mRNAs re-
mained slightly inefficient in the mS381–81 strain and more
attenuated, particularly COX1 mRNA translation, in the
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Figure 7. The N- and C-terminal portions of mS38 perform different roles in ribosome assembly and mRNA-specific translation. See also Supplementary
Figures S7 and S8. (A) Alignment of mS38 sequences from Saccharomyces cerevisiae (S.c.), Homo sapiens (H.s.), other yeasts (Kluyveromyces lactis––K.l-
and Yarrowia lipolytica––Y.l.) and plants (Arabidopsis thaliana––A.t., Oriza sativa––O.s.). The mitochondrial targeting sequence (MTS) in S.c and H.s. are
marked in yellow. The arginine-lysine (R-G)-rich domain present in the C-terminus of all proteins is labeled in red. Numbers in blue indicate amino acids
(aa) in the S. cerevisiae protein and numbers in green, amino acids in the human protein. The underlined region in S. cerevisiae mS38 is the region that was
resolved in the cryo-EM structural reconstruction by (8). The # symbol indicates residues in S. cerevisiae mS38 involved in the formation of intersubunit
bridge mB3 with elements of the 21S rRNA (8). Bridge mB3 is exclusive of mitochondrial ribosomes but conserved from yeast to mammals. (B) Structure
of S. cerevisiae mS38 as obtained by cryo-EM including amino acids 80–111 (8) and a model of the whole mature protein (aa 16–111) obtained using
Quark, a computer algorithm for ab initio protein structure prediction (39). Key amino acid residues are indicated. (C) Serial dilutions growth test of
the indicated strains in complete media containing fermentable (YPD) or non-fermentable (YPEG) carbon sources. Pictures were taken after two days of
growth at 30◦C. (D) In vivo mitochondrial protein synthesis using the indicated strains and performed as in Figure 2D following 35S-methionine pulses of
the indicated increasing times.

mS3881–111 strain (Figure 7D). Similar results were obtained
using a strain in which mS3881–111 contained the first 15 aa
in mS38, predicted to form its mitochondrial targeting se-
quence (MTS), or when a COX4 MTS was used instead
(Figure 7D). In the mS381–81 strain, the stability of newly
synthesized polypeptides was as in the wild-type (Supple-
mentary Figure S7D), which suggested that the potential
presence of large amounts of aberrant proteins resulting
from compromised translational fidelity unable to engage
in OXPHOS complex assembly could be disregarded.

Together, the data presented in this section indicates that
the N- and C-terminal portions of mS38 are each sufficient
to functionally stabilize the mitoribosome and facilitate the
translation of most mRNAs, including COX2 and COX3.
However, the N-terminal portion of mS38, which accord-
ing to the structure would be expected to contact mtSSU

elements that could influence the transit of mRNA through-
out the channel, near the exit site, is particularly important
for the translation of COX1 mRNA.

CONCLUSION

A requisite property of all ribosomes is their ability to trans-
late genetic information into polypeptides in an accurate
and rapid manner. The SSU elements that ensure transla-
tion fidelity in bacteria are conserved in mitochondrial and
eukaryotic ribosomes, although some adaptations have oc-
curred. In the mitoribosome, these adaptations include the
remodeling of the rRNA H44 and surrounding proteins.
The mitochondrion-specific SSU protein mS38 was ac-
quired to stabilize the upper part of H44 where the decoding
center is located and to establish the critical mitoribosome-
specific intersubunit bridge mB4 with the mt-LSU rRNA
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H71. In this work, we report that S. cerevisiae mS38 plays
an additional fundamental role in the selection of mRNAs
that will be translated.

Our data show that although the absence of mS38 in S.
cerevisiae attenuates mitochondrial protein synthesis glob-
ally, it particularly prevents efficient initiation of COX1,
COX2, and COX3 mRNA translation.

The analysis of eukaryotic and bacterial ribosomes across
species might provide clues regarding mS38 function. Al-
though mS38 is a mitoribosome-specific protein, it has been
noticed by Desai and colleagues (8) that the location and
structure of mS38 C-terminus resembles eL41, which is
more strongly associated with the eukaryotic SSU 40S sub-
unit than with the LSU 60S subunit and forms a eukaryotic-
specific intersubunit bridge (eB14) that stabilizes the mono-
some (8). Therefore, eL41 and mS38 could be the products
of convergent evolution. eL41 is not essential, but its ab-
sence reduces the binding efficiency of 60S subunits to trans-
lation pre-initiation complexes and also decreases peptidyl-
transferase activity while enhancing translocation efficiency
(40). However, no effect of eL41 on selective mRNA trans-
lation has been so far reported.

In bacteria, resolution of the structure of the Mycobac-
terium smegmatis 70S ribosome has revealed the existence
of a previously unknown protein, bS22, absent in the E. coli
ribosome, which folds in a manner and occupies a location
beneath the mRNA channel similar to mS38, thus indicat-
ing a common evolutionary origin (41). Like mitochondrial
mS38, mycobacterial bS22 is rich in arginines and lysines,
interacts with the rRNA H44 and probably contributes to
its stabilization during translocation of tRNAs. Moreover,
it has been proposed that contacts of bS22 with H45 might
modify the mRNA channel near its exit site immediately up-
stream of the anti-Shine-Dalgarno sequence (41). Canoni-
cal translation initiation in bacteria requires mRNAs with
a 5′-UTR and Shine Dalgarno sequence for ribosome as-
sembly and start codon selection. However, the transcrip-
tome of most bacteria contains 1–2% of leaderless mRNAs,
and alternative translation mechanisms have been invoked
(42). Remarkably, a quarter of the mycobacterial transcrip-
tome is expressed as leaderless and lack both a 5′-UTR and
Shine-Dalgarno sequence (43), raising the intriguing pos-
sibility that mycobacterial-specific ribosome proteins such
as bS22 could facilitate leaderless translation initiation in
mycobacteria (42).

Mammalian mitochondrial mRNAs are also leaderless
and, although S. cerevisiae mitochondrial mRNAs have
long 5′-UTR leaders, they lack Shine-Dalgarno sequences,
and require transcript-specific translational activators to
initiate translation (2). It is tempting to speculate that
the acquisition of mS38 by mitochondrial ribosomes co-
evolved with the loss of Shine-Dalgarno sequences in the
mRNAs. However, it has been recently shown that in mam-
malian mitochondria, start codon selection could occur by
mitoribosome-specific mRNA engagement and subsequent
threading of the mRNA into the mRNA channel for start
codon-anticodon interactions, which would be stabilized by
a domain insertion that is present in the mammalian mito-
chondrial initiation factor 2 (44). Focusing on S. cerevisiae,
although the 15S rRNA of yeast mitochondria lacks the
Shine-Dalgarno sequence (45), it has been shown to have in

its 3’ end a 10-nucleotide sequence complementary to dif-
ferent extents with sequences in the 5′ leaders of the mes-
sages for COX1 (10 nt), COX2 (7 nt), COX3 (7 nt) and ATP6
(8 nt) (45). However, yeast mitoribosome structural studies
have shown that the 3′ end of the 15S rRNA is not con-
strained to a position at the mRNA channel exit but ex-
tends into the mtSSU body where it is surrounded by mi-
toribosomal proteins (8). Different from bacteria, a wide
V-shaped canyon flanked by mitoribosomal proteins forms
at the mRNA channel exit, above which mRNA-specific
translational activators may functionally interact (8). The
presence of mRNA occupying this canyon during transla-
tion initiation would explain ribosome-profiling data, which
have shown that the yeast mitoribosome protects longer
mRNA stretches during active translation than cytosolic ri-
bosomes (∼38 versus 28 nucleotides) (3). The absence of
mS38 in the deletion strain might change the flexibility of
the elements forming the mRNA exit channel. Such a mod-
ification could affect the transit of specific mRNAs (e.g.
COX1, COX2 and COX3), perhaps giving them a chance
to interact with the 3′ end of the 15S rRNA unproductively
or merely misfold, thus jamming the channel.

In conclusion, we propose that mS38 is a core component
of the mitoribosomal SSU that may exert regulatory effects
by interacting with specific mRNAs and by interfacing with
structural elements in the mRNA exit channel to facilitate
their correct translation initiation. This hypothesis is rem-
iniscent of the ‘ribosome filter’ model according to which
specific riboproteins would allow the ribosome to interface
with specific subsets of mRNAs to regulate their translation
(46).

SUPPLEMENTARY DATA
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ABSTRACT

Double-stranded breaks (DSBs) in plant organelles
are repaired via genomic rearrangements charac-
terized by microhomologous repeats. These micro-
homologous signatures predict the existence of an
unidentified enzymatic machinery capable of re-
pairing of DSBs via microhomology-mediated end-
joining (MMEJ) in plant organelles. Here, we show
that organellar DNA polymerases from Arabidopsis
thaliana (AtPolIA and AtPolIB) perform MMEJ using
microhomologous sequences as short as six nu-
cleotides. AtPolIs execute MMEJ by virtue of two
specialized amino acid insertions located in their
thumb subdomains. Single-stranded binding pro-
teins (SSBs) unique to plants, AtWhirly2 and organel-
lar single-stranded binding proteins (AtOSBs), hin-
der MMEJ, whereas canonical mitochondrial SSBs
(AtmtSSB1 and AtmtSSB2) do not interfere with
MMEJ. Our data predict that organellar DNA rear-
rangements by MMEJ are a consequence of a com-
petition for the 3′-OH of a DSBs. If AtWhirlies or
AtOSBs gain access to the single-stranded DNA (ss-
DNA) region of a DSB, the reaction will shift to-
wards high-fidelity routes like homologous recom-
bination. Conversely MMEJ would be favored if At-
PolIs or AtmtSSBs interact with the DSB. AtPolIs are
not phylogenetically related to metazoan mitochon-
drial DNA polymerases, and the ability of AtPolIs to
execute MMEJ may explain the abundance of DNA
rearrangements in plant organelles in comparison to
animal mitochondria.

INTRODUCTION

Plant organellar genomes encode for macromolecular as-
semblies indispensable for oxidative phosphorylation and
photosynthesis (1–3). Thus, faithful organellar replication
and regulated transcription are necessary for cell survival.
Contrary to the representation of a circular structure as the
predominant form of mitochondrial DNA, plant mitochon-
drial genomes are heterogeneous linear molecules with a
strong tendency to produce rearrangements (4–7). The no-
tion that plastid DNA exists as a circular molecule is chal-
lenged by findings of linear molecules in maize seedlings
and in Medicago truncatula (4,8,9). Although the mecha-
nisms that mediate plant organellar DNA replication are
unknown, DNA rearrangements in plant organelles are
common and are attributed to the repair of double-strand
breaks (DSBs) (6,10–14).

Repair of DSBs occurs by two main pathways: homolo-
gous recombination (HR) and non-homologous end join-
ing (NHEJ) (Reviewed in (15)). HR is an error-free path-
way in which identical DNA segments are used as templates.
In contrast, NHEJ is an error-prone pathway. NHEJ is di-
vided into two sub-pathways: Ku-dependent classical non-
homologous end joining (c-NHEJ) and alternative end join-
ing (alt-EJ). A subset of DNA breaks repaired by alt-EJ
employs a mechanism that requires minimal base pairing
of microhomologous sequences, dubbed microhomology-
mediated end joining (MMEJ) (16–18).

MMEJ was discovered as a sub-pathway derived from the
Archaeo-Prokaryotic (AP)-NHEJ. Within this sub-pathway
bacterial DNAPs promote synapsis of DSBs using short
microhomologous sequences, these annealed sequences as-
semble the 3′-OH primers and are extended by virtue
of strand-displacement synthesis by specialized DNAPs
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(19,20). Eukaryotic DNA polymerases � (HsPol�), �, � and
�, also perform MMEJ using short microhomologous se-
quences. As in bacterial MMEJ, the proposed DSB re-
pair mechanism involves annealing of microhomologous se-
quences in trans to create a template DNA synapse and
nucleotide extension (21–24). Crystal structures of DNAPs
during MMEJ illustrate that they promote the stabilization
of microhomologous sequences via unique structural ele-
ments that mediate synapse formation (19,25,26).

The plant mitochondrial genome frequently recombines
via homologous recombination of large size (>500 bp)
or intermediate size repeats (50–500 bp). Break-Induced
Replication (BIR) and Single-Strand Annealing (SSA) are
postulated to drive illegitimate recombination events at in-
termediate size repeats (6,27,28). However, plant organellar
genomes also undergo rearrangements attributed to illegit-
imate recombination at intermediate size repeats (>50 base
pairs) (6,11,12,27,29–33). These rearrangements are associ-
ated with MMEJ, microhomology-mediated break-induced
replication (MMBIR) and microhomology-mediated re-
combination (12,28–30). DSBs in Arabidopsis´ chloro-
plasts, generated by ciprofloxacin or by a homing endonu-
clease, are repaired using microhomologous sequences that
rank between 4 and 18 nts (29,31,32). The nature of the se-
quences at the junctions of the DNA rearrangements indi-
cates that DSBs are repaired by a route that involves an-
nealing of microhomologous sequences. The length of these
microhomologies resembles the length of microhomologous
segments in metazoan DNA repaired by MMEJ (17) or
MMBIR (34).

Flowering plants harbor two organellar family-A DNA
polymerases, known as plant and protist DNA polymerases
(POPs) that are not phylogenetically related to yeast or
metazoan mitochondrial DNA polymerase � and are the
sole DNAPs in plant organelles (35–39). Both AtPolIs dis-
play lower nucleotide insertion fidelity that metazoan mito-
chondrial DNAPs, elongate RNA primers synthesized by
the organellar DNA primase-helicase and harbor strand-
displacement and 5′-deoxyribose phosphate lyase activi-
ties (29,40–43). From the DNAPs able to execute MMEJ,
HsPol� is the only one that belongs to the family-A of
DNAPs. This enzyme harbors a polymerization domain
linked to a helicase domain and seminal work demonstrated
that both domains participate in MMEJ (44,45). Structure-
function studies of HsPol� indicate that a specific insertion
in its polymerization domain is responsible for MMEJ (21)
The ortholog of HsPol� in plants (24), TEBICHI, is in-
volved in T-DNA random integration by MMEJ (46,47).
Although TEBICHI participates in nuclear MMEJ, a mech-
anism for MMEJ has not been identified in plant organelles.

AtPolIs and HsPol� bypass DNA lesions via unique
amino acid insertions in their polymerization domain
(25,40). Because of this convergence, and the necessity of
a unique amino acid insertion in HsPol� to execute MMEJ
(21,48), we wanted to determine whether AtPolIs could ex-
ecute MMEJ. To our surprise, AtPolIs are able to efficiently
mediate synapsis formation on microhomologies as short as
6-bp. We found that members of the single-stranded binding
proteins unique to plants, Whirly-2 and Organellar Single-
stranded DNA Binding proteins (OSBs), inhibit MMEJ by
competing with the single-stranded overhang. In contrast,

mtSSBs do not interfere with MMEJ formation. Our results
indicate the MMEJ in plant organelles is mediated by the
available concentration of single-stranded binding proteins
and AtPolIs.

MATERIALS AND METHODS

Cloning of recombinant Single-Stranded DNA-Binding pro-
teins

The coding regions corresponding to processed AtOSB2
(AT4G20010), AtOSB3 (AT5G44785), AtWhirly2
(AT1G71260), AtmtSBB1 (AT4G11060.1), AtmtSSB2
(AT3G18580.1) were PCR amplified from cDNA. The
PCR products were digested and cloned into a modified
pET19b or pET28b vectors. Positive clones were verified
by DNA sequencing.

Expression and purification of recombinant proteins

In this study, we use recombinant AtPolIs that lack their
first 257 amino acids. Those residues correspond to a dual
targeting sequence (DTS) and a disordered region. Removal
of those amino acids increases protein yield during heterol-
ogous purification without affecting exonucleolytic degra-
dation or DNA polymerization (40) Thus, recombinantly
expressed AtPolIs contain intact 3′-5′ exonuclease and poly-
merization domains, as metazoan DNAP � and the Klenow
fragment of bacterial DNAPs. The 3′-5′ exonuclease defi-
cient variants of AtPolIs substitute two invariant carboxy-
lates in exonuclease motif I of AtPolIA (D294 and D296)
and AtPoIlB (D287 and D289) to alanine. Exonuclease de-
ficient AtPolIB (AtPolIB exo−) was used as template to con-
struct deletions in the unique insertions present in AtPolIs.
The AtPolIB variant with a deletion in insertion 1 (AtPolIB-
�ins1) eliminates residues 581 to 619, AtPolIB-�ins2 elim-
inates residues 648 to 712, and AtPolIB-�ins2 eliminates
residues 845–869. All mutant polymerases are readily puri-
fied using three chromatographic steps (40) (Supplementary
Figure S1).

AtmtSSB2 was purified following published protocols
(49). Recombinant AtmtSSBs, AtOSB2, AtOSB3, and
AtWhirly2 were expressed using an Escherichia coli BL21
PKJE7 strain. Cell cultures were grown until they reached
an OD600 of 0.6 and were induced with 0.5 mM IPTG
(isopropyl-1-thio-�-D-galactopyranoside) at 16◦C during
18 h. Cells were recollected by centrifugation at 4◦C and
resuspended in 30 ml lysis buffer (25 mM HEPES pH
8, 600 mM NaCl, 10 mM imidazole, 10% glycerol and 1
mM PMSF). The lysate was supplemented with lysozyme
0.5 mg/ml and sonicated on ice. The clear lysate was fil-
trated and loaded onto a Ni-NTA column. The column was
washed with lysis buffer containing 30 mM imidazole. Pro-
teins were eluted using lysis buffer supplemented with 500
mM imidazole and dialyzed in buffer A (25 mM HEPES
pH 8, 50 mM NaCl, 2 mM EDTA, 30% glycerol and 5 mM
DTT). SSBs were loaded into a Hi-Trap heparin column,
and further purified using a 0.1 M to 1 M NaCl gradient.
Pure fractions were stored into a buffer B (25 mM HEPES
pH 8.0, 100 mM NaCl, 2 mM EDTA, 50% glycerol and 5
mM DTT) at −20◦C.
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Substrates

5′-End oligonucleotide labeling was performed with T4
polynucleotide kinase using [� - 32P] ATP and purified with
Nucleotide Removal Kit following manufacture’s protocol.
Oligonucleotides used for the MMEJ assay are described in
Supplementary Table S1.

Microhomology-mediated end joining (MMEJ) assays

MMEJ assays were performed at 37◦C using 20 nM 5′-end
radiolabeled pssDNA, in a buffer containing 10 mM Tris–
HCl pH 7.5, 50 mM NaCl, 1.5 mM DTT, 10% glycerol and
0.1 mg/ml BSA. The mix was incubated with 100 nM At-
PoIls for 15 min and then supplemented with 500 �M of
dNTPs and 10, 6 or 2 mM MgCl2 for 30 min. The reac-
tions were terminated using a stop buffer (95% formamide,
10 mM EDTA, 0.1% bromophenol blue and 0.1% xylene
cyanol). The reactions were loaded on a 17% polyacry-
lamide denaturing gel and analyzed by phosphorimaging.
In the MMEJ assay with singled-stranded DNA binding
proteins, the same labeled pssDNA substrates were at 5 nM
and AtSSBs were present at the concentrations described in
the figure legends.

Electrophoretic-mobility shift assay (EMSA)

To investigate the binding of plant SSB to ssDNA we use a
radioactively labeled poly-T of 70 nts oligonucleotide. Re-
actions were incubated in buffer containing 10 mM Tris–
HCl pH 7.5, 50 mM NaCl, 1.5 mM DTT, 10% glycerol, 0.1
mg/ml BSA, 10 mM MgCl2, using varying concentrations
of SSBs. The reactions were run on 4% polyacrylamide non-
denaturing gel at 4◦C and visualized by phosphorimaging.

Fluorescence anisotropy binding assay

Dissociation constant (Kd) were measured using a
fluorescein-labeled ssDNA of 45 nts (ssDNA(45)) or a
Cy3-labeled pssDNA-10 in 10 mM Tris–HCl pH 7.5,
50 mM NaCl, 0.05 mg/ml BSA,10% glycerol and 10
mM MgCl2. Increased concentration of purified proteins
(AtmtSSB1, AtOSB2 and AtWhy2) were individually eval-
uated. The reactions were incubated at 25◦C in darkness
during 20 min. Changes in anisotropy were quantified
on an Infinite M1000 Microplate Reader (Tecan®) using
excitation and emission wavelength (�) of 470 and 525
nm, respectively. The data were analyzed using GraphPad
Prism 6 according to the specific binding with Hill slope
model following this equation: Y = Bmax*Xh/(Kd

h + Xh),
where Bmax indicates the maximum number of binding
sites, Kd refers to ligand concentration that binds to half
the receptor sites at equilibrium and h is the Hill slope.

Fluorescence resonance energy transfer (FRET) assay

For evaluation of DNA synapsis formation, oligonu-
cleotides labeled with different fluorescence probes (Cy3
and Cy5) were annealed as described in the figure legends.
Titration experiments were performed using equimolar con-
centration of labeled DNA (50 nM) with increasing con-
centrations of AtPolIs. Variations in fluorescence intensity

upon incubation of AtPolIs were measured in an Infinite
M1000 microplate reader using wavelengths (�) of 530 nm
for excitation and 675 nm for emission. Reactions were in-
cubated in 10 mM Tris–HCl pH 7.5, 50 mM NaCl, 1.5 mM
DTT, 10% glycerol, 0.1 mg/ml BSA and varying concentra-
tions of AtPoIls. The reactions were incubated for 20 min
in darkness at 25◦C by triplicate. The data were normalized
and analyzed in GraphPad Prism 6.

Gel filtration analysis

The elution profiles of plant SSBs in solution were evaluated
using gel filtration. The proteins were injected into a Su-
perdex 75 10/300 column equilibrated with 20 mM HEPES
pH 8.0, 200 mM NaCl, 10% glycerol, 2 mM EDTA and
1 mM DTT. Elution peaks were analyzed using molecular
weight markers.

Homology model

The homology model of AtPolIB was carried out us-
ing the homology modeling platform of the Swiss-Model
Workspace (50) using as templates the Klenow fragments
from the crystal structures of Thermus aquaticus, Geobacil-
lus stearothermophilus and Geobacillus kaustophilus. From
those homology models, we selected the one generated with
the crystal structure of G. kaustophilus DNAP I in complex
with dsDNA (PDB: 4DSE), because this model positions
insertions 1 and 3 in an optimal position to interact with
dsDNA.

SEC-MALS analysis

The SEC-MALS analysis was performed on a DAWN
HELEOS multi-angle light scattering detector, with eigh-
teen angles detectors and a 658.9 nm laser beam, (Wy-
att Technology, Santa Barbara, CA, USA) and an Opti-
lab T-rEX refractometer (Wyatt Technology) in-line with
two coupled Superdex 200 Increase 10/300 GL size ex-
clusion chromatography analytical columns. Experiments
were performed using an isocratic pump (Agilent) with a
flow of 0.5 ml/min at room temperature (25◦C). Data col-
lection was performed with ASTRA 6.1 software (Wyatt
Technology). For the experiments, 300 �l at 1.3 mg/ml
protein were loaded on the columns with running buffer
of 25 mM HEPES pH 8, 10% glycerol, 300 mM NaCl
and 2 mM EDTA. Calibration was performed with high-
molecular weight markers from GE Healthcare (thyroglob-
ulin, 669 000 Da; ferritin, 440 000 Da; aldolase, 158 000 Da;
conalbumin, 75 000 Da; and ovoalbumin, 43 000 Da).

Strand-displacement assays

A 65mer DNA template (5′-CCT TGG CAC TAG CGC
ACG ATG CCG CTA AGA ACC TCA GGG CCA GTT
AGG TGG GCA GGT GGG CTG CG-3′) was annealed
with a 5′-end radioactively labeled 24mer primer (5′-CGC
AGC CCA CCT GCC CAC CTA ACT-3′) and a DNA
blocking oligonucleotide (5′-GA GGT TCT TAG CGG
CAT CGT GCG CTA GTG CCA AGG-3′) to create a gap
of 6 nucleotides. Reactions were run at 37◦C mixing 10 mM
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Tris–HCl pH 7.5, 50 mM NaCl, 0.2 mg ml–1 BSA, 1.5 mM
DTT, 2 mM MgCl2, 10% glycerol, 10 nM DNA substrate,
20 nM DNA polymerases and initiated adding 200 �M of
dNTPs.

MicroScale Thermophoresis (MST)

MST analysis of the interactions between AtPolIB exo− and
plant SSB’s was carried out as follows. AtPolIB was puri-
fied with a 10× histidine tag at the N terminal and labeled
using NanoTemper’s Monolith His-Tag Labeling Kit RED-
Tris-NTA at 100 nM. SSB’s were purified and their His-tag
was removed by addition of precision protease and gel fil-
tration. SSBs were titrated against labeled AtPolIB in 16 se-
rial dilutions from initial concentrations of 150, 200 and 250
�M for AtmtSSB1, AtOSB2 and AtWhy2, respectively. Re-
actions were incubated for 10 min at 25◦C in PBS buffer +
0.05% Tween™ 20. The measurements were performed using
a NanoTemper Monolith NT.115 pico instrument. Anal-
yses were conducted at 10% LED power and 50% MST
power on standard capillaries.

RESULTS

AtPolIs execute MMEJ on partially resected DSBs

Pioneering work by Herrin and Brisson´s laboratories re-
vealed that DSBs in chloroplast are repaired using ille-
gitimate recombination mechanisms attributed to MMEJ
(12,29–31,33). The predicted melting points for several of
those microhomologies is <37◦C (51) (Figure 1A), suggest-
ing that protein factors may be involved in stabilizing the
annealing of microhomologous sequences that are repaired
by MMEJ during DSBs. Plant organelles in A. thaliana har-
bor only two DNA polymerases, AtPolIA and AtPolB that
have as a distinctive feature the presence of three insertions
in their polymerization domain.

Given that HsPol� performs TLS and MMEJ by a spe-
cific amino acid insertion and that unique amino acid inser-
tions are responsible for TLS activity in AtPolIs, we hypoth-
esize that AtPolIs may perform MMEJ via unique amino
acid insertions (21,40). To investigate the putative MMEJ
capabilities of AtPolIs, we used recombinant AtPolIA and
AtPolIB harboring amino acid deletions of their first 257
amino acids. Those amino acids correspond to a predicted
disordered protein region and their removal increases the
yield of recombinant active protein (40). Thus, recombi-
nant AtPolIs harbor both 3′-5′ exonuclease and polymer-
ization domain activities (Figure 1B). The initial substrate
used to test MMEJ, consisted of a partially resected DSB
(pssDNA) with a 5′-CCCCGGGG-3′overhang sequence of
8 nts (pssDNA-8) with a predicted Tm for the microhomol-
ogous region of 22.5◦C (Figure 1C). This substrate was for-
merly used to asses MMEJ formation by HsPol� (21,48).

Synapse formation, followed by polymerization on
the single-stranded portion of the template and strand-
displacement would generate a MMEJ product of 56 nts
(Figure 1C). MMEJ reactions were initially executed using
10 mM of MgCl2 and 2 mM of MnCl2, as those are op-
timal metal concentrations during primer extension on a
canonical primer-template (data not shown) and high nu-
cleotide concentrations (500 �M). Reaction products of 56

and 57 nts product were synthetized by exonuclease pro-
ficient AtPolIs, in the presence of Mg2+ (Figure 1D, lanes
2–5), whereas products of 56–58 nts were synthetized in re-
actions incubated with Mn2+ (Figure 1D, lanes 6–9). The
presence of Mg2+ promotes the addition of an extra base,
whereas incubation with Mn2+ promotes the addition of
two extra bases, possibly due to terminal transferase ac-
tivity. Thus, reactions incubated with pssDNA-8 generate
MMEJ products in the presence of AtPolIs harboring an
active exonuclease domain or exonuclease deficient DNAPs
(Figure 1D). AtPolIs incubated with Mn2+ exhibit an in-
crease in their 3′-5′ exonuclease activity. The exonuclease
activity of AtPolIs is halted after digestion of 16 nts, at the
boundary of the double-stranded DNA template (Figure
1D, lanes 2–9). Disruption of the exonuclease activity by
site-directed mutagenesis in AtPolIs increases MMEJ activ-
ity, resulting in the appearance of a MMEJ product of 58 nts
(Figure 1C, lanes 11–18).

In order to asses if AtPolIs could execute MMEJ at phys-
iological nucleotide concentrations, we used a pssDNA-
8 substrate that templates for 20 consecutive thymines or
adenines, after the assembly of the MMEJ substrate. In this
experiment, we used nucleotide concentrations that rank
from 0.0037 to 245.76 �M (Figure 2A). At low micromo-
lar dATP or dTTP concentrations (Figure 2A and B, lanes
2–5 and 12–15) a single MMEJ product of 56 nts is ob-
served. At higher nucleotide concentrations, a band of 57
nts is shown in reactions incubated with dTTP and a band
of 58 nts is observed in reactions incubated with dATP (Fig-
ure 2A and B, lanes 7–10 and 17–20). AtPolIB exhibits a
nearly 20-fold higher KM for dNTP during nucleotide in-
corporation on a canonical primer-template substrate with
respect to AtPolIA (43). Thus, the observation that AtPo-
lIA and AtPolIB exhibit similar MMEJ efficiency during
all the assayed dNTP concentrations suggests that during
MMEJ annealing the mechanism that dictates the affinity of
the incoming nucleotide differs from the one during primer-
template incorporation.

In order to determine the minimal microhomologous
length in which AtPolls are able to execute MMEJ, we per-
formed MMEJ reactions using substrates than contained
microhomologies from 0 to 12 nts. We initially used sim-
ilar reaction conditions to those previously reported for
HsPol�, but with the addition of 50 mM NaCl (21). Full
nucleotide incorporations on these pssDNA substrates are
designed to generate products from 54 to 98 nts, and only
a pssDNA substrate containing a microhomology of 12 nts
(pssDNA-12) exhibits a Tm higher than 37◦C (Figure 2A).

The Klenow Fragment of E. coli DNA polymerase I (KF-
DNAP I) control generates faint products of approximately
56 and 98 nts in reactions incubated with pssDNA-8 and
pssDNA-12 and not with any other pssDNA substrates, in-
dicating that transient alignment of the microhomologous
sequence does not form a stable substrate for DNAPs (Fig-
ure 2B, lanes 18–21). This result contrasts with a previ-
ous report in which KF-DNAP I generates low molecular
weight MMEJ products on a pssDNA containing a micro-
homology of 4nts (pssDNA-4) (21). Thus, exonuclease de-
ficient KF-DNAP I is unable to efficiently use pssDNAs
as substrates, including a pssDNA-12 substrate. In con-
trast, wild-type (AtPolIB exo+) and exonuclease deficient
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Figure 1. AtPolIs mediate MMEJ in vitro. (A) Representative microhomologous sequences present in chloroplast DNA from A. thaliana upon DSB repair
(30–32). The calculated melting temperature (Tm) for single-stranded regions shorter than 8 nts were calculated using the salt-adjusted method (salt) and
regions longer than 8 nts were calculated using the Nearest Neighbor (NN) method (51). (B) Structural comparison between a homology model of AtPolIs
with the crystal structures of HsPol� (25) (PDB: 4x0Q) and the Klenow fragment of Bacillus DNAP I (68) (PDB: 3BDP). The polymerization domains
are colored in black, the active 3′-5′ exonuclease domain of AtPolIB in orange and the inactive 3′-5′ exonuclease domains of HsPol� and Bacillus DNAP
I in yellow. The unique amino acid insertions in HsPol� and AtPolIB in comparison to bacterial DNAPs I are depicted in a ball-stick representation.
In all DNAPs the dsDNA (magenta) is poised for nucleotide incorporation. (C) Proposed arrangement of a micromologous sequence of 8 nts showing
DNA synapse formation and extension upon dNTPs incorporation by MMEJ. (D) Denaturing polyacrylamide gel showing MMEJ reactions catalyzed by
wild-type and exonuclease deficient AtPolIs present at concentration of 100 or 400 nM. In the presence of Mg2+ or Mn2+. AtPolIs extend the pss-DNA(8)
substrate to MMEJ products of 56, 57 and 58 nts. The migration of the MMEJ products of 56, 57 and 58 nts and the pss-DNA(8) substrate are indicated.

AtPolIB (AtPolIB exo−) efficiently use substrates with mi-
crohomologous sequences of 8 nts (pssDNA-8) to perform
MMEJ (Figure 2B, lanes 1 to 16). A MMEJ product is not
observed in reactions incubated with pssDNA-6, pssDNA-
4, pssDNA-2, and pssDNA-0 substrates (Figure 2B, lanes
11, 12 and 13). The predicted Tms of the microhomologous
regions in pssDNA-6 and pssDNA-8 are <37◦C, suggest-
ing that spontaneous template annealing is unfavorable and
that MMEJ is mediated by AtPolIB. As the editing activity
of AtPolIs hampers MMEJ, we subsequently utilized ex-
onuclease deficient variants of AtPolIs to investigate their
MMEJ properties.

AtPolIs exhibited limited terminal deoxynucleotidyl trans-
ferase activity

In the presence of high nucleotide concentrations, AtPolIs
generate MMEJ products with additional non-templated
nucleotides residues at the 3′ end (Figure 2A, lanes 6–10 and
16–20). Bacterial family-A DNAPs, like Taq DNA poly-
merase (Taq DNAP), present limited non-templated nu-
cleotide or terminal transferase activity. In this reaction,
one or two nucleotides, preferentially dATP, are added to
a 3′-OH primer (52). In contrast, HsPol� and terminal de-

oxynucleotidyl transferases exhibit a robust terminal trans-
ferase activity and are able to add several nucleotides the
3′-OH primer (48,53). To test the efficiency of the pre-
dicted terminal transferase activity by AtPolIs, we used
three different substrates: a homopolymeric ssDNA poly-
dT, a double-stranded blunt-ended DNA substrate, and
a MMEJ substrate (Figure 3). AtPolIB exo− fails to in-
corporate any nucleotide having as a substrate a poly-dT
oligonucleotide in the presence of individual nucleotides or
in the presence of all nucleotides (Figure 3A). In contrast,
AtPolIB exo− exhibits limited terminal transferase activ-
ity catalyzing the addition of one or two nucleotides on a
double-stranded blunt-ended DNA substrate (Figure 3B).
This activity is reminiscent of the limited terminal trans-
ferase exhibited by Taq DNAP. In the presence of Mg2+

as cofactor AtPolIB exo− efficiently incorporates two non-
templated dAMP molecules (Figure 3B, lane 2), whereas all
other nucleotides are incorporated only once (Figure 3B).
AtPolIB exo− also shows limited terminate transferase ac-
tivity when MgCl2 is used as a cofactor (data not shown).
In a MMEJ substrate, AtPolIB exo− synthesizes products
that rank from 56 to 58 nts. This product corresponds to
the annealing of the pssDNA-8 substrates plus the addition
of two extra nucleotides. Using individual nucleotides, we
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Figure 2. AtPolIs performs MMEJ using microhomology sequence longer than 8 nts at high MgCl2 concentrations. (A) Exonuclease deficient AtPolIs
execute MMEJ on a pss-DNA(8) substrate at physiological dNTP concentrations. Reactions incubated in the absence of dNTPs (lanes1 and 11) show the
migration o the labeled substrate. MMEJ reactions were incubated using increasing dTTP (panel I) or dATP (panel II) from 0.0037 to 245.76 �M using
four-fold increments (lanes 2–10 and 12–20). At low micromolar dNTP concentrations (lanes 2–5 and 12–15) a MMEJ product of 56 nts is observed. In
contrast, a band of 57 nts is observed in reactions incubated with dTTP using high nucleotide concentrations and a band of 58 nts is observed in reactions
incubated with high concentrations of dATP. (B) Schematic representation of the pssDNAs substrates used for MMEJ assays. Asterisks indicate the position
of the 5′-radioactive label. The microhomology lengths (from 0 to 12 nts), the calculated Tm for DNA synapsis formation and the expected lengths of the
MMEJ product are indicated at the right. (C) Denaturing sequencing gel showing MMEJ reactions by wild-type (lanes 2–8) and exonuclease deficient
(lanes 10–16) AtPolIBs in comparison to reactions incubated with the exonuclease deficient Klenow Fragment of DNAP I (lanes 18–21). Al reactions
contained 10 mM MgCl2 as a cofactor. A control labeled substrate corresponding to pss-DNA(8) is present in lanes 1, 9 and 17. MMEJ products are
observed in reactions incubated with AtPolIBs on substrates with microhomologies longer than eight nucleotides (lanes 6, 7, 8, 14, 15, 16). These products
correspond to bands of 56, 58 and 98 nts respectively. In contrast, Klenow Fragment is unable to efficiently use MMEJ substrates and only low amounts
of products are formed with pssDNAs of 8 and 12 nts (lanes 20 and 21). TT denotes products generated by a predicted terminal transferase activity.

observed an efficient nucleotide incorporation only when
dCTP is present in the reaction (Figure 3C, lane 4). The
pssDNA-8 substrate poises a template guanosine as the first
template base after the annealing of the microhomologous
CCCCGGGG sequence. The incorporation of two dCMPs
on this substrate may be related to the low fidelity during
nucleotide incorporation by AtPolIB (43) or to a transient
misalignment of the 3′-OH (Figure 3C).

In order to discern if the observed MMEJ products could
be due to a template-dependent extension in cis (snap-back
replication), we used a single-stranded pssDNA-8 substrate
in the presence of individual nucleotides. In this experiment,
the single-stranded oligonucleotide is predicted to assemble
a primer-template by the annealing of four cytidines and
four guanosines in cis (Figure 3D). This snap-back assem-
bly is predicted to position a template guanosine for dCMP
incorporation. In the presence of dCTP both AtPolIs incor-
porate multiple dCMPs (Figure 3D, lanes 5 and 11) possible

due to a misalignment of the primer-strand. The presence
of products derived from the incorporation of multiple cy-
tidines on a single-stranded template contrast with the in-
corporation of two dCMPs in a pssDNA-8 substrate pre-
dicted to form a synapse (Figure 3C, lane 5). In the sole
presence of dGTP, AtPolIs efficiently incorporate a dGMP
molecule, possibly due to an alignment of only three cy-
tidines with three guanosines that generate that a cytidine
poised for dGTP incorporation (Figure 3C, lanes 6 and 12).

AtPolIs use substrates with microhomologies longer than 6
nts

DSBs are repaired using microhomologous sequences as
short as four nts in chloroplasts (30,32), suggesting that the
machinery responsible of MMEJ should efficiently anneal
pssDNA with short microhomologous regions. To investi-
gate if AtPolIB exo− could perform MMEJ on these sub-
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Figure 3. AtPolIB exhibits limited terminal transferase activity on double-stranded substrates. (A) Denaturing gel showing the lack of terminal transferase
activity on a poly-dT ssDNA template incubated in the presence of individual nucleotides. (B) Denaturing acrylamide gel showing AtPolIB exo- nucleotide
incorporation on a ds-DNA substrate in the presence of individual nucleotides. (C) AtPolIB performs MMEJ using DNA templates in trans. Denaturing
gel showing MMEJ reactions incubated in the presence of individual nucleotides on pss-DNA(8) substrate. (D) AtPolIB performs limited snap-back
replication. Denaturing gel showing reactions incubated in the presence of individual nucleotides on a MH-8 substrate with AtPolIA exo- (lanes 1–6) and
AtPolIB exo – (lanes 7–12).

strates, we studied the effect of three different concentra-
tions of MgCl2 (10, 6 and 2 mM) on MMEJ. As previously
shown, reactions incubated with 10 mM MgCl2 produced
a faint MMEJ-product on a pssDNA-6 substrate and effi-
ciently uses a pssDNA-8 substrate (Figure 4A, lanes 22, 24).
However, in reactions incubated with 2 and 6 mM MgCl2,
AtPolB exo− is able to use templates with microhomologous
sequences of 6 nts (Figure 4A, lanes 6, 14).

We further investigated synapse formation by AtPo-
lIs exo− using two substrates labeled with different fluo-
rophores poised for fluorescence resonance energy trans-
fer (FRET). Two pssDNA-8 substrates labeled with Cy3
or Cy5 dyes were incubated with AtPolIs in the absence
of dNTPs. The efficiency of FRET increases in a pro-
portional manner to the amount of AtPolIA exo− or At-
PolIB exo− present in the reaction, indicating that AtPolIs
drive DNA synapse formation of the fluorescent Cy3–Cy5
donor–acceptor pair (Figure 4B).

MMEJ by different DNAPs predict the formation of a
synapse that is stabilized by two DNA polymerases in trans
(19,21,25,26). To evaluate the possibility that AtPolIB as-
semblies in trans forming a dimer, we use size-exclusion
chromatography (SEC)-coupled multiangle light scattering
(MALS) on AtPolIBexo− incubated in the presence and
absence of a DNA substrate (Figure 4C). These analyses
found an average molecular weight for AtPolIB exo− of
180 kDa that corresponds to a molecular mass of two At-
PolIB monomers (93 kDa). AtPolIB incubated with DNA
increases its molecular mass to 235 kDa, a molecular mass
that corresponds to two AtPolIB monomers interacting
with two DNA molecules (27 kDa). Thus, the SEC-MALS
analysis are consistent with synapse formation driven by a
dimer assembly of AtPolIB and a pssDNA substrate.

MMEJ by AtPolIB is mediated by insertions 1 and 3

AtPolIs are family-A DNA polymerases that contain three
unique insertions in their polymerization domain (35,37,40)
(Figure 1B). In order to investigate if MMEJ would depend
on these insertions, we used mutant polymerases harbor-
ing individual deletions. Deletion mutants eliminate 38, 64,
and 24 amino acids corresponding to insertions 1, 2 and
3 respectively (Figure 5A). Insertions 1 and 2 are located
at the thumb subdomain and structural modeling suggests
that they are poised to interact with the primer-template,
whereas insertion 3 is located at the fingers subdomain in
a position that is predicted to be distant from DNA (40)
(Figure 5A). Mutant polymerases harboring deletions in
those insertions are active on a canonical primer-template,
suggesting that these mutant polymerases do not have se-
vere alterations in their structure (40). The ability of At-
PolIB exo− deletion variants to execute synapse formation
was assessed by FRET on a pssDNA-8 substrate in the ab-
sence of dNTPs (Figure 1B). As previously shown, AtPolIB
exo− produces a concentration-dependent increase in fluo-
rescence. However, AtPolIB exo− harboring deletions in in-
sertions 1 and 3 (AtPolIB-�ins1 or AtPolIB-�ins3) failed
to produce a concentration-dependent change in fluores-
cence (Figure 5B). In contrast, a mutant AtPolIB exo− har-
boring a deletion in insertion 2 (AtPolIB-�ins2) showed
a FRET response that is dependent on protein concentra-
tion, albeit with less efficiency compared to an unmodified
AtPolIB exo− (Figure 5B). Thus, the FRET experiments
suggest that AtPolIB variants harboring deletions in inser-
tions 1 and 3 are inefficient in MMEJ (Figure 5B). To cor-
roborate this result, we performed MMEJ reactions on a
pssDNA-8 substrate. As expected, a product band of 58 nts
was observed in reactions incubated with AtPolIB exo− and
AtPolIB-�ins2. In contrast, no product was synthesized in
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Figure 4. AtPolIs performs MMEJ in short homologous sequences at physiological MgCl2 concentrations and template synapse formation by AtPolIs. (A)
MMEJ assays using three MgCl2 concentrations (2, 6 and 10 mM) in psDNA templates with microhomologies ranking from 2 to 8 nts. MMEJ reactions
were incubated in the absence of MgCl2 (odd numbers) and with the indicated MgCl2 concentration (even numbers). A defined MMEJ product band
of 54 nts is observed in reactions incubated with 2 mM MgCl2 on a pssDNA-6 substrate (lanes 6) whereas this product is hardly observed in reactions
incubated with 6 and 10 mM MgCl2 (lanes 14 and 22). Reactions incubated with pssDNA-2 and pssDNA-4 do not generate a MMEJ product at any metal
concentration. (B) Changes in the intensity of fluorescence indicative of the formation of a Cy3–Cy5 intermediate upon incubation of AtPolIs. The relative
fluorescence increases in relation to the amount of added of exonuclease deficient AtPolIA and AtPolIB. Experiments were performed in triplicate and the
graph shows the mean and the standard deviation. (C) SEC-MALS analysis of the oligomerization state of AtPolIB exo- in the absence and presence of
DNA substrate. The chromatogram shows the readings of the light scattering for the molecular mass standards and AtPolIB exo- incubated in the presence
and absence of DNA. The molecular mass of the standards is indicated by roman numbers: I) blue dextran (2 000 000 Da), II) thyroglobulin (669 000 Da),
III) ferritin (440 000 Da), IV) aldolase (158 000 Da), V) conalbumin (75 000 Da), and ovoalbumin (43 000 Da).

samples incubated with AtPolIB exo− mutants harboring a
deletion in insertions 1 and 3 (Figure 5C). Therefore, only
an AtPolIB exo− mutant harboring a deletion in insertions
2 is able to execute MMEJ, although their products are dif-
ferent from the wild-type AtPolIB.

To further corroborate the role of insertions 1 and 3
in MMEJ, we constructed a shortened version of deletion
1 (�599–610) and point mutations to alanine of individ-
ual lysine and arginine residues in this loop. We also con-
structed a point mutant in residue K866 located in loop 3.
An MMEJ reaction using those mutant polymerases, show

that a shorted version of loop 1 decreases MMEJ forma-
tion by ∼90% and individual K590A and K593A mutations
also decrease the amount of MMEJ product to 20 and 50%
of the consumed substrate (Figure 5D, lanes 5, 6, 7). Inter-
estingly an alanine mutant of residue K866 also decreases
MMEJ formation by MMEJ by nearly 40% (Figure 5D,
lane 13).

AtPolIB-�ins2 primarily generates a product of approx-
imately 42 nts that correlates with the necessity to dis-
place the 5′-end of the primer stand corresponding to
the opposite template (Figures 5C and 3C). AtPolIs har-
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Figure 5. MMEJ by AtPolIs is mediated by unique amino acid insertions in their polymerization domain. (A) Homology model showing the predicted
localization of the unique insertions in the polymerization domain of AtPolIB. Insertions 1 and 2 are located at the thumb subdomain (green and red
colored, respectively), whereas insertion 3 (cyan colored) is located at the palm subdomain. A representative structure of mutant polymerases showing
individual deletions is present. (B) FRET assay using exonuclease deficient AtPolIB and exonuclease deficient deletion mutants. AtPolIB and AtPolIB-
�ins2 generate a concentration-dependent change in the relative fluorescence, whereas incubation with AtPolIB-�Ins1 and AtPolIB-�Ins3 do not have an
effect on the relative fluorescence. Data show the mean of three independent experiments. (C) MMEJ reaction assays using AtPolIB deletion mutants on a
pssDNA-8 substrate. A MMEJ product is observed upon incubation with full-length (FL) AtPolIB (lane2), in contrast AtPolIB-�Ins1 and �Ins3 mutants
(�1 and �3) are severely deficient in MMEJ product formation (lanes 3 and 5), AtPolIB-�Ins2 forms the expected MMEJ product reaction products
of 56 and of lower molecular weight products (lane 4) that correlate with the observed strand-displacement deficiency of this mutant (lane 4). (D and E)
MMEJ reactions by point and deletion mutants in loops 1 and 3. A short deletion of 11 amino acids (599–610) in loop 1 abolishes MMEJ formation (lane
5). Point mutants K590 and K593A in loop 1 decrease MMEJ formation by 20 and 50% respectively, whereas a point mutant. K886A (loop 3) decrease
MMEJ formation by 35%. MMEJ formation is quantified as the percentage of MMEJ product (P) in relation to the total amount of product and substrate
(P+S). The graphical representation shows the mean of three independent experiments. (F) Denaturing polyacrylamide gel showing a time course reaction
(from 1 to 4 minutes) by AtPolIB exo- and deletion mutants on a gapped-substrate. The six-nucleotides gapped DNA substrates, the length of the primer
(24-mer), the expected maximal extension (30-mer) before strand-displacement and the full-length strand-displacement (65-mer) are indicated in the left
side of the figure.

bor strong strand-displacement capabilities (40,42), mu-
tant AtPolIs harboring a deletion in loop 1 abolish strand-
displacement on a 1-nt gap, whereas mutant AtPolIB-�ins2
and AtPolIB-�ins3 severely decrease this property (42).
In order to investigate if the appearance of the band of
42 nts synthesized by AtPolIB-�ins2 is related to a de-
crease in strand-displacement, we compare the efficien-
cies for strand-displacement on a 6-nt gap for all deletion
mutants. Nucleotide incorporation by AtPolIB-�ins2 and
AtPolIB-�ins3 is halted two and four nucleotides after the
5′-end of the blocking DNA strand (32- and 34-mer prod-
ucts) (Figure 5F, lanes 8 and 11). The ability of AtPolIB-
�ins2 to displace two nucleotides correlates with the ob-
served MMEJ product of approximately 42 nts (32 nts from
the primer, 8 nts for extension in trans and 2 nts due to
strand-displacement) show on a pssDNA-8 substrate (Fig-
ure 5C). The presence of the 42 nts band by AtPolIB-�ins2
supports the ability of AtPolIs to assemble a synapse in

trans as a product mediated by snap-back replication would
not be affect by the decrease in strand-displacement.

AtPolIs execute MMEJ on mismatched substrates

Analysis of microhomologous sequences found in chloro-
plast DNA upon DSBs contain mismatches (30,32). This
suggests that in plastids MMEJ is executed by a DNAP able
to extend from mismatches or that the distortions generated
by a mismatch in the DNA double helix would not hamper
synapse formation and its extension. We thus, investigated
whether AtPoIls would use pssDNA substrates containing
mismatches. We assemble six substrates using six different
nucleotides annealed to the MH-8 substrate (Figure 6A and
Supplementary Table S1). The first set of substrates contain
three consecutive mismatches, one and two nucleotides be-
fore the 3′-OH end of the microhomologous sequence (sub-
strate I and II, respectively). The second set of substrates
(III and IV) contained one and two mismatches at their 3′-
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Figure 6. AtPolIA and AtPolIB execute MMEJ on mismatched substrates.
(A) Oligonucleotide substrates containing mismatches annealed to pro-
mote MMEJ. The sequence of the microhomologous sequence of the
single-stranded oligonucleotides is indicated. The mismatches are colored
in red, whereas Watson-Crick pairs are colored in white. The arrangement
includes mismatches located one and two nucleotides after the 3′-OH (I
and II), located at the 3′-OH (III and IV), and located three and four nu-
cleotides before the 3′-OH (V and VI). (B and C) MMEJ reactions executed
by exonuclease deficient AtPolIA exo- (B) and AtPolIB exo– (C) on single-
stranded substrates. The substrate without added polymerase is indicated
by a negative sign (−), whereas reactions including DNA polymerase are
indicated by a positive sign (+). The migration for substrates and MMEJ
products are indicated. (D) Denaturing acrylamide gel showing the for-
mation of MMEJ products by AtPolIB exo– on MMEJ with 3′-OH mis-
matches (substrates III and IV) annealed with the MH-8 oligonucleotide
in the presence of individual nucleotides.

OH and the third set of substrates (V and VI) contained
one and two mismatches three nucleotides before their 3′-
OH (Figure 6A). To our surprise, all substrates, including
a single mismatch (substrate III) and a double mismatch at
the 3′-OH (substrate IV) were able to generate MMEJ prod-
ucts when incubated with AtPolIs exo– (Figure 6B and C).
This result may relate to the fact that AtPolIs efficiently ex-
tend from a primer whose 3′-OH is confronted to an aba-
sic site (40) and the ability of AtPolIs to extend mismatches
in canonical primer-templates (43). Our data are congruent
with the large repertoire of microhomologous sequences,
because sequences that are not perfectly paired can be used
as substrates by AtPolIs.

We decided to investigate the ability of AtPolIB exo− to
incorporate individual nucleotides on substrates with one
and two mismatches at their 3′-OH (substrates III and IV)
(Figure 6D). On a substrate with a single nucleotide mis-
match, AtPolIB exo− incorporates three dAMP nucleotides,
in which two of them are expected to be template depen-
dent and the third one due to misincorporation (Figure 6D,
lane 1). AtPolIB exo− also misincoporates one adenine and
several cytidines possibly due to misalignment (Figure 6D,
lanes 2 and 3). On a substrate with two consecutive 3′-OH
mismatches, AtPolIB exo− incorporates a dAMP molecule
(Figure 6D, lane 6).

Plant specific DNA binding proteins AtmtSSBs, AtWhirlies
and AtOSBs bind single-stranded DNA with different affini-
ties

Organelles in Arabidopsis harbor three families of single-
stranded DNA binding proteins (AtSSBs) and each family
contains several members: A) The family of canonical mi-
tochondrial DNA binding proteins (AtmtSSB) consisting
of two members, B) Whirlies, which are composed of three
members, and C) Organellar Single-stranded DNA Bind-
ing proteins (OSB), harboring four members (Figure 6A).
AtmtSSBs contain an OB-domain follow by a C-terminal
extension, AtOSBs, contain an N-terminal OB-like domain,
followed by repeats (from one to four) of a PDF motif.
This 50 amino acid motif is responsible for ssDNA binding.
Whirlies assemble as tetramers and interact with ssDNA via
the �-sheets of neighboring subunits (30,31,49,54–56) (Fig-
ure 7A).

Members of the OSB and Whirly families decrease the
formation of illegitimate recombination products (31,54),
whereas AtmtSSB1 promotes AtRecA strand-exchange ac-
tivity (49). In order to investigate the possible role of
AtSSBs in MMEJ, we directly measured their binding affini-
ties for substrates containing ssDNAs of different lengths.
In order to correctly measure their binding affinities, we
first determined their oligomeric states. The elution pro-
files of purified AtmtSSB1, AtmtSSB2, AtOSB2, AtOSB3,
and AtWhirly2 (Figure 7B, inset) on a gel filtration col-
umn revealed that all proteins assembled as tetramers in
the absence of DNA (Figure 6B). In our binding studies,
we used the molar concentration of the tetrameric SSBs
and not the individual protomers. An EMSA on a la-
beled oligonucleotide of 70 nts illustrates the high binding
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Figure 7. Arabidopsis harbors canonical and unique SSBs. (A) Structural organization of AtmtSSBs, AtWhirlies and AtOSBs. AtmtSSB1 and AtmtSSB2
are predicted to assemble as proteins with an oligonucleotide/oligosaccharide-binding (OB)-fold and a C-terminal disorder region, AtWhirlies (1–3) con-
sists of a Whirly domain composed of two four-stranded �-sheets and two �–helices plus a disordered C-terminal extension (55,56), AtOSBs consist of an
OB-like fold followed by one to three PDF motifs (54). The structural models of AtmtSSBs and AtOSBSs highlight the structural organization of the OB-
fold domains and PDF motifs respectively. Structural modeling shows AtmtSSB1 and AtOSB1 as a dimer and monomer for clarity. The crystal structure
of AtWhirly2 is shown in combination with the superimposed ssDNA co-crystallized in whirly2 from potato. The C-terminal amino acids of Whirlys are
not present in their crystal structures and are proposed to be involved in protein-protein interactions. The AtWhirly2 structure illustrates the tetrameric
organization and DNA binding of members this protein family. (B) Gel filtration profiles of purified AtmtSSB1, AtOSB2, and AtWhirly2 (inset) on a
Superdex 75 column. Dots denote the elution profiles of molecular weight markers: thyrogloublin, � globulin, ovoalbumin and myoglobin. The elution
profiles of AtSSBs indicate their tetrameric assembly. (C) EMSA assay showing the binding of purified AtmtSSB1, AtOSB2, and AtWhirly2 to ssDNA.
Reactions were incubated with increased concentration of the tetrameric SSBs (0, 1.15, 4.125, 14.87,53.5, 192.9, 694.2 nM) and 1 nM of a 5′-32P-labeled
70-mer oligonucleotide. Binding reactions were resolved on an 8% non-denaturing polyacrylamide gel. (D) Langmuir isotherms showing the binding of
AtmtSSB1 and AtWhirly2 to AtPolIB exo− by MST.

affinity of AtWhirly2 for single-stranded DNA (Figure 7C,
lanes 9–13). This binding is consistent with previous bio-
chemical analyses of Whirly variants that bind ssDNA as
tetramers with affinity constants of approximately 5 nM
(30,55). In addition to binding as a tetramer, AtWhirly2
also forms high molecular weight complexes with ssDNA,
as previously show by Cappadocia and coworkers (57).
AtmtSSB1 forms two complexes that may correspond to
dimeric and tetrameric assemblies in comparison to the
tetrameric AtWhirly2 (Figure 7C, lanes 6 and 7). On the
other hand, AtOSB2 initially binds ssDNA with a relative
migration that corresponds to a tetrameric assembly, al-
though high molecular assemblies are formed at higher pro-
tein concentrations (Figure 7C, lanes 14–19). An interest-
ing point is the contrasting differences for ssDNA binding
between plant SSBs. AtmtSSBs needs to be in a molar ex-
cess of 694-fold to shift all the 70-mer, whereas AtOSB2
and AtWhirly2 need to be in 53-fold excess (Figure 6C).
Given these contrasting binding profiles, we measured the

binding affinities for AtmtSSB1, AtOSB2 and AtWhirly2
on pssDNA-10 and ssDNA45-mer substrates using fluores-
cence anisotropy (Table 1). AtOSB2 and AtWhirly2 bind
to a pssDNA-10 substrate with dissociation constants (Kd)
of 8 and 22 nM respectively, whereas AtmtSSB1 was un-
able to bind to this substrate (Table 1). On the other hand,
AtmtSSB1, AtOSB2, and AtWhirly2 bonded to a ssDNA
45-mer substrate with Kds of 62.8, 11.7 and 8.2 nM, re-
spectively (Table 1). These values approximate the reported
values for AtWhirly2 (30) and AtOSB2 (54). The EMSA
and anisotropy experiments thus indicate that the binding
affinity of AtmtSS1 for ssDNA substrates is weaker than
the binding affinities of AtOSB2 and AtWhirly2.

AtmtSSB1, but not AtOSB2 and AtWhirly2, interact with
AtPolIB with affinity constant similar to canonical repli-
somes

Several SSBs bind to their cognate DNA polymerases by
virtue of their exposed C-terminal amino acids. In order
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Table 1. Dissociation constants of plant organellar SSBs in pssDNA and ssDNA templates

pssDNA-10 Oligomeric State in solution ssDNA-45 mer Oligomeric State in solution

Protein Kd (nM) Kd (nM)
AtmtSSB1 –– 62.8 ± 3.6 (tetramer)
AtOSB2 8.6 ± 0.46 (tetramer) 11.7 ± 2.2 (tetramer)
AtWhirly2 22.1 ± 1.3 (tetramer) 8.2 ± 0.19 (tetramer)

*Dissociation constant were determined by three independent experiments.

to investigate if AtSSBs interact with the plant organellar
DNA polymerases, we evaluated a potential interaction be-
tween AtSSBs and AtPolIB exo− by MST. We found that
AtPolIB exo− interacts with AtmtSSB1 with an affinity con-
stant of 1.48 �M. This affinity constant is similar to the 1.6
�M interaction between T7 DNA polymerase and T7 SSB
in the absence of thioredoxin and the 1.6 �M interaction be-
tween DNAP III and SSB from E. coli (58,59). In contrast,
AtWhirly2 at a concentration of 250 �M (6 mg/ml) is not
able to saturate a binding isotherm, suggesting that the ob-
served interaction is non-specific or that is larger than 250
�M. AtOSB2 shows no observable binding to AtPolIB exo−
(Figure 7D).

AtWhirlies and AtOSBs decrease MMEJ on long ssDNA
templates

Whirlies and OSBs are proposed to compete for a partially
resected DSB and prevent MMEJ in organelles (31,54).
In order to obtain biochemical evidence for this hypoth-
esis, we performed MMEJ reactions using pssDNA with
microhomologies of 8 nts, but with extra single-stranded
DNA sequences that ranked from 0 to 65 nts. In these re-
actions, we used a 50-fold molar excess of tetrameric puri-
fied SSBs (AtmtSSB1, AtmtSSB2, AtOSB2, AtOSB3, and
AtWhirly2) and 5-fold AtPolIB with respect to pssDNAs
(Figure 8A and B). In reactions incubated using the micro-
homology of 8 nts without an extra single-stranded DNA
segment, pssDNA-8(0), the presence of SSBs did not have
an effect on MMEJ formation by AtPolIB (Figure 8A, lanes
1–7). The lack of MMEJ inhibition on a pssDNA-8(0) cor-
relates with the absence of binding for SSBs to this sub-
strate (30) a (Table 1) and also indicates that the presence of
SSBs does not inhibit MMEJ by AtPolIB. When 4 nts were
added to the microhomologous sequence of 8 nts (pssDNA-
8(4)), AtOSB2 and AtWhirly2 completely hampered MMEJ
formation (Figure 8A, lanes 12 and 14). Inhibition by
AtOSB2 and AtWhirly2 on a pssDNA-8(4) substrate, but
not by AtmtSSB1 or AtmtSSB2, correlates with the bind-
ing of AtOSB2 and AtWhirly2 to a pssDNA-10 substrate
(Table 1). The presence of AtOSB3, but not AtmtSSB1
and AtmtSSB2, in substrates with single-stranded DNA
regions of 43 (pssDNA-8(35)) and 73 (pssDNA-8(65)) nu-
cleotides decreased product formation in pssDNA-8(35) and
pssDNA-8(65) substrates (Figure 8B). The lack of inhibition
for AtmtSSB1 and AtmtSSB2 on longer partially single-
stranded substrates was observed even with reactions incu-
bated with 200-fold molar excess of those proteins with re-
spect to the ppsDNA template (Supplementary Figure S2).
The binding affinity of AtmtSSB1 for a 70-mer ssDNA sub-

strate is approximately five times weaker than the binding
affinity of AtOSB2 and AtWhirly2, so the lack of MMEJ
product formation by AtPolIs in reactions incubated with
AtmtSSBs is not explained by a lack of binding to single-
stranded DNA.

MMEJ on long substrates is favored over exonucleolysis in-
dependently of the presence of mtSSBs

MMEJ reactions incubated with substrates containing
longer single-stranded DNA regions of 43 and 73 nu-
cleotides were more efficiently used than substrates with
short regions (Figure 8A and B). Canonical SSBs re-
cruit several enzymes to DNA replication forks via their
acid C-terminal extension (60,61) and AtmtSSB1 inter-
acts with AtPolIB with similar affinities to the interac-
tions observed in other replisomes (Figure 8D). We there-
fore tested whether the presence of AtmtSSBs would pro-
mote MMEJ by wild-type AtPolIs in substrates with long
single-stranded DNA regions. We used substrates with in-
creased single-stranded DNA regions of 12, 43 and 73 nu-
cleotides while maintaining a microhomology region of
8 nts (pssDNA-8(4), pssDNA-8(35) and pssDNA-8(65)) in
the presence of increased concentrations of AtmtSSB1 and
AtmtSSB2 and exonuclease proficient AtPolIB (Figure 8C–
E). In a pssDNA-8(4) substrate, AtPolIB executed MMEJ
in the presence and absence of mtSSBs with similar effi-
ciencies and most of the substrate was degraded to 15- or
a 16-mer (Figure 8C). A comparison between the amount
of MMEJ product synthesized by exonuclease deficient At-
PolIB and the exonuclease active form of the enzyme on
the pssDNA-8(4) substrate shows that AtPoIlB exo- con-
verts approximately 80% of the substrate to a MMEJ prod-
uct, whereas wild-type AtPolIB converts <10% of the sub-
strate to a MMEJ product in the absence of AtmtSSB1 (Fig-
ure 8C, lanes 2 and 3). In pssDNA-8(35) and pssDNA-8(65)
substrates, the exonucleolytic degradation by wild-type At-
PolIB substantially decreased independent of the presence
or absence of AtmtSSBs (Figure 8D and E). MMEJ reac-
tions incubated with a pssDNA-8(35) substrate exhibited al-
most no difference when incubated with exonuclease defi-
cient or exonuclease proficient AtPolIB (Figure 8D, lanes
2 and 3) and the addition of AtmtSSBs had no effect on
MMEJ (Figure 8D, lanes 4–11). Reactions incubated with
wild-type AtPolIB generate a predominant MMEJ product
of 110 nts and a minimal amount of exonucleolytic products
that accumulate as 15 or 16-mers (Figure 8D, lanes 3–11). A
similar decrease of the exonuclease degradation products by
wild-type AtPolIB is also observed in reactions incubated
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Figure 8. AtSSBs and single-stranded length of the DNA break regulate MMEJ. (A, B) Unique SSB from plant organelles hamper MMEJ on substrates
with single-stranded regions longer than 8 nts. MMEJ formation by AtPolIs in the presence of plant SSBs (AtmtSSB1, S1; AtmtSSB2, S2; AtOSB2, O2;
AtOSB3, O3; and AtWhirly2, W2) in MMEJ substrates with a constant microhomologous sequence of 8 nts, but varying single-stranded regions of 8 (panel
A, lanes 1 to 7),12 (panel A, lanes 8–14) 43 (panel B, lanes 1–7) and 73 nts (panel B, lanes 8–14). The length of the MMEJ, single-stranded region and
total oligonucleotide length of the substrates are indicated in the upper part of the panel. The length of the substrates and MMEJ products are indicated
by arrows. (C–E) Wild-type AtPolIA and AtPolIB execute MMEJ with minimal exonucleolysis on substrates with single-stranded regions longer than 16
nts. (C) MMEJ reaction by AtPolIA (lanes 3–6) and AtPolIB (lanes 7–11) on a pssDNA with 8 bases of microhomologous sequence and 8 extra-bases of
single-stranded DNA. The labeled substrate is indicated in lane 1 and the MMEJ product by and exonuclease deficient AtPolIB is shown in lane 2. (D and
E) As in C, but with a substrate containing 35 nts or 65 nts of extra single-stranded DNA respectively.
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with a pssDNA-8(65) substrate in the presence and absence
of AtmtSSBs (Figure 8E).

DISCUSSION

Here we demonstrate that organellar DNA polymerases
from the plant model A. thaliana, AtPolIs, efficiently per-
form MMEJ on partially resected DSBs longer than 6 nts,
proving an explanation for DSBs repair with MMEJ signa-
tures in plant organelles (12,29,31,32). MMEJ requires the
formation of a synapse between DNA strands to join oth-
erwise unstably paired microhomologous sequences, while
creating a 3′-OH necessary for nucleotide incorporation and
extension. Short microhomologous sequences could tran-
siently pair, however these intermediates are short-lived. At-
PolIs in comparison to KF DNAP I is able to stabilize these
intermediates and used them as substrates. AtPolIs harbor
three unique amino acid insertions in their polymerization
domain (35,37) and within these insertions, insertion 1 is
indispensable for MMEJ. Thus, AtPolIs and HsPol� con-
verged in the use of insertions for MMEJ and lesion bypass
(21,40).

Mismatches are an abundant feature in DSBs repaired by
MMEJ in plant organelles. For example, the Brisson group
showed that 91 out of 158 induced MMEJ rearrangements
in plastid DNA contain mismatches (30). Thus, the machin-
ery responsible to execute MMEJ in plant organelles must
be able to extend from mismatches. The fact that AtPolIs
can efficiently anneal and extend from microhomologus se-
quences harboring mismatches at their 3′-OH, supports the
notion that these enzymes are biochemically equipped to
execute MMEJ in plant organelles. In contrast to HsPol�,
AtPolIs contain an active exonuclease domain and its mod-
ulation should be essential for MMEJ in vivo. In substrates
that contain a short single-stranded region, i.e. less than
12-nts, AtPolIs exonucleolytic degradation is preferred over
MMEJ. An increase in the length of the single-stranded re-
gion, however, promotes MMEJ at levels in which exonu-
clease deficient and wild-type AtPolIs execute MMEJ with
similar efficiencies. We speculate that the presence of extra
nucleotides generates a binding platform for AtPolIs that
promotes synapse formation (Figure 8D and E). The abil-
ity of exonuclease proficient AtPolIs to carry out MMEJ on
substrates with long single-stranded regions with the same
efficiency that exonuclease deficient AtPolIs reinforces the
notion of the functional relevance of these enzymes to exe-
cute MMEJ in organello.

Arabidopsis plants harboring T-DNA insertion mutants
in why and osb1 genes accumulate DSBs that are repaired
via MMEJ and an increase of ectopic recombination prod-
ucts (30,54). As MMEJ and ectopic homologous recom-
bination are driven by annealing of short single-stranded
DNA sequences, we analyzed the effect of AtmtSSBs, At
Whirly2 and AtOSBs in MMEJ by AtPolIB. Whirlies and
AtOSBs are proposed to counter MMEJ and ectopic ho-
mologus recombination by binding to 3′-OH resected ends
(10,30,62). This binding is predicted to hamper the an-
nealing of the microhomologous or short-homologous se-
quences. We demonstrated that the presence of AtWhirly2
and AtOSBs in templates containing single-stranded re-
gions longer than 12 nts hampers MMEJ. AtOSB3 is un-

able to prevent MMEJ on a pssDNA with a single-stranded
region of 12 nts, but efficiently hampers MMEJ on longer
substrates (Figure 8A and B). This differential correlates
with the presence of an extra PDF domain, suggesting that
AtOSB3 needs a larger nucleotide length for binding (10).

AtmtSSB, AtWhirly2, and AtOSBs, bind single-stranded
DNA and pssDNA substrates with different affinities
(10,30,31,54) (Figure 8 and Table 1). Only AtWhirly2 and
AtOSBs, however, completely block MMEJ by AtPolIs. The
latter suggests that the concentration of AtmtSSBs needed
to block MMEJ is much higher because of its weaker affin-
ity for ssDNA, that AtmtSSBs easily dissociate from DNA,
or that AtmtSSBs physically interact with AtPolls and dis-
places these proteins. The weak binding for ssDNA by
mtSSB is observed for other proteins from the same family
that have micromolar affinities for ssDNA binding (63). A
weak binding of the plant organellar OB-fold maybe related
to the modular structure of AtOSBs, in which their PDF do-
mains are responsible for binding to single-stranded DNA
and their associated OB-fold domain does not contribute to
ssDNA binding (54).

MMEJ inhibition by AtOSBs and Whirlies is in agree-
ment with previous models explaining the fate of ge-
nomic DNA upon DSBs in plant organelles (10,30,62,64).
Plant organelles harbor a bacterial RecA orthologue
that mediates homologous recombination and a Rad52-
like single-stranded annealing protein, dubbed organel-
lar DNA-binding protein 1 (ODB1). ODB1 has been
proposed to direct SSBs displacement from single-strand
DNA regions and promotes loading of RecA (10,65,66).
In plant organelles, U-turn-like rearrangements are me-
diated by microhomologies. The absence of whirlies and
AtRecA in Arabidopsis increases the amount of U-turn-
like rearrangements (67). Zampini and coworkers postu-
late that RecA promotes accurate fork restart suggest-
ing that in the absence of whirlies the single-stranded 3′-
OH of a collapsed replication fork anneals to an opposite
strand generating U-turn-like rearrangement (67). Based
upon our biochemical results and previous genetic analy-
sis (6,11,27,28,32,54,65,67), we propose a model in which
AtOSBs and AtWhirlies limit MMEJ by blocking the ac-
cess of a single-stranded 3′-OH to AtPolIs or AtmtSSBs.
AtmtSSBs binding to the 3′-OH may result in recruiting At-
PolIs or the HR machinery, and MMEJ would be favored
only if AtPolIs reach the end of partially resected 3′-OH
(Figure 9). If the proposed block of the single-stranded 3′-
OH is limited by the absence of whirlies and HR is impaired
by lack of AtRecA, other DNA repair routes like MMEJ
would mediate DSB repair.

Both AtPolIA and AtPolB execute MMEJ, suggesting
that in vivo MMEJ is executed by both polymerases. This
contrasts with the role of AtPolIB in preventing MMEJ
rearrangements in chloroplasts proposed by Parent and
coworkers (29). A plausible explanation for the increase of
MMEJ rearrangements in T-DNA insertion lines inactivat-
ing AtPolIB may lie in a differential in lesion bypass abil-
ities between AtPolIA and AtPolIB. For instance, if At-
PolA possesses less efficient lesion bypass than AtPolIB, or-
ganellar DNA replication under the sole presence of AtPo-
lIA would have a greater tendency to collapse generating
double-stranded breaks. Alternatively, it is possible that At-
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Figure 9. Proposed model for DSBs fate in plant organelles. Microhomology-mediated end-joining or Homologous Recombination is driven by the access
of single-stranded binding proteins to a 3′-OH single-stranded end. Resected single-strand DNA regions with microhomologous (yellow) and long homol-
ogous (blue) sequences are produced upon DSBs. Plant SSBs and AtPolIs compete to bind the 3′-OH of a resected end. If single-stranded biding proteins
AtOSBs or AtWhirlies bind to a resected end, they block the access to canonical AtmtSBB and AtPolIs. Binding of mtSSBs would promote MMEJ if
sufficient AtPolIs is available to react with them. Conversely recruitment of RecA to a 3′-OH of a resected end would drive homologous recombination.

PolIB, but not AtPolIA, interacts with components of the
HR machinery (29). Although the latter scenario is spec-
ulative, our data reveal that MMEJ in plant organelles is
driven by a unique family of DNAPs. The presence of these
polymerases, instead of metazoan DNAP � , may account
for the numerous MMEJ events in plant organelles. AtPo-
lIs are functionally analogous to HsPol�, in both lesion by-
pass and MMEJ. The functional similarities between AtPo-
lIs and HsPol� are and example of protein convergence in
which nature has used amino acid insertions to decorate the
active site of family-A DNA polymerases and execute novel
DNA transactions.
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Abstract
Background: Vasoinhibin, a protein derived from prolactin, 
regulates various vascular functions including endothelial 
cell survival. Of note, vasoinhibin is present in the central 
nervous system, where it triggers neuroendocrine and be-
havioral responses to stress. Moreover, vasoinhibin compro-
mises nerve growth factor (NGF)-induced neurite outgrowth 
in primary sensory neurons of the peripheral nervous sys-
tem. Nonetheless, information on the functions of vasoin-
hibin in developing neurons remains limited. The present 
study explored whether vasoinhibin affects the neurotroph-
ic actions of NGF by measuring the cell differentiation and 
survival of PC12 pheochromocytoma cells. Methods: The ef-
fects of recombinant or lentiviral vector-transduced human 
vasoinhibin were tested on differentiating PC12 cells. Neu-
rite outgrowth was quantified by measuring their length and 
density. The MTT assay was employed to assess cell viability, 
and ELISA was used to quantify DNA fragmentation as an 
index of apoptosis. Phosphorylated Akt and ERK1/2 were an-
alyzed by Western blotting. Results: The addition of a hu-
man recombinant vasoinhibin, and the transduction of a len-
tiviral vector carrying a human vasoinhibin sequence, sig-
nificantly reduced NGF-induced neurite outgrowth, cell 

survival, and phosphorylation of Akt and ERK1/2, and in-
creased DNA fragmentation and caspase 3 activation in 
PC12 cells. Conclusions: Vasoinhibin downregulates NGF-
induced differentiation and survival of PC12 cells, blocking 
tropomyosin receptor kinase A-triggered signaling path-
ways and increasing apoptosis. These results establish that 
vasoinhibin interaction with NGF and other neurotrophins 
may be critical in mediating pathways involved in neuronal 
survival and differentiation. © 2019 S. Karger AG, Basel

Introduction

Vasoinhibin is an endocrine and autocrine/paracrine 
factor that downregulates blood vessel growth and func-
tion and upregulates inflammatory responses [for re-
views see 1–3]. Vasoinhibin, previously referred to as “16-
kDa PRL,” is a posttranslational N-terminal cleavage 

Z. Melo and X. Castillo contributed equally and thus share first au-
thorship.
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product of prolactin (PRL), ranging in molecular mass 
between 11 and 18 kDa depending on the proteases in-
volved in its generation, which include cathepsin D [4, 5], 
matrix metalloproteinases [6], and bone morphogenetic 
protein 1 [7]. Vasoinhibin antagonizes the angiogenesis, 
vasopermeability, and vasodilation induced by vascular 
endothelial growth factor and other vasoactive com-
pounds [for reviews see 1–3] via a direct action on endo-
thelial cells. Likewise, vasoinhibin stimulates inflamma-
tory reactions in fibroblasts [8, 9].

Recent studies have revealed a diversity of roles for va-
soinhibin beyond the vascular system. Nonetheless, in-
formation on the functions of vasoinhibin in the nervous 
system remains limited. Vasoinhibin operates in the cen-
tral nervous system (CNS) and peripheral nervous sys-
tem. Vasoinhibin was detected in the rat hypothalamus 
[10–12], specifically in the hypothalamic paraventricular 
and supraoptic nuclei, where it appears to function as a 
stimulator of vasopressin release [13] and as a functional 
inhibitor of vascular endothelial growth factor, whose ex-
pression is particularly high at these sites [10, 14]. Fur-
thermore, the intracerebroventricular administration of 
vasoinhibin promotes behaviors associated with anxiety 
and depression [12], suggesting neuropeptide-like func-
tions for vasoinhibin within the CNS. Recent studies on 
the peripheral nervous system have revealed direct ac-
tions of vasoinhibin on primary sensory neurons, includ-
ing the inhibition of some neurotrophic actions of nerve 
growth factor (NGF), such as neurite outgrowth [15].

NGF is the prototypic member of the family of neuro-
trophins or neurotrophic factors [16] that control a vari-
ety of developmental and functional processes of the ner-
vous system [for review see 17], including regulation of 
neuronal proliferation, survival, differentiation, and plas-
ticity [18]. The signaling pathways involved in NGF-in-
duced neuronal differentiation and survival have been ex-
tensively studied in PC12 pheochromocytoma cells [19, 
20]. NGF exerts these effects through binding to two 
transmembrane receptors: the high-affinity tropomyosin 
receptor kinase A (TrkA) and the low-affinity p75. In the 
presence of NGF, TrkA and p75 form a cooperating re-
ceptor complex [21, 22]. TrkA receptor signaling involves 
initiating the phosphatidylinositol 3-kinase (PI3K)/Akt 
and the mitogen-activated protein kinase (MAPK)/extra-
cellular signal-regulated kinase 1/2 (ERK1/2) pathways 
[18]. Activation of the PI3K/Akt axis is essential for NGF-
specific protection of neuronal cells from apoptosis [23] 
and neuronal differentiation [24], while activation of the 
MAPK/ERK1/2 pathway appears to be critical for the 
NGF-induced neuronal differentiation of PC12 cells [25].

As mentioned earlier, vasoinhibin interferes with 
neurite outgrowth triggered by the binding of NGF to 
the TrkA/p75 receptor complex in dorsal root ganglion 
neurons [15]. Therefore, it is important to investigate 
the functional interaction of vasoinhibin with NGF, as 
well as their putative signaling cross-talk. If the hypoth-
esis that vasoinhibin interferes with TrkA signaling is 
true, vasoinhibin would suppress NGF signaling and in-
hibit some of its neurotrophic actions. In this study, we 
present evidence that a recombinant human vasoinhib-
in, or the transduction of a human vasoinhibin with a 
lentiviral vector, markedly attenuated the differentiat-
ing effect of NGF in cultured PC12 cells, as revealed by 
the inhibition of neurite extension. Likewise, vasoinhib-
in blocked the prosurvival properties of NGF in serum-
deprived PC12 cells. NGF treatment resulted in the res-
cue of cell survival in serum-deprived PC12 cells, sug-
gesting that vasoinhibin might partially cross-talk with 
the signaling pathways triggered by NGF activation of 
TrkA receptors. Indeed, vasoinhibin blocked the NGF-
induced phosphorylation/activation of Akt and ERK1/2. 
Also, vasoinhibin reversed the antiapoptotic effects of 
NGF in serum-deprived PC12 cells. These findings re-
veal the inhibitory effect of vasoinhibin in the down-
stream action of neurotrophin signaling and provide 
novel insights into the functional role of vasoinhibin in 
the nervous system.

Materials and Methods

Cell Culture
PC12 cells (American Type Culture Collection, Manassas, VA, 

USA) were cultured and maintained in RPMI-1640 medium sup-
plemented with 10% heat-inactivated horse serum, 5% heat-inac-
tivated fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 
and 100 µg/mL streptomycin. Cells were routinely grown in 25 cm2 
tissue culture dishes (Corning, New York, NY, USA) at 37  ° C in a 
humidified atmosphere containing 5% CO2, and the medium was 
changed every 3 days [26]. The cell culture reagents and sera were 
purchased from Thermo Fisher Scientific, Waltham, MA, USA.

Cell Differentiation and Treatment
For NGF-induced differentiation into neuron-like cells, PC12 

cells were cultured in serum-free RPMI-1640 medium supple-
mented with NGF-β (Sigma-Aldrich, St. Louis, MO, USA). In or-
der to investigate the effects of vasoinhibin upon NGF-induced 
neurite outgrowth, i.e., increased cell viability and decreased apop-
tosis, some PC12 cell cultures were treated with a recombinant 
vasoinhibin containing the first 123 amino acids (aa) of the human 
PRL sequence and a tail of 7 histidines, generated as previously 
described [27]. In addition, NGF actions were also tested in PC12 
cells transduced with a lentiviral vector expressing human vasoin-
hibin.
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Generation of Vasoinhibin-Expressing PC12 Cells
Stable expression of vasoinhibin and green fluorescent protein 

(GFP) in PC12 cells was achieved by lentiviral transduction. To 
generate the lentiviral genome, the GFP gene from the self-inacti-
vating pHR-SIN SEWe plasmid [28], kindly provided by PhD 
Brendel, Boston Children’s Hospital, was substituted with a hu-
man 123-aa vasoinhibin sequence amplified by PCR from the full-
length human PRL cDNA including the signal peptide from an 
existing construct [29]. Vasoinhibin- and GFP-expressing lentivi-
ral vectors pseudotyped with vesicular stomatitis virus G glycopro-
tein were produced by transient cotransfection on HEK 293T cells, 
as described elsewhere [30]. Cell-free viral supernatants were con-
centrated and titrated by real-time PCR. To transduce the PC12 
cells, 1 × 104 undifferentiated cells were seeded in 6-well plates in 
1 mL of RPMI-1640 medium supplemented with 10% heat-inacti-
vated horse serum, 5% heat-inactivated fetal bovine serum, 2 mM 
glutamine, 100 U/mL penicillin, and 100 µg/mL streptomycin, in-
oculated with 1 × 105 viral particles of the vasoinhibin- or GFP-
expressing lentiviral vectors (MOI of 1), and cultured at 37  ° C in a 
humidified atmosphere containing 5% CO2 for 72 h.

Neurite Outgrowth Analysis
To measure neurite outgrowth, 1 × 104 wild-type PC12 cells 

and PC12 cells transduced with lentiviral vectors expressing either 
GFP or vasoinhibin were seeded in 12-well plates coated with po-
ly-L-lysine and cultured in serum-free RPMI-1640 medium sup-
plemented with 2 mM glutamine, 100 U/mL penicillin, and 100 µg/
mL streptomycin. Cells were treated for either 1, 3, 5, or 7 days with 
NGF (50 ng/mL) with or without vasoinhibin (10 nM). Phase-con-
trast photographs were registered every day at the same time using 
an Olympus IX51 Inverted Microscope (Olympus, Tokyo, Japan) 
and a QImaging micropublisher 3.3 RTV camera (QImaging, Sur-
rey, BC, Canada). Ten fields containing a total of at least 100 cells 
were randomly chosen for neurite growth assay. Cell processes 
longer than the cell body’s diameter were counted as neurites. The 
length of the longest neurite was traced using ImageJ software 
(NIH, Bethesda, MD, USA) [31].

MTT Assay of Cell Viability
Cell viability was assessed by measuring the reduction of MTT 

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 
to produce a dark-blue formazan product. Wild-type PC12 cells 
and PC12 cells transduced with lentiviral vectors expressing either 
vasoinhibin or GFP were seeded in triplicate in flat-bottom 96-well 
plates (Corning) at a density of 1 × 104 cells/well. Cells were cul-
tured in RPMI-1640 medium with or without serum and exposed 
to NGF (50 ng/mL), vasoinhibin (10 nM), or their combination for 
7 days. MTT (Sigma-Aldrich) was added to each well to a final 
concentration of 500 µg/mL, and incubation continued for 4 h at 
37  ° C. The resulting formazan product was solubilized using a de-
tergent reagent (0.4 N HCl and 10% SDS) in the dark for 2 h at 
room temperature, and absorbance was measured at 570 nm. The 
results are expressed as percent of absorbance relative to control 
cells cultured with serum. Each experiment was repeated 3 times.

TUNEL and Cleaved Caspase 3 Immunofluorescence Analysis 
of PC12 Cell Apoptosis
PC12 cells were cultured on 18-mm glass coverslips pretreated 

with poly-L-lysine, and exposed 24 h later to NGF (50 ng/mL), va-
soinhibin (10 nM), or a combination of both, in the presence or 

absence of serum. After 7 days, the cells were fixed with 4% para-
formaldehyde for 1 h at room temperature and washed twice with 
1× PBS. Apoptosis was detected by the TUNEL method using the 
In Situ Cell Death Detection Kit (Roche Diagnostics, Risch-Rot-
kreuz, Switzerland). Blockage of nonspecific binding sites was 
achieved by incubation in 1× PBS, 0.05% Triton X-100, 1% bovine 
serum albumin, and 5% normal goat serum during 1 h. Immuno-
staining was carried out overnight at 4  ° C in PBS containing 1% 
bovine serum albumin, 0.05% Triton X-100, and polyclonal anti-
cleaved caspase 3 (1: 200 dilution; Millipore, Burlington, MA, 
USA). The samples were then washed 3 times with PBS and incu-
bated in a PBS solution containing an anti-rabbit IgG conjugated 
to Alexa 546 (1: 500 dilution; Invitrogen, Eugene, OR, USA). The 
PC12 cells were mounted with VECTASHIELD mounting medi-
um with DAPI (Vector Laboratories, Burlingame, CA, USA). The 
preparations were maintained at 4  ° C until observation with a Zeiss 
LSM 510 Confocal Microscope (Zeiss, Feldbach, Switzerland).

DNA Fragmentation Analysis of PC12 Cell Damage
PC12 cell apoptosis was also assessed using a cell death detec-

tion ELISA (enzyme-linked immunosorbent assay kit; Roche Ap-
plied Science, Penzberg, Germany) to measure the fragmentation 
of DNA. Wild-type PC12 cells were seeded in triplicate in 48-well 
plates (Corning) at a density of 1 × 105 cells/well. The cells were 
cultured in RPMI-1640 medium with or without serum and ex-
posed to NGF (50 ng/mL) alone or in combination with vasoin-
hibin (10, 100, or 1,000 nM). After 48 h, the cells were lysed and 
processed according to the manufacturer’s instructions.

Western Blot Analysis
For analysis of protein phosphorylation, wild-type PC12 cells 

and PC12 cells transduced with lentiviral vectors expressing either 
vasoinhibin or GFP were incubated for 10 min in serum-free 
RPMI-1640 medium supplemented with 50 ng/mL NGF, and an-
alyzed for phospho-Akt, Akt, phospho-ERK1/2, and ERK1/2. The 
cells were lysed at 4   ° C in TNTE buffer (150 mM NaCl, 1 mM 
EDTA, and 0.5% Triton X-100, supplemented with protease in-
hibitors: 2 mM leupeptin, 1.5 mM pepstatin A, 1.4 mM E-64, 4 mM 
bestatin, 80 µM aprotinin, and 1 mM phenylmethylsulfonyl fluo-
ride [Sigma-Aldrich] in 50 mM Tris buffer, pH 7.4). The proteins 
separated by SDS-PAGE 12% gel electrophoresis were then trans-
ferred onto a nitrocellulose membrane. The membranes were 
blocked with 5% nonfat skimmed milk in TBST buffer (20 mM 
Tris-HCl, pH 7.6, 137 mM NaCl, and 0.01% Tween 20) for 1 h at 
room temperature, followed by incubation with primary antibod-
ies against phosphorylated ERK, phosphorylated Akt, ERK, or 
Akt. After extensive washing with TBST, the membrane was rep-
robed with 1: 3,000 horseradish peroxidase-linked anti-rabbit or 
anti-mouse immunoglobulin in 5% nonfat skim milk-TBST for 40 
min at room temperature. Immunoblots were visualized by en-
hanced chemiluminescence (SuperSignal West Femto Chemilu-
minescent Substrate; Thermo Fisher Scientific) according to the 
manufacturer’s protocol. All experiments were repeated at least 3 
times.

Statistical Analysis
All values are expressed as means ± SEM. Statistical signifi-

cance was determined by one-way ANOVA, followed by Bonfer-
roni’s multiple-comparison post hoc test, with p < 0.05 considered 
statistically significant.
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Results

Vasoinhibin Inhibits NGF-Induced Neurite 
Outgrowth in Differentiating PC12 Cells
Neurite outgrowth represents a critical process in 

synapse formation during development. PC12 cells are 
known to differentiate into neuron-like cells in the 
presence of NGF [26]. We first confirmed the response 
to NGF in our sample PC12 cells. Treatment with 50 ng/
mL NGF induced neurite outgrowth in most cells 
(Fig. 1a). We found that the cells were round to oval in 

shape without neurites in normal serum-containing 
medium. After treatment with 50 ng/mL NGF for 1 day, 
the serum-deprived PC12 cells began to develop neu-
rites. By days 3, 5, and 7, almost all cells showed signif-
icant neurite outgrowth extension. The length of the 
longest neurites increased in a time-dependent manner 
between days 1 and 7 (Fig. 1c, white bars). The number 
of neurites per cell reached a plateau by day 3 (Fig. 1d, 
white bars).

We next investigated whether NGF-induced neurite 
outgrowth was affected by exogenous administration of 
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Fig. 1. Vasoinhibin inhibits nerve growth factor (NGF)-induced 
neurite outgrowth in differentiating PC12 cells. Serum-deprived 
PC12 cells were cultured in the presence of NGF (50 ng/mL) with 
or without human recombinant vasoinhibin (10 nM) for 1, 3, 5, or 
7 days. a Changes in cell shape and neurite outgrowth induced by 
NGF. b Changes in cell shape and neurite outgrowth in PC12 cells 
exposed to NGF and vasoinhibin. c Quantification of neurite 
length extension. The length of the largest neurite from each cell 

was determined 1, 3, 5, and 7 days after stimulation with NGF 
alone or in combination with vasoinhibin. d Quantification of 
neurite density. The number of neurites longer than the cell body’s 
diameter per cell was determined 1, 3, 5, and 7 days after stimula-
tion with NGF alone or in combination with vasoinhibin. Values 
shown are means ± SEM of about 100 cells obtained from 3 inde-
pendent experiments. * p < 0.05 versus previous time point; # p < 
0.05 versus corresponding NGF alone. Scale bars, 100 µm.
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Fig. 2. Nerve growth factor (NGF)-induced neurite outgrowth is 
hampered in differentiating PC12 cells expressing vasoinhibin.  
Serum-deprived wild-type PC12 cells and PC12 cells transduced 
with lentiviral vectors expressing either green fluorescent protein 
(GFP) or vasoinhibin were cultured in the presence of NGF (50 ng/
mL) for 1, 3, 5, and 7 days. a Changes in cell shape and neurite 
outgrowth induced by NGF in wild-type PC12 cells. b Changes in 
cell shape and neurite outgrowth induced by NGF in PC12 cells 
expressing GFP. c Changes in cell shape and neurite outgrowth 
induced by NGF in PC12 cells expressing human recombinant va-

soinhibin. d Quantification of neurite length extension. The length 
of the largest neurite from each cell was determined 1, 3, 5, and 7 
days after stimulation with NGF. e Quantification of neurite den-
sity. The number of neurites longer than the cell body’s diameter 
per cell was determined 1, 3, 5, and 7 days after stimulation with 
NGF. Values shown are means ± SEM of about 100 cells obtained 
from 3 independent experiments. * p < 0.05 versus previous time 
point; # p < 0.05 versus corresponding wild-type PC12 cells; + p < 
0.05 versus corresponding PC12 cells expressing GFP. Scale bars, 
100 µm.
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vasoinhibin to differentiating PC12 cells. We treated se-
rum-deprived PC12 cells with 50 ng/mL NGF and 10 nM 
human recombinant vasoinhibin. We found that the ex-
tent of neurite growth was significantly inhibited by the 
addition of vasoinhibin (Fig.  1b). The effect of vasoin-
hibin was mainly due to a significant reduction of the 
length of the neurites by days 3–7 (Fig. 1c, gray bars). The 
number of neurites per cell was not affected by vasoin-
hibin between days 1 and 5, but was significantly lower by 
day 7 (Fig. 1d, gray bars).

NGF-Induced Neurite Outgrowth Is Hampered in 
Differentiating PC12 Cells Expressing Vasoinhibin
To further investigate the effect of vasoinhibin on 

NGF-induced neurite outgrowth, we tested the effect of 
NGF on PC12 cells transduced with a lentiviral vector ex-
pressing human recombinant vasoinhibin. PC12 cells 
were transduced with a lentiviral vector containing a hu-
man vasoinhibin truncated at aa 123 of the human PRL 
sequence. In addition to wild-type PC12 cells, PC12 cells 
transduced with a lentiviral vector expressing GFP were 
used as controls. Again, treatment with 50 ng/mL NGF 
induced neurite outgrowth in most wild-type PC12 cells 
(Fig. 2a). The expression of GFP using a lentiviral vector 
did not alter NGF-induced neurite outgrowth (Fig. 2b). 
In both cell cultures, the length of the neurites increased 

in a time-dependent manner between days 1 and 7 
(Fig. 2d, white bars).

In contrast, NGF was unable to induce neurite growth 
in PC12 cells transduced with a lentiviral vector express-
ing vasoinhibin (Fig. 2c). Both the length of the neurites 
and the number of neurites per cell were significantly in-
hibited in vasoinhibin-expressing PC12 cells (Fig. 2d, e). 
These results are consistent with a previous report show-
ing that vasoinhibin inhibits neurite outgrowth of prima-
ry sensory neurons [15], and they demonstrate that our 
PC12 cell line responds to both types of vasoinhibin treat-
ment.

Vasoinhibin Decreases the Prosurvival Effect of NGF 
in Serum-Deprived PC12 Cells
NGF is known to promote the survival of PC12 cells 

[26]. We first confirmed this effect investigating PC12 cell 
survival, as determined by the MTT assay. Serum starva-
tion significantly decreased the cell viability of wild-type 
PC12 cells (Fig.  3a) and PC12 cells expressing GFP 
(Fig. 3b). NGF (50 ng/mL) rescued the viability of both 
wild-type PC12 cells (Fig. 3a) and PC12 cells expressing 
GFP (Fig. 3b) exposed to serum deprivation to the levels 
observed in cells cultured with serum. The addition of 10 
nM vasoinhibin significantly suppressed the NGF-medi-
ated neuroprotective effect on both wild-type PC12 cells 
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Fig. 3. Vasoinhibin decreased the prosurvival effect of nerve 
growth factor (NGF) in serum-deprived PC12 cells. Cell survival 
was analyzed by the MTT assay to quantify surviving PC12 cells.  
a Wild-type PC12 cells cultured with serum or exposed to serum 
starvation were challenged with NGF (50 ng/mL), vasoinhibin (10 
nM), or both. b PC12 cells expressing green fluorescent protein 
(GFP) cultured with serum or exposed to serum starvation were 

challenged with NGF (50 ng/mL), vasoinhibin (10 nM), or both. 
Values shown are means ± SEM and expressed as percentage of the 
untreated cells cultured with serum. The experiments were repeat-
ed 3 times with similar results. * p < 0.05 versus corresponding 
serum condition; # p < 0.05 versus untreated cells; + p < 0.05 versus 
NGF-treated cells.
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(Fig. 3a) and PC12 cells expressing GFP (Fig. 3b). Vaso-
inhibin, by itself, had no effect on the cell viability of ei-
ther cell type. Under serum condition, vasoinhibin was 
also unable to affect cell viability, either by itself or when 
tested with NGF.

We next quantified the protective effect of NGF in  
vasoinhibin-expressing PC12 cells, in comparison with 
wild-type and GFP-expressing PC12 cells (Fig.  4). In 
agreement with the effect shown by treatment with re-
combinant vasoinhibin, expression of vasoinhibin after 
lentiviral vector transduction prevented the neuroprotec-
tive effect of NGF (Fig. 4c) that was observed in wild-type 
PC12 cells (Fig.  4a) and in PC12 cells expressing GFP 
(Fig. 4b).

Vasoinhibin Reverts NGF Inhibition of Apoptosis, 
Caspase 3 Activation, and DNA Fragmentation in 
Serum-Deprived PC12 Cells
Apoptosis is the main process involved in serum de-

privation-induced cell death in PC12 cells [32]. We first 
examined the effect of NGF on PC12 cell apoptosis by 
TUNEL assay, upon exposure of the cells to serum depri-
vation injury (Fig. 5a). Serum-deprived PC12 cells showed 
increased TUNEL staining, and this effect was prevented 
by NGF. Addition of vasoinhibin in combination with 
NGF completely abolished the protective effect of NGF. 

Cleaved caspase 3 followed the same pattern (Fig. 5b). Se-
rum deprivation increased the number of cleaved caspase 
3-positive cells, and again, this effect was prevented by 
NGF. Co-incubation of PC12 cells with NGF and vasoin-
hibin completely abolished the neuroprotective effect of 
NGF.

We next quantified DNA fragmentation as a third pa-
rameter of cellular apoptosis. Under conditions of serum 
deprivation, PC12 cells showed increased levels of DNA 
fragmentation as measured by ELISA (Fig. 6a). The effect 
of serum deprivation was prevented by incubating PC12 
cells with 50 ng/mL NGF (Fig. 6a). On the other hand, 
100 and 1,000 nM vasoinhibin significantly increased 
DNA fragmentation in PC12 cells cultured with serum 
(Fig. 6b). Likewise, increasing concentrations of vasoin-
hibin decreased the effect of NGF, as shown by the sig-
nificant dose-dependent increase in DNA fragmentation 
in response to 100 and 1,000 nM vasoinhibin in serum-
deprived PC12 cells cultured with 50 ng/mL NGF 
(Fig. 6c).

Vasoinhibin Prevents NGF-Induced Activation of 
PI3K and MAPK in Serum-Deprived PC12 Cells
PI3K and MAPK activation is necessary for NGF-in-

duced neurite outgrowth and survival in PC12 cells [18, 
33]. We examined the role of PI3K and MAPK activation 
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Fig. 4. The neuroprotective effect of nerve growth factor (NGF) on 
PC12 cells exposed to serum starvation is blocked by vasoinhibin. 
Cell survival was analyzed by the MTT assay to quantify surviving 
PC12 cells. a Wild-type PC12 cells, incubated with serum or ex-
posed to serum starvation, were cultured with or without NGF (50 
ng/mL). b PC12 cells expressing green fluorescent protein (GFP), 
incubated with serum or exposed to serum starvation, were cul-
tured with or without NGF (50 ng/mL). c PC12 cells expressing 

human recombinant vasoinhibin, incubated with serum or ex-
posed to serum starvation, were cultured with or without NGF (50 
ng/mL). Values shown are means ± SEM and expressed as percent-
age of the untreated cells cultured with serum. The experiments 
were repeated 3 times with similar results. * p < 0.05 versus un-
treated cells cultured with serum; # p < 0.05 versus untreated cells 
cultured without serum.
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using Western blot analysis to test the ability of NGF to 
induce the phosphorylation of Akt and ERK1/2. The ad-
dition of NGF for 10 min enhanced Akt and ERK1/2 
phosphorylation in protein extracts from wild-type and 
GFP-expressing PC12 cells (Fig.  7). The NGF-induced 
Akt and ERK1/2 phosphorylation was prevented in vaso-
inhibin-expressing PC12 cells.

Likewise, NGF-treated wild-type PC12 cells showed a 
long-term and time-dependent increase in Akt phos-
phorylation (Fig.  8a), which was prevented when the 
PC12 cells were co-treated with NGF and vasoinhibin 
(Fig. 8b). These results show that NGF is unable to acti-
vate the PI3K and MAPK pathways in PC12 cells in the 
presence of vasoinhibin.

Serum Control Vasoinhibin NGF NGF + vasoinhibin
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Fig. 5. Vasoinhibin prevented nerve growth factor (NGF) inhibi-
tion of apoptosis and caspase 3 activation in serum-deprived PC12 
cells. Apoptosis was analyzed by TUNEL assay (a) and cleaved 
caspase 3 immunostaining (b) in PC12 cells. The effects of serum 
starvation for 24 h in the presence or absence of NGF (50 ng/mL), 

vasoinhibin (10 nM), or their combination are shown in represen-
tative photomicrographs of PC12 cells. a Green: TUNEL-positive 
cells. b Red: cleaved caspase 3 immunostaining using anti-cleaved 
caspase antibodies. Cells were co-stained with DAPI to demon-
strate nuclear staining. Scale bars, 100 µm.
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Discussion

In this study, we explored the effects of vasoinhibin, 
an N-terminal fragment of PRL [1], on TrkA tyrosine 
kinase receptor signaling in differentiating adrenal PC12 
pheochromocytoma cells. We present evidence that 
treatment with a recombinant human vasoinhibin, either 
via its administration or expressed by its transduction via 
a lentiviral vector, markedly attenuated the differentia-
tion, survival, and antiapoptotic effects of NGF in cul-
tured PC12 cells. We also explored the effects of vasoin-
hibin on TrkA signaling and found a dramatic attenua-
tion of NGF-triggered PI3K/Akt and MAPK/ERK 
activation, two signaling cascades eventually leading to 
neurite outgrowth and neuronal apoptosis and fostering 
cell survival. Our main findings are as follows: (1) vaso-
inhibin suppressed neurite outgrowth induced by NGF 
in serum-deprived PC12 cells; (2) vasoinhibin blocked 
the prosurvival properties of NGF; (3) vasoinhibin re-
versed the antiapoptotic effects of NGF; and (4) vasoin-
hibin suppressed TrkA signaling induced by NGF. This 
study provides the first demonstration that vasoinhibin 
is able to interfere with NGF actions beyond the promo-
tion of neuronal differentiation, inhibiting the neuropro-
tective effects of NGF on apoptosis of PC12 cells. These 
findings reveal the contribution of vasoinhibin to the 

downstream functions of this neurotrophin, and they 
provide novel insights into the functional role of vaso-
inhibin in the nervous system.

In addition to the well-known actions on the vascu-
lar system [reviewed in 1, 3], emerging information 
shows that vasoinhibin can modulate the function of 
the CNS. Vasoinhibin is present in neurons of the hy-
pothalamic supraoptic and the paraventricular nuclei 
and, in their projections, conforming the neurohy-
pophysis [10, 11], where it stimulates vasopressin re-
lease [13]. Vasoinhibin also influences stress-related 
behavioral responses. Acute stress reduces the rate of 
cleavage of PRL to vasoinhibin in the hypothalamus, 
while the intracerebroventricular administration of va-
soinhibin triggers behaviors associated with anxiety 
and depression [12]. Moreover, vasoinhibin interferes 
with neurite outgrowth induced by the binding of NGF 
to the TrkA/p75 receptor complex in newborn rat dor-
sal root ganglia in organ culture, and in primary sen-
sory neurons in culture [15]. These results show that 
vasoinhibin acts directly on primary sensory neurons to 
downregulate NGF-induced developmental changes. 
Therefore, it was important to investigate the function-
al interaction of vasoinhibin with NGF, as well as their 
putative signaling cross-talk, since in this scenario, va-
soinhibin may interfere with broad TrkA signaling. If 

*
250

200

150

100

50D
N

A 
fra

gm
en

ta
tio

n,
 %

0
+ + ––Serum
– + +–NGF

a

300

200

100

D
N

A 
fra

gm
en

ta
tio

n,
 %

0
+ + ++Serum
0 100 1,00010Vasoinhibin, nM

b

300

200

100

D
N

A 
fra

gm
en

ta
tio

n,
 %

0
– – ––Serum
0 100 1,00010Vasoinhibin, nM
50 50 5050NGF, ng/mLc

#

+

+

+

+

#

Fig. 6. Vasoinhibin prevented nerve growth factor (NGF) inhibi-
tion of DNA fragmentation in serum-deprived PC12 cells. DNA 
fragmentation was analyzed by ELISA in PC12 cells. The effects of 
serum starvation for 24 h in the presence or absence of NGF (50 
ng/mL), vasoinhibin (10 nM), or their combination are shown in 
PC12 cells. a Effect of NGF on serum-deprived PC12 cells. b Dose-

dependent effect of vasoinhibin on PC12 cells cultured with serum. 
c Dose-dependent effect of vasoinhibin on serum-deprived PC12 
cells cultured with 50 ng/mL NGF. *  p < 0.05 versus untreated 
PC12 cells cultured with serum; # p < 0.05 versus serum-deprived 
PC12 cells; + p < 0.05 versus vasoinhibin-untreated PC12 cells.
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this hypothesis is true, vasoinhibin would suppress 
TrkA signaling and participate in the inhibition of neu-
rotrophic actions induced by NGF. Due to the variable 
and complex in vivo environments, in the present study 
we used controlled, NGF-sensitive PC12 cells in vitro as 
our experimental model. PC12 is a cell line derived 
from the rat adrenal medulla, and it provides an excep-
tional experimental model system for the study of the 
neurotrophic actions of NGF [34]. When cultured in 
the presence of NGF, PC12 cells differentiate into mor-
phological and functional sympathetic neuron-like 
cells [26].

The differentiation of PC12 cells in response to NGF 
is characterized by cell cycle arrest, neurite outgrowth, 
and the expression of neuron-specific differentiation 

markers [32, 35, 36]. In this report, we first confirmed 
that our PC12 cell line responded to NGF by showing 
that upon stimulation, TrkA signaling was activated and 
neurite outgrowths developed in these cells. Further-
more, incubation of serum-deprived PC12 cells with a 
recombinant human vasoinhibin resulted in severe inhi-
bition of the enhanced neurite outgrowth promoted by 
NGF. Moreover, we succeeded in generating a stable 
pool of vasoinhibin-expressing PC12 cells via lentiviral 
vector-mediated cell transfer and found similar results 
regarding cell differentiation than in vasoinhibin-treated 
cells. Vasoinhibin expression completely prevented 
NGF-mediated neurite outgrowth. These results are in 
line with previous observations regarding vasoinhibin 
and primary sensory neurons [15], suggesting that vaso-
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Fig. 7. Vasoinhibin prevented nerve growth factor (NGF)-induced 
activation of PI3K and MAPK in serum-deprived PC12 cells. NGF 
induced activation of Akt and ERK in PC12 cells and PC12 cells 
transduced with lentiviral vector to express green fluorescent pro-
tein (GFP) or vasoinhibin. Cells were serum starved and stimulated 
with NGF (50 ng/mL) for 10 min. Cell lysates were separated by 
SDS-PAGE and analyzed by immunoblotting. Activated PI3K and 
MAPK were specifically recognized with rabbit anti-phosphorylat-
ed Akt (pAkt) and anti-phosphorylated ERK1/2 (pERK1/2) anti-
bodies. The blot was then reprobed with a rabbit antibody to total 
Akt or total ERK1/2. Total Akt and total ERK1/2 were used to ver-
ify equal protein loading in all lanes. Representative data from 3 
independent experiments are shown.
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Fig. 8. Vasoinhibin prevented nerve growth factor (NGF)-induced 
activation of PI3K in serum-deprived PC12 cells. NGF induced 
activation of Akt in wild-type PC12 cells. a PC12 cells were serum 
starved and stimulated with NGF (50 ng/mL) for 1–6 days. b PC12 
cells were serum starved and stimulated with NGF (50 ng/mL) and 
vasoinhibin (10 nM) for 1–6 days. Cell lysates were separated by 
SDS-PAGE and analyzed by immunoblotting. Activated PI3K was 
specifically recognized with a rabbit anti-phosphorylated Akt 
(pAkt) antibody. The blots were then reprobed with a rabbit anti-
body to total Akt. Total Akt was used to verify equal protein load-
ing in all lanes. Representative data from 3 independent experi-
ments are shown.
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inhibin may have a potent inhibitory effect on the NGF 
promotion of neurite outgrowth in all neurons, a very 
important morphological change in synaptic formation 
during CNS development and post-injury axon path 
finding.

Vasoinhibin triggers antiproliferative and proapoptot-
ic processes in different cell types. It promotes the apop-
tosis of mammary gland epithelial cells [37] and of ante-
rior pituitary lactotropes [38]. Moreover, vasoinhibin in-
hibits the survival of endothelial cells and fibroblasts [for 
reviews see 2, 3] by activating proapoptotic proteins of the 
Bcl-2 family and the NF-κB-mediated activation of cas-
pases [9, 39, 40]. These observations led us to hypothesize 
that vasoinhibin may also have antisurvival and proapop-
totic effects on neurons in general, and on PC12 cells in 
particular. Consistent with this notion, we showed that 
vasoinhibin reduces the survival of PC12 cells, and that 
this effect occurs via activation of the caspase apoptosis 
signaling pathway. In this report, vasoinhibin prevented 
the protective action of NGF on the viability rate of serum-
deprived PC12 cells. Interestingly, no change in PC12 cell 
survival was observed in PC12 cells cultured with serum, 
either in response to vasoinhibin alone or to co-treatment 
with NGF and vasoinhibin. Therefore, the sensitivity of 
PC12 cell viability to vasoinhibin was restricted to just 
NGF-stimulated response, and it did not occur regarding 
survival in response to other serum factors.

We showed a robust increase in apoptosis (as mea-
sured by TUNEL) and in caspase 3 activation in response 
to vasoinhibin in NGF-induced PC12 cells for 7 days. TU-
NEL staining and immunoreactive cleaved caspase 3, 
which is essential for stimulation of DNA fragmentation, 
were reduced by the action of NGF in comparison with 
serum-deprived PC12 cell cultures, and co-incubation 
with vasoinhibin blocked the antiapoptotic action of 
NGF. In agreement with these results, NGF blocked the 
increase in DNA fragmentation measured by ELISA in 
serum-deprived PC12 cells, and vasoinhibin stimulated 
DNA fragmentation in a dose-dependent manner in 
PC12 cells cultured for 7 days with or without NGF. 
Therefore, the sensitivity of PC12 cell DNA fragmenta-
tion to vasoinhibin is greater than the sensitivity of PC12 
cell viability to vasoinhibin.

Our work provides information on the molecular 
mechanisms involved in the actions of vasoinhibin. It is 
well documented that neurotrophin-triggered signaling 
pathways in neurons are heavily redundant. ERK and Akt 
mediate many cellular processes including proliferation, 
differentiation, development, survival, and apoptosis [33, 
36, 41, 42]. NGF-induced differentiation is accompanied 

by activation of the ERK1/2 cascade. In particular, there 
is compelling evidence that sustained ERK1/2 signaling is 
required for the neuronal differentiation of PC12 cells in-
duced by NGF [41, 43]. On the other hand, neuronal sur-
vival and cessation of proliferation signals induced by 
TrkA are mediated by activation of PI3K and its main 
downstream mediator Akt [18, 44, 45]. In the present 
study, NGF treatment of PC12 cells and of PC12 cells 
transduced to express GFP led to a rapid increase in phos-
phorylated Akt and ERK1/2 levels within 10 min. NGF-
induced phosphorylation of both Akt and ERK1/2 was 
severely blunted in PC12 cells transduced to express va-
soinhibin, showing that the actions of vasoinhibin and 
NGF on PC12 cells share the downstream PI3K/Akt and 
MAPK/ERK axes. Furthermore, treatment with a recom-
binant vasoinhibin also blocked the long-term phosphor-
ylation of Akt induced by NGF in PC12 cells. These find-
ings indicate that vasoinhibin inhibits the NGF-induced 
activation of the PI3K/Akt and MAPK/ERK1/2 pathways, 
suggesting that the blockage of these signaling axes by va-
soinhibin may be responsible, at least in part, for the in-
hibitory action of vasoinhibin on neuritogenesis and neu-
ronal apoptosis.

PC12 cells are particularly well suited for elucidating 
the action of vasoinhibin on differentiating neurons in 
neuritogenesis, apoptosis, and the signal transduction 
pathways involved. Although our findings showing the 
action of vasoinhibin on PC12 cells are robust, they must 
be extended to central neurons, where vasoinhibin is 
known to trigger neuroendocrine and behavioral re-
sponses. The nature of the signaling cascades, the precise 
cross-talk modulating neurotrophin action, and, espe-
cially, the physiological context of such interactions need 
to be mapped and elucidated. Thus, much work is re-
quired to help establish whether the effects of vasoinhibin 
counteracting the differentiating and prosurvival actions 
of NGF can be generalized to neurons other than PC12 
cells.

Perspectives and Significance
Our work demonstrates that vasoinhibin inhibits the 

neurotrophic effects of NGF that promote the survival 
and differentiation of PC12 pheochromocytoma cells. 
We suggest that vasoinhibin acts by blocking NGF-in-
duced activation of TrkA signaling, leading to phosphor-
ylation/activation of the MAPK/ERK and PI3K/Akt path-
ways. These findings expand the understanding of inter-
actions between vasoinhibin and NGF and suggest that 
similar mechanisms operate on central neuronal popula-
tions, warranting further research.
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Abstract
Mitochondrial uncoupling proteins (UCP) transport protons from the intermembrane space to the mitochondrial matrix
uncoupling oxidative phosphorylation. In mammals, these proteins have been implicated in several cellular functions ranging
from thermoregulation to antioxidant defense. In contrast, their invertebrate homologs have been much less studied despite the
great diversity of species. In this study, two transcripts encoding mitochondrial uncoupling proteins were, for the first time,
characterized in crustaceans. The white shrimp Litopenaeus vannamei transcript LvUCP4 is expressed in all tested shrimp
tissues/organs, and its cDNA includes a coding region of 954 bp long which encodes a deduced protein 318 residues long and
a predicted molecular weight of 35.3 kDa. The coding region of LvUCP5 transcript is 906 bp long, encodes a protein of 302
residues with a calculated molecular weight of 33.17 kDa. Both proteins share homology with insect UCPs, their predicted
structures show the conserved motifs of the mitochondrial carrier proteins and were confirmed to be located in the mitochondria
through a Western blot analysis. The genic expression of LvUCP4 and LvUCP5 was evaluated in shrimp at oxidative stress
conditions and results were compared to some antioxidant enzymes to infer about their antioxidant role. LvUCP4 and LvUCP5
genes expression did not change during hypoxia/re-oxygenation, and no coordinated responses were detected with antioxidant
enzymes at the transcriptional level. Results confirmed UCPs as the first uncoupling mechanism reported in this species, but their
role in the oxidative stress response remains to be confirmed.

Keywords Hypoxia .Mitochondria . Re-oxygenation . Shrimp Litopenaeus vannamei . Uncoupling proteins

Introduction

Mitochondrial uncoupling proteins (UCPs) in the inner mem-
brane mediate uncoupling of oxidative phosphorylation
through a proton-transport mechanism that allows the return
of protons to the mitochondrial matrix, dissipating the proton
gradient and decreasing the organelle ability to produce ATP
(Brand et al. 1994; Guerrero-Castillo et al. 2011). Although
physiological uncoupling activity frommitochondria has been
suggested to control the mitochondrial production of reactive
oxygen species, no specific roles have been addressed to

UCPs other than UCP1, which significantly contributes to
the catabolic cascade of non-shivering thermogenesis in endo-
therms (Echtay 2007; Cannon et al. 2006). To date, the tissue-
specific patterns of both, gene and protein tissue-specific ex-
pression patterns from UCPs, and their specific roles in mito-
chondrial function, are not fully understood even in the most
commonly studied vertebrate model species such as rats or
mice (Alan et al. 2009). This lack of information on
the functionality of UCPs is far more conspicuous in
ectotherm models including fish, invertebrates, and uni-
cellular eukaryotes, where scarce information has been pub-
lished (Bermejo-Nogales et al. 2010; Jarmuszkiewicz et al.
2010; Da-Ré et al. 2014).

To date, several functions have been suggested for mito-
chondrial proton leak including thermogenesis, control of
body mass, regulation of metabolic energy, and control of
reactive oxygen species (ROS) production. Although the
physiological advantage of thermogenesis is evident for endo-
therms such as mammals, the contribution of proton leak re-
actions, and the basal proton conductance in isolated mito-
chondria of ectothermic organisms seems debatable.
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Beside their leader role in ATP production, mitochondria
are also the primary site producing non-enzymatic ROS such
as the superoxide anion (O2

−) (Guerrero-Castillo et al. 2011).
As previously established, mitochondria may display as an
initial response to avoid oxidative damage, the antioxidant
defense system that includes active enzymes such as superox-
ide dismutase, catalase, peroxidase, low molecular weight an-
tioxidants (ascorbate, glutathione, phenolics, tocopherols),
and several electron carriers (ubiquinone, CoQ). In addition,
mild and soft uncoupling mechanisms may produce a small
decrease in the mitochondrial membrane potential, as the re-
sult of a natural antioxidant response to regulate O2

− through
the activation of uncoupling proteins (Echtay 2007; Mailloux
and Harper 2011).

UCPs belong to a large family of mitochondrial an-
ion carriers. UCPs catalyze proton leaking into the matrix,
and dissipate the proton electrochemical gradient built up dur-
ing electron transport through the mitochondrial respiratory
chain. In mammals, five members of this group have been
described including SLC25A7 (UCP1), SLC25A48 (UCP2),
SLC25A9 (UCP3), SLC25A27 (UCP4), and SLC25A14
(UCP5) with a partially overlapping expression in various
organs (Kim-Han et al. 2001; Krauss et al. 2005).

Even though there is no evidence for the existence of either
UCP1, UCP2, and UCP3 in arthropods, it has been proposed
that UCP4 and UCP5 homologs are present in these species
(Sokolova and Sokolov 2005); however, the functional char-
acterization and physiological relevance of UCP proteins in
this group of animals is still poorly understood.

Earlier studies have been focused on the UCPs of the fruit
f l y Dro soph i l a me l a noga s t e r , t h e c o c k r o a c h
Gromphadorhina coquereliana, the beetle Zophobas atratus,
and the blood-sucking bug Rhodnius prolixus (Hanák and
Ježek 2001; Fridell et al. 2004; Slocinska et al. 2011, 2012;
Alves-Bezerra et al. 2014; Da-Ré et al. 2014). These studies
have confirmed that UCP4 and UCP5 homologs, which are
highly conserved among insects, may play a significant role in
regulating both, the mitochondrial respiratory rate and ROS
production. Since crustaceans and insects share a common
ancestor, it may be inferred that crustacean UCPs may accom-
plish very similar functions to those described in insects.

This study aimed to identify and characterize for the first
time in crustaceans, the cDNA sequence of two UCPs homo-
logs, LvUCP4 and LvUCP5, in the white shrimp Litopenaeus
vannamei. Their phylogenetic relationships were established,
and their expression profile at the transcriptional level in var-
ious shrimp tissues/organs was determined. Also, changes in
the mRNA relative amounts of LvUCP4 and LvUCP5 were
determined in shrimp under oxidative stress conditions as
hypoxia and re-oxygenation, and the results were compared
with the expression levels of four genes encoding shrimp an-
tioxidant enzymes. Both UCPs were confirmed to be
expressed in the isolated mitochondria of shrimp.

Materials and methods

Shrimp total RNA isolation and cDNA synthesis

Gills, pleopods, midgut gland, eye stalk, heart, nerve cord, gut
and muscle were individually dissected from juvenile, healthy
shrimp. Total RNAwas isolated from 100 mg of each organ/
tissues, used to amplify and sequence UCPs transcripts, and
for determination of UCPs mRNA presence in shrimp tissues/
organs. Total RNA was isolated by using TRIzol® reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions, and both, concentration and purity of RNA sam-
ples were determined spectrophotometrically at 260/280 nm
(Nanodrop® ND-1000 v 3.5.2). Total RNA integrity was de-
termined by electrophoresis in a 2% agarose gel as follows:
2.5 μg total RNAwere added to 2.5 μL RNA-loading buffer
(0.25% bromophenol blue, 0.25% xylene cyanol FF, and 30%
glycerol), and heated at 65 °C for 10 min before it was loaded.

Genomic DNA contamination was eliminated from total
RNA samples by using DNAse I (Roche, USA; 1 U/μg
RNA) following the manufacturer’s instructions. Afterwards,
cDNA was synthesized from 5 μg of total RNA using the
GoScript™ Reverse Transcription System kit (PROMEGA,
USA). Briefly, total RNA was added to a mix containing
oligo(dT)15 (0.5 μg/reaction), incubated for 5 min at 70 °C,
and cooled on ice for 1 min. Then 4 μL of GoScript™ 5X
reaction buffer, 4 μL of 25 mM MgCl2, 1 μL of 0.5 mM
dNTP’s mix, 1 μL recombinant RNasin® ribonuclease inhibitor
and 1 μL of GoScript™ reverse transcriptase were added to the
mixture, gently mixed and incubated at 25 °C for 5 min, 42 °C
for 60 min. The reaction was completed by incubating at 70 °C
for 15 min, and samples were immediately placed on ice.

Shrimp cDNAwas used as a template in PCR reactions to
sequence UCPs, to determine their expression in different
shrimp tissues, and for the quantitative analysis by qRT-PCR
of genes expression under oxidative stress conditions.

LvUCP4 and LvUCP5 cDNA sequences

Specific oligonucleotides were designed using previous-
ly reported sequences from other species, and some un-
identified sequences (ESTs) found in the GenBank da-
tabase (EX487810.1), in the Penaeus Genome Database
(GO073506.1), and shrimp transcriptome (Ghaffari et al.
2014; comp38567_c1_seq1, comp41251_c0_seq4; Table 1).

The PCR amplification of cDNA encoding shrimp UCPs
transcripts were carried out in a DNA Engine Thermocycler®

Peltier Cycler (Bio-Rad, USA). The Taq PCR master mix kit
(Qiagen, USA) was used, and each PCR reaction included:
12.5 μL of 2X Top Taq PCR master mix, 2.5 μL of 10X coral
dye, 1 μL of each 20 μM forward and reverse oligonucleo-
tides, cDNA as template (250 ng total RNA equivalents), and
water to a total volume of 25 μL. Cycling conditions were:
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94 °C for 1 min (1 cycle), 94 °C for 1 min, 55 °C for 1 min,
72 °C for 3 min, 94 °C for 1 min, 42 °C for 1 min, 72 °C for
3 min, 94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min
(33 cycles), and a final extension step at 72 °C for 10 min.
PCR products were analyzed in a 1% agarose gel stained with
SYBR Safe DNA gel stain® (Invitrogen, USA).

To confirm the sequence of each transcript untranslated
regions (UTRs), oligonucleotides SMART and CDS III/3
from the SMART cDNA library construction kit (Clontech,
USA) were used according to the method of Jimenez-
Gutierrez et al. (2013). PCR reactions were carried out in the
following conditions: 95 °C for 3 min (1 cycle); 95 °C for 15 s,
68 °C for 6 min, and 95 °C for 15 s (25 cycles). The resulting
PCR products were analyzed in 2% agarose gels, and stained
with SYBR Safe DNA gel stain® (Invitrogen). PCR products
were purified using the Nucleospin Extract II purification kit
(Macherey-Nagel, Germany) according to the manufacturer’s
instructions, and sequenced at the Laboratory of Molecular
and Systematic Evolution Facility at the University of
Arizona (Tucson, AZ, USA). The nucleotides and deduced
amino acid sequences of LvUCP4 and LvUCP5 were ana-
lyzed at Expasy (http://au.expasy.org/tools), and using Blast
(N, X and P; Altschul et al. 1990), and Clustal Ω algorithms
(Sievers et al. 2011).

Phylogenetic analysis of LvUCP4 and LvUCP5

Phylogenetic relationships of shrimp UCPs were determined
including the complete protein sequences of LvUCP4 and
LvUCP5. A total of 30 different vertebrate and invertebrate
UCPs encoding sequences retrieved from the GenBank data-
base were included in the analysis. A multiple alignment anal-
ysis was performed using the Clustal Ω algorithm (Sievers
et al. 2011), and the phylogenetic tree was constructed using
the Neighbor-Joining algorithm with partial deletion (Saitou
and Nei 1987). Evolutionary distances were calculated using
the matrix method based on JTT (Jones et al. 1992). The
bootstrap method was used to assess the confidence
analysis of clades based on 1000 replicates. Evolutionary
analysis was conducted using the MEGA software version x
(Kumar et al. 2018).

In silico structural model of LvUCP4 and LvUCP5

The predicted three-dimensional models of LvUCP4 and
LvUCP5 were generated using homology modeling proce-
dures and the coordinates of mouse UCP2 protein (PDB
codes: 2lck.1; Berardi et al. 2011) as template, with 36 and
38% identities for LvUCP4 and LvUCP5, respectively. The

Table 1 Specific
oligonucleotides used for PCR
amplification of shrimp LvUCP4
and LvUCP5

Gene Oligonucleotide name Sequence (5’-3’) cDNA position (nts)

UCP4 UCP4Fw1 AGATGCAGATGGAGGGAC 446-463

UCP4Fw2 CTCACCTTCTGGATCACCTAC 898-918

UCP4Fw3 CAAAGCACTACGCAGATTCAG 35-55

UCP4Fw4 GGACCGGTGTTGGAATTA 203-220

UCP4Fw5 TGATCTGACCACCTACGACTC 603-623

UCP4Rv1 GAGTCGTAGGTGGTCAGATCA 623-603

UCP4Rv2 CTTCACGGGCCTGTATCAT 1417-1399

UCP4Rv3 CTTCTTCGTCCCTCCATCT 470-452

UCP4Rv4 GTAGGTGATCCAGAAGGTGAG 918-898

UCP4Rv5 TAATTCCAACACCGGTCC 220-203

UCP5 UCP5Fw1 GTGTAATGGGACTGAGCG -6-13

UCP5Fw2 AGGTGTCAGGGCATTGTAT 192-210

MITOCARFw1 ACACGCCTGATGAACCAAAG 682-701

MITOCARFw2 GCAGTAAGTGGCAATGGT 721-738

MITOCARFw3 CCGAAGGTCTATGTGGCATT 975-994

MITOCARFw4 TGATGAAAGCAATGGACAAA 1169-1188

MITOCARFw5 CCTACATGGCTGAGACTTGG 835-854

UCP5Rv1 AGGTGTCAGGGCATTGTAT 210-192

UCP5Rv2 AAAGAGCAGGGGTCATCGTA 534-515

MITOCARRv1 CCAAGTCTCAGCCATGTAGG 854-835

MITOCARRv2 TGCCACATAGACCTTCGG 992-975

MITOCARRv3 TTTGTCCATTGCTTTCATCA 1188-1169

L8 L8LvFw3 ACTTCCGTGACCCTTATC 144-162

L8LvRv3 GTCACCAGTCTTCTCCTC 313-296
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predicted model coordinates were built using the
SWISS-MODEL server (Guex and Peitsch 1997;
Schwede et al. 2003), and Phyre2 software (Kelley et al.
2015; http://swissmodel.expasy.org/ and http://www.sbg.bio.
ic.ac.uk/~phyre2/). Visualization of theoretical models of
LvUCP4 and LvUCP5 was performed in the PyMOL(™)

molecular graphics system (V1.7.5.0), and CCP4MG
(2.10.6) software (McNicholas et al. 2011).

LvUCP4 and LvUCP5 mRNA expression in shrimp
tissues/organs

To determine whether shrimp UCPs transcripts were
expressed in different shrimp tissues/organs including pleo-
pods (Pl), midgut gland (MG), gills (G), muscle (M), eyes
stalk (ES), heart (H), nerve cord (NC) and gut (I), the
cDNAs from the previously isolated total RNAs were synthe-
sized as described above, and used as template in the PCR
amplification of each shrimp UCP. PCR reactions included
250 ng of total RNA equivalents, specific oligonucleotides
(UCP4Fw3 and UCP4Rv5) for LvUCP4, (UCP5Fw2 and
UCP5Rv2) LvUCP5, and (L8LvFw3 and L8LvRv3) for the
ribosomal L8 protein as internal control (20 μMeach, Table 1)
in 25 μL volume reactions, PCR conditions were identical to
those mentioned above. The PCR products were loaded into a
1% agarose gel, and image was documented in a Gel Doc EZ
(Bio-Rad, USA), using the Image Lab TM software (Bio-Rad,
USA).

LvUCP4 and LvUCP5 identification in shrimp isolated
mitochondria by Western blot analysis

To confirm the LvUCPs location in shrimp mitochondria,
these organelles were isolated and solubilized from shrimp
pleopods following the method of Rodriguez-Armenta et al.
(2018). The soluble protein of mitochondrial fractions was
measured by Bradford method (1976), using γ-globulin as a
standard. Samples (50 μg) were diluted in a 4 X buffer (0.5 M
Tris, pH 6.8, 10% glycerol, 10% SDS, 0.05% beta-mercapto-
ethanol, and 0.01% bromophenol blue), boiled for 5 min and
separated on 10% SDS-polyacrylamide gels (Laemmli 1970).
Electrophoresis was run at 100 V for 10 min, 150 V for
10 min, and 200 V to the end.

Gels were electrotransferred into a PVDF membrane using
transfer buffer (25 mM Tris, 192 mM glycine and 20% meth-
anol, pH 7.0) (Towbin et al. 1979) and a Wet electroblotting
system (BioRad, USA). Membranes were blocked with 5%
Blotto nonfat dry milk in TBS-T (50 mMTris, 104 mMNaCl,
pH 7.6, 0.1% Tween 20) for 1 h, and incubated overnight at
4 °C with the primary monoclonal antibodies: UCP4 (A-5; sc-
365,295) or BMCP1/KMCP1 (F-3; sc-376,172) (Santa Cruz
Biotechnology, USA) diluted 1:1000 (v/v). Membranes were
washed with TBS-T and incubated at 37 °C for 1 h with

peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG
(H + L) secondary antibody (Jackson ImmunoResearch,
USA) diluted in TBS-T 1:10,000 (v/v). Membranes were
washed again and the bands were developed by chemilumi-
nescence using an ECL kit (Amersham Biosciences, GE,
Healthcare).

Hypoxia/ re-oxygenation assay

To evaluate and compare the genic expression of shrimp
UCPs and antioxidant enzymes, shrimp samples from a
hypoxia/re-oxygenation assay were obtained and analyzed.
Briefly, 90 adults of L. vannamei (30 ± 1 g each) were main-
tained in laboratory conditions at CIBNOR in La Paz, BCS,
Mexico. All shrimp were randomly distributed in 6 plastic
tanks (1000 L capacity) with 300 L of seawater each.
During acclimatization (8 days), experimental shrimp were
maintained at 28 °C, 35 ppt salinity and a dissolved oxygen
concentration in the water of 6 mg/L (normoxia). Shrimp from
each tank (n = 15) were fed twice a day with pelletized food
(35% protein), and 50% of total seawater was daily
exchanged.

After acclimation, shrimp were fasted for 24 h prior to the
experiment. Three tanks were kept at normoxia (6 mg/L) as
controls, and hypoxia/re-oxygenation was induced in the re-
maining 3 tanks. To induce hypoxia in seawater, the air stones
were removed from tanks and oxygen was replaced by bub-
bling nitrogen gas. The 3 tanks at hypoxia were covered with
plastic sheets, and oxygen concentration was continuously
monitored using a submersible digital oximeter (Ohaus,
USA).

All along the assay, 3 organisms were sampled from each
tank at different oxygen concentrations (6, 2, 1.5, 7 mg/L), and
samples from shrimp at normoxia were taken at the same time
than those at hypoxia/re-oxygenation. During hypoxia, the
dissolved oxygen concentration of water decreased up to
2 mg/L, then it was maintained at this concentration for 6 h
more, and shrimp were sampled; afterwards, oxygen de-
creased to 1.5 mg/L and after 6 h samples were taken.
Finally, oxygen concentration was gradually increased by in-
troducing air stones to reach a final oxygen dissolved concen-
tration of 7 mg/L and after 6 h shrimp samples were taken.

A total of 400 μL of hemolymph were extracted from the
base of the fifth pereiopod from each sampled shrimp using a
1 mL syringe containing two volumes of pre-cooled shrimp
anticoagulant solution containing 450 mMNaCl,10 mMKCl,
10 mM Na2-EDTA, 10 mM HEPES, pH 7.3 (Vargas-Albores
et al. 1993). Each hemolymph sample was centrifuged at 700
x g for 10 min at 4 °C, plasma and hemocytes were separated
and stored at −80 °C until use. Subsequently, shrimp were
sacrificed and dissected. The dissected tissues/organs were
immersed in liquid nitrogen and stored at −20 °C.

106 J Bioenerg Biomembr (2019) 51:103–119

http://swissmodel.expasy.org/
http://www.sbg.bio.ic.ac.uk/~phyre2/
http://www.sbg.bio.ic.ac.uk/~phyre2/


Lactate concentrationmeasurement in shrimp plasma
at hypoxia and re-oxygenation

Shrimp plasma L-lactate concentration was measured to con-
firm the hypoxia and re-oxygenation effect on experimental
shrimp. Individually collected samples from the assay were
used and the commercial kit LACTATE-PAP (RANDOX,
UK), according to the manufacturer protocols using a
Synergy micro plate reader (Bio-Tek Instruments). Briefly,
each sample was tested in a final volume reaction of
200 μL, including 10 μL of plasma and 190 μL of reaction
solution, absorbance was followed at 550 nm in triplicates. L-
lactate concentration in plasma was determined in shrimp at
normoxic, hypoxic and re-oxygenated conditions.

Determination of shrimp UCPs and antioxidant
enzymes- relative genes expression by qRT-PCR

Specific TaqMan® probes for LvUCP4, LvUCP5, manganese
superoxide dismutase (MnSOD), thioredoxin (TRX), glutation
peroxidase (GPX), catalase (CAT), and the ribosomal protein
L8 (as a reference gene) were used to amplify shrimp tran-
scripts (Table 2). The relative quantification of genes expres-
sion in shrimp gills was done in triplicates using a Step One
real-time PCR System (Applied Biosystems). Total volume
reactions of 20 μL included 10 μL of 2x Brilliant II qRT-
PCR OneStep master mix (Stratagene, USA), 1 μL of
TaqMan® probe (20X), 0.8 μL of enzyme RT/RNase block
enzyme mix, 150 ng of total RNA free of gDNA and water.
Amplification conditions were 50 °C for 30 min, 95 °C for
15 min, followed by 45 cycles at 95 °C for 15 s and 60 °C for
1 min. Fluorescence was taken at 60 °C after each amplifica-
tion cycle. Each transcript evaluation included a no-template
control to confirm no contamination.

The PCR efficiency (E) of each evaluated transcript was
determined by the formula E = 10(−1/slope) through a dynamic-
range evaluation, and efficiency results were compared be-
tween transcripts to be equal. The 2-(ΔΔCT) method (Livak
and Schmittgen 2001) was used to calculate mRNA changes

in the expression of each transcript, relative to the reference
gene L8 following the formula: 2−(ΔΔCt) = 2−(mean CtGenX −

mean CtL8)hypoxia) − (mean CtGenX −mean CtL8)normoxia). Data were
analyzed for normality and variances homogeneity.
Statistical significance was evaluated by one way-ANOVA,
the post hoc analysis was done using the Tukey test.
Statistical significance was considered at p < 0.05. Analyses
were performed using the NCSS 2007 software.

Results

LvUCP4 and LvUCP5 cDNA sequence

Two different nucleotide sequences were identified in the tran-
scriptome of the white shrimp L. vannamei as putative
uncoupling proteins UCP4 and UCP5 (Ghaffari et al. 2014).
The cDNA sequence of LvUCP4 consists of 1868 pb, the start
codon ATG is found at position 1, and the stop codon is found
at position 955 followed by a 3´-UTR of 911 pb that contains a
polyadenylation signal TAAAT at position 1823, and a polyA
tail at position 1840. The coding region of 954 bp encodes a
deduced protein LvUCP4 of 318 amino acids, with a predicted
molecular weight of 35.3 kDa, and an isoelectric point (pI) of
9.65 (Fig. 1).

The protein primary sequence shares identity with inverte-
brates such as the fruit fly D. melanogaster (44% isoform 4A,
NP_573246.1; 53% isoform 4B, NP_608977.1; and 39% iso-
form 4C, NP_608976.1), the louse Pediculus humanus
corporis (52%, XP_002429177.1), the pea aphid
Acyrthosiphon pisum (55%, XP_001944640.1), the parasitic
crustacean Caligus rogercresseyi (52%, ACO11693.1), the
nematode Caenorhabditis elegans (43%, CCD68613.1), and
various UCP4 vertebrate homologs such as the mouse Mus
musculus (54%, NP_082987.1), domestic cow Bos taurus
(54%, NP_001193123.1), and humanHomo sapiens (54% iso-
form 1, NP_004268.3, and 50% isoform 2, NP_001190980.1).

The LvUCP5 cDNA sequence consists of 2332 pb, the start
codon is found at position 1, and the stop codon is found at

Table 2 Specific TaqMan® probes used in the real time qRT-PCR determination

Gene Forward oligos (5–3′) Reverse oligos (5–3′) Probes (5′-3′)

LvUCP4 CACCTACGACTCAGTCAAGAGATAC CTTGACAAAGCATGGGTCCAATATG TATCGGGCAACCCC

LvUCP5 AGGGCATTGTATTTCGGTATTGCT GGAGTAATAAATGCCAAACTTGATGGT CCGTCAGGCAACATA

CAT ACATGGTGCCGGGTATTGAG AGAAAAGAGGCGACCTTGCA TTCCCCTGACAAAATG

TRX GTGGATGTGGATGAATGTGAAGAC CAAGCTTCTGGCCATTCTTCATG ATTGCCCAAGATAACC

GPX TGCATCATTTGGACACCTGTCT GCCGATGAGGAATTTCTCGAAGTT CCGCTCTGACATTGC

MnSOD AACATGGCTCCCGATGCT CGTCAATGGCTTGTGCAACAG CCTTGCGGCTCGCCAC

L8 ATTTGCAACCTTGAGGAGAAGACT TGGGCAATGACCTGAGCATAATT ATCCACGGGCAATACG
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position 907 pb. The 3´-UTR is 1422 pb long and contains a
polyadenylation signal TAAAT at position 2188, and a polyA
tail at position 2303. This transcript encodes a deduced protein
LvUCP5 of 303 residues with a predicted molecular weight of
33.17 kDa, and a pI of 9.58 (Fig. 2).

LvUCP5 amino acids sequence shows identity to other
invertebrates as the fruit fly D. melanogaster (54% isoforms
5A NP_729738.1 and 5B NP_648501.1), the blood-sucking
insect R. prolixus (57%, Alvares-Bezerra et al., 2014), the bee
Apis mellifera (51%, XP_397152.2), the jewel wasp Nasonia

Fig. 1 UCP4 cDNA sequence
and deduced amino acid from the
white shrimp L. vannamei. The
start and stop codons are framed.
Double underlined nucleotides
indicate the poly A signal and
polyA tail. The mitochondrial
carrier family signatures are
shadowed in gray (Ježek 2002)
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vitripennis (54%, XP_001606647.1), the bed bug Cimex
lectularius (57%, XP_014251704.1), the mountain pine beetle
Dendroctonus ponderosae (55%, AEE63135.1), the eastern
oyster Crassostrea virginica (54%, ACQ57806.1), the
Miyagi oyster Crassostrea gigas (54%, XP_011435266.1),

and the UCP5 vertebrate homologs such as the cow Bos
taurus (46%, NP _001039610.1), Rattus norvegicus (46%,
NP_445953.1), and various human isoforms (45% isoforms
1 NP_001269124.1, and 2 NP_001269125.1; 40% isoform 3,
NP_001269126.1, and 51% isoform 4, NP_001269127.1).

Fig. 2 UCP4 multiple protein
alignment. Residues marked with
(*) identical residues; (:)
conservative substitutions; and (.)
semiconservative substitutions.
Underlined residues with ( ) are
cytosolic segments,
( )transmembrane segments,
( ) matrix segments, and ( )
are the transmembrane helices
(Ježek and Urbánková 2000).
Proline residues are shadowed in
light gray; negatively charged
residues in gray, and residues
involved in the binding site of
purine nucleotides are shadowed
in black
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Both, LvUCP4 and LvUCP5 sequences, share a 27% iden-
tity between them, and include the signatures of the mitochon-
drial carrier family (Figs. 1 and 3). The repeated motifs in the
cytosolic, transmembrane and matrix helices, were identified
in both shrimp UCPs as shown in Figs. 2 and 4 (Ježek and
Urbánková 2000). Both proteins show the conserved nega-
tively charged residues Glu34 (UCP4) and Glu20 (UCP5)

located in the transmembrane helix 1 (TMH1), which is in-
volved in proton binding to UCPs (Echtay et al. 2000).
Additionally, both proteins have three Pro residues in the
odd-numbered helices (TMH1, −3 and − 5), and three Arg
residues in the even-numbered helices (TMH2, −4 and − 6),
all of them suggested as essential for purine nucleotides
binding (Figs. 2 and 4).

Phylogenetic relationships of UCPs of shrimp

A total of 53 protein sequences of UCP1, UCP2, UCP3,
UCP4 and UCP5 from 31 different species from various taxa
were included in the phylogenetic analysis, among these pro-
teins 11 sequences of the dicarboxylate carrier protein
SLC25A10 (DIC) were added since it is a member of the
superfamily of mitochondrial solute carriers, and it has been
proposed UCP4 and UCP5 are more closely related to
oxoglutarate/malate and dicarboxylate carrier proteins
(Palmieri 2013; Gaudry and Jastroch 2018). The resulting tree
shows that both, UCP5 and UCP4, were grouped into differ-
ent clades. Shrimp and insect UCP4 proteins were grouped
into a single clade, which is separated from mammals, nema-
todes and the parasitic copepod C. rogercresseyi (Fig. 5).

The deduced protein LvUCP5 is grouped with the UCP5
proteins from insects, but vertebrate homologs including the
various human isoforms were separated in a different clade
(Fig. 5). Results confirm that the sequenced deduced proteins
of L. vannamei are UCP4 and UCP5, sharing higher similar-
ities with their vertebrates homologs UCP4 and UCP5, than to
UCPs 1 to 3.

Predicted 3D structure of LvUCP4 and LvUCP5

Shrimp protein conformation resembles mouse UCP2. Both
predictive models for LvUCP4 and LvUCP5 show secondary
elements with a tripartite structure (Fig. 6a and 7a) and a
central channel, this consists of three hydrophobic regions
made up of two transmembrane α-helices each, extended
through the MIM six times (transmembrane helices TMH 1–
6). The two adjacent helices that form each repeated region are
connected by an amphipathic helix (APH) matrix-oriented
(Fig. 6b and 7b). The mitochondrial carrier family signature
PxD/ExxK/RxK/R-(20–30 residues, where x is any residue)
was observed in both shrimp UCPs (Ježek and Urbánková
2000). This motif is found in each repeated region, including
slight modifications in one or both sequences signing some
carriers (Krauss et al. 2005; Nury et al. 2006). The three re-
peated regions were located at positions 39–47, 142–150, and
243–251 in the LvUCP4 sequence, and at positions 25–33,
127–135, and 222–230 in the LvUCP5 sequence.

The N- (dark blue) and C-terminal (red) ends of these
proteins are oriented toward the intermembrane space
(Fig. 6 and 7a). The analysis of arginine conserved residues

Fig. 3 UCP5 cDNA sequence and deduced amino acid UCP5 from white
shrimp L. vannamei. The start and stop codons are framed. Double
underlined nucleotides indicate the poly A signal and poly A
tail; The mitochondrial carrier family signatures are shadowed in
gray (Ježek 2002)
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in UCPs, which are known to be essential for purine nucleo-
tide binding were located in the LvUCP4 model at positions
R92 (TMH2), R194 (TMH4), and R294 (TMH6) (Fig. 6c),

and in the LvUCP5 model at positions R79 (TMH2), R173
(TMH4), and R283 (THM6) (Fig. 7c). According to the argi-
nine residues position in the predictive models of shrimp

Fig. 4 UCP5 multiple protein
alignment. Mitochondrial carrier
family signatures (Ježek 2002) are
shadowed in gray. Residues
marked with (*) identical
residues; (:) conservative
substitutions; and (.)
semiconservative substitutions.
Underlined residues with ( ) are
the cytosolic segments, ( )
transmembrane segments, ( )
matrix segments, and ( ) are the
transmembrane helices (Ježek and
Urbánková 2000). Proline
residues are shadowed in light
gray; negatively charged residues
in gray, and residues involved in
the binding site of purine
nucleotides are shadowed in black

J Bioenerg Biomembr (2019) 51:103–119 111



UCPs, the average distance between these three residues is
>10 Å (Fig. 6c and 7c). Two additional residues, D202 in
LvUCP4, and E181 in LvUCP5 were identified in the purine
nucleotide binding sites (Fig. 6d and 7d).

LvUCP4 and LvUCP5 genes expression in shrimp
tissues/organs

LvUCP4 was found to be ubiquitously expressed in all tested
shrimp tissues and organs, being pleopods and gills, the sites
where higher expression was detected. On the other hand,

LvUCP5 was observed to be only expressed in three of all
tested organs including pleopods, gills, and muscle, being
the gills the organ that expresses both transcripts and the one
selected to determine LvUCPs genes expression (Fig. 8).

LvUCP4 and LvUCP5 identification in shrimp
mitochondria

Western blot analysis confirmed that LvUCP4 and LvUCP5
are located in the isolated mitochondria of shrimp organs.
Pleopods were used since higher amounts of mitochondria
can be isolated from these appendages, and both transcripts
were expressed in these organs. The isolated mitochondria
protein fractions include both proteins, LvUCP4 and
LvUCP5 in their monomeric and dimeric forms, with molec-
ular masses of ~36 and 70 kDa, respectively (Fig. 9).

L-lactate concentration measurement in shrimp
plasma at hypoxia and re-oxygenation

L-Lactate concentration in shrimp plasma significantly in-
creased after 12 h at hypoxia (1.5 mg/L) (p < 0.05; Fig. 10).
As hypoxia persisted, lactate levels increased becoming up to
11 times higher than at normoxia (6mg/L); however, when the
system was re-oxygenated to 7 mg/L, lactate concentration
significantly diminished but it did not decrease to its initial
concentration at normoxia.

Relative gene expression of UCPs and antioxidant
enzymes from shrimp at hypoxia/re-oxygenation

The genic expression of LvUCP4 and LvUCP5 and four anti-
oxidant enzymes showed significant differences when shrimp
were exposed to hypoxia and re-oxygenation. (Fig. 11a-f). No
significant differences were detected in the LvUCP4 and
LvUCP5 mRNA levels from shrimp at normoxia, hypoxia
and re-oxygenation conditions (p > 0.05; Fig. 11a and b);
however, the mean mRNA levels at hypoxia (2 mg/L) de-
creased 35% for LvUCP4, and 20% for LvUCP5 when com-
pared to normoxia, and these decreases continued at hypoxia
(1.5 mg/L) and after re-oxygenation.

Among the mRNA changing levels of antioxidant enzymes,
statistical differences were detected only for catalase (CAT) and
glutathione peroxidase (GPX) transcripts (p < 0.05; Fig. 11d
and e). However, some similarities were observed in the chang-
ing patterns of the four antioxidant enzymes along the assay.
TheMnSOD,CATandGPXmRNA levels increased at hypoxia
2 mg/L and decreased at hypoxia 1.5 mg/L; however, no sig-
nificant changes were detected in the transcripts levels at re-
oxygenation, except CAT. These trends do not correspond to
those for LvUCP4 and LvUCP5, suggesting different regulation
levels, different response times (whether ROS control is con-
sidered), or different functions in L. vannamei.

Fig. 5 Shrimp UCPs phylogenetic tree topology using neighbor-joining
method with partial deletion from amino acid sequences. Numbers above/
below the nodes indicate nonparametric bootstrap values (1000 replicates)
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Discussion

The mitochondrial ability to uncouple seems to be essential in
cell physiology.Mitochondrial function is regulated by the trans-
membrane potential and proton gradient dissipation, which lead
to control oxidative phosphorylation to synthesize ATP.
Although different extrinsic and intrinsic uncoupling mecha-
nisms have been described in eukaryotic cells (Guerrero-
Castillo et al. 2011), to date no evidence exists that describes
whether mitochondria from crustaceans exhibit physiological
uncoupling. Previous studies have confirmed that isolated mito-
chondria from various shrimp species and artemia do not enter
an uncoupled transition permeability state after a calcium over-
load (Menze et al. 2005; Holman and Hand 2009; Konrad et al.

2012; Rodriguez-Armenta et al., submitted). Additionally, no
alternative oxidases or reductases were found as an uncoupling
mechanism in the mitochondrial respiratory chain of the white
shrimp L. vannamei (Rodriguez-Armenta et al. 2018).

Mitochondrial uncoupling proteins are widely distributed
in nature, and this may suggest that regulating oxidative phos-
phorylation efficiency through physiological uncoupling
mechanisms may be a general and helpful strategy (Miroux
et al. 1993). Up to five different UCP isoforms, and some
additional UCP-homologs have been described in birds, am-
phibians, fishes, insects, plants and unicellular organisms
(Sokolova and Sokolov 2005); however, to our knowledge,
no records for any crustacean UCP have been reported
adequately described to date.

Fig. 6 Predictive structural model of LvUCP4. a Secondary structure b View of the channel from the matrix with secondary structures and surface
representation. c Conserved arginine residues. d View from the intermembrane space of conserved arginine residues. e Surface representation
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In this study two transcripts, LvUCP4 and LvUCP5, were
identified as uncoupling proteins in the white shrimp
L. vannamei. This agrees with previous reports in other

arthropod genomes /transcriptomes, that suggest that only
UCP4 and UCP5 homologs are present in invertebrates
(Sokolova and Sokolov 2005). Based on their phylogenetic

Fig. 7 Predictive structural model of LvUCP5. a Secondary structure b View of the channel from the matrix with secondary structure and surface
representation. c Conserved arginine residues. d View from the intermembrane space of conserved arginine residues. e Surface representation

Fig. 8 LvUCP4 and LvUCP5 transcripts expressed on various tissues of the white shrimp Litopenaeus vannamei. (Pl) pleopods, (MG) midgut gland, (G)
gills, (M) muscle, (ES) eye stalk, (H) heart, (NC) nerve cord and (I) gut
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analysis, these two proteins are closely related to insect UCPs,
and other invertebrate homologs, but they differ from the ver-
tebrate proteins as the mammalian UCP1, UCP2 and UCP3
(Krauss et al. 2005). Their evolutionary origin seems to be
clearly related to the ketoacid carriers subfamily as
dicarboxylate carriers (DIC) since they share important amino
acid similarities (Haferkamp and Schmitz-Esser 2012).

The LvUCP4 transcript was found to be expressed in an
ubiquitous manner, and LvUCP5 was only expressed in spe-
cific organs mainly related to the high energy requirements of
shrimp pleopods to swim, and to the respiratory activity of
gills. Similar results with differentially expressed UCPs were
obtained in the insect R. prolixus, whose RpUCP4mRNAwas
highly expressed in the anterior midgut and flight muscle
(Alves-Bezerra et al. 2014), and in the gut of the fruit fly
D. melanogaster larvae showing high gene expression of a
UCP4 homolog (Da-Ré et al. 2014).

Structurally, LvUCPs share the main signatures of mito-
chondrial carriers and contain a high amount of basic and acid
residues inserted in the transporter channel. Most arginine

residues are located inside the channel, facilitating the purine
nucleotide binding to a specific site to be inhibited. In this
region, shrimp LvUCPs include the four conserved amino
acids: three Arg residues and a Glu181 in LvUCP5, which
in LvUCP4 is substituted by Asp202. The Glu residue acts
as an interaction barrier between the three arginine residues
and the acid groups of nucleotides as a result of the saline
bonds formation. Once the glutamic acid is protonated, phos-
phate groups in nucleotides are able to interact with the three
arginine residues, producing a tight complex (Luevano-
Martinez and Uribe-Carvajal 2008).

The identity similarities of transcripts, and the structural
characteristics of the predicted shrimp proteins described
above suggests that these two deduced proteins are putatively
UCP4 and UCP5, which may have the ability to transport
protons through theMIM and to bind purine nucleotides being
sensitive to their inhibitory effect (Echtay et al. 2000).

All previous results in addition to the confirmed presence
of LvUCP4 and LvUCP5 in the isolated mitochondria of
shrimp pleopods, allowed us to present this as the first report

Fig. 10 Plasma L-lactate concen-
tration in the white shrimp
L. vannamei exposed to
normoxia, hypoxia and re-oxy-
genation. Different letters show
significant difference at
p < 0.05. Bars represent means ±
SEM

Fig. 9 Shr imp UCPs immunode tec t ion in the i so la ted
mitochondrial fractions. A) LvUCP4 detection of a homodimer
(75 kDa) and monomer (37 kDa). B) LvUCP5 detection of a
homodimer (72 kDa) and monomer (35 kDa). Isolated

mitochondria were solubilized with RIPA buffer and PEG 400
1%. Lanes 1A and 1B mitochondria from shrimp pleopods; lanes
2A and 2B mitochondria from mouse liver; lanes 3A and 3B
mitochondria from mouse brain

J Bioenerg Biomembr (2019) 51:103–119 115



that characterizes UCPs in crustaceans, to propose the proteins
as the first uncoupling mechanism reported in shrimp mito-
chondria to dissipate protons gradient, and to hypothesize that
this mechanism will also participate in controlling mitochon-
drial production of ROS, as it was observed in the mitochon-
dria of R. prolixus (Alves-Bezerra et al. 2014), and
G. coquereliana (Slocinska et al. 2011).

Hypoxia/re-oxygenation events represent an important
physiological challenge for shrimp life, both in nature and
culture systems. It has been suggested that the daily environ-
mental changes in dissolved oxygen concentrations of seawa-
ter allow organisms to display highly specialized mechanisms
to deal with ROS production when oxygen levels raise
(Li et al. 2016).

Previously, it has been postulated that enzymes including
catalase, glutathione peroxidase, peroxiredoxin, thioredoxin,

and cytosolic manganese superoxide dismutase are part
of an efficient initial antioxidant response that allows
adapted marine invertebrates to survive after repetitive
cycles of hypoxia/re-oxygenation by counteracting ROS
production and, thus, preventing oxidative stress
(Parrilla-Taylor and Zenteno-Savín 2011).

According to our results, hypoxia and re-oxygenation do
not significantly affect any of the antioxidant enzymes as
MnSOD and TRX, nor LvUCPs at the transcriptional level;
however, GPX and CAT gene expression changed significant-
ly according to the environmental oxygen concentration. In
2013, Trasviña-Arenas et al. reported the gene expression and
activity of catalase in the gills of shrimp at hypoxia and re-
oxygenation. The activity and transcript levels of the enzyme
increased at both conditions being these results similar to
those found in this study. TRX has also been reported as an

Fig. 11 Relative UCPs genes expression in the gills of shrimp at normoxia, hypoxia and re-oxygenation. a UCP4, b UCP5, cMnSOD, d CAT, e GPX,
and f TRX. Data represent mean ± SEM. Different letters indicate statistical significant differences (p < 0.05)
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efficient electron donor to glutathione peroxidase, acting as a
cofactor to thioredoxin peroxidases, known as peroxiredoxins,
leading to the effective detoxification processes in humans.
TRX gene expression is known to be regulated by the
hypoxia-inducible transcription factor (HIF 1-α) in humans
(Maulik and Das 2008). In the white shrimp L. vannamei,
Aispuro-Hernandez et al. (2008) reported similar results to
those observed in this study at hypoxia and re-oxygenation.
Although no significant differences were observed in the TRX-
1 mRNA levels at hypoxia and re-oxygenation, they reported
that the antioxidant capacity of recombinant TRX of
L. vannamei exceeds that of glutathione, suggesting that a
small amount of TRX-1 may still be enough to maintain oxi-
dative balance and protection from ROS-mediated cellular
damage.

No comparable data were found about MnSOD and GPX
genes expression at oxidative stress, but previous reports in-
dicate that in L. vannamei hepatopancreas, gills and hemo-
lymph, hypoxia promotes an increase in the activity of
MnSOD and GPX, and re-oxygenation decreases both en-
zymes activity below those values observed at normoxia (Li
et al. 2016). These two enzymes are known to play central
roles in maintaining the balance of free radicals avoiding ox-
idative damage (Echtay 2007). At this point, our results indi-
cate that changes in the antioxidant response to hypoxia and
re-oxygenation are not all detected at the transcriptional level,
but probably at post-translational level affecting enzymes
activity.

In mammalians, reperfusion following ischemia results
from an abnormal heart function, it induces a strong up-
regulation of UCP2 mRNA expression in rats kidney, which
increased by 2.8-fold at day 1 after reperfusion and recovered
to baseline at day 4 (Yoshida et al. 2002). This gene is in-
volved in the modulation of superoxide anion radical and hy-
drogen peroxide generation in mitochondria, and is consid-
ered as an intracellular regulator of oxidative stress (Nègre-
Salvayre et al. 1997).

In 2006, Mark et al. reported in the ectothermic fish
Zoarces viviparous that UCP2 expression is temperature de-
pendent; authors found a general up-regulation during warm
and cold adaptation, respectively. Up-regulation includes
mRNA and protein expression levels, which showed the same
trends in tissues of both high and low metabolic activities.
They hypothesized that UCP holds an important position
within mitochondrial energy metabolism of ectotherms, and
especially during thermal stress may function as a regulatory
protein, controlling the mitochondrial membrane potential to
balance ROS formation and ATP production.

In contrast to rat and fish UCP2, in this study both shrimp
UCP4 and UCP5 genes expression showed similar slight
changes in response to hypoxia and re-oxygenation; dif-
ferences were not statistically significant probably due
to the endogenous individual variability, that promoted

transcriptional levels remained unaffected, but also no
changes may result from the shrimp mitochondrial
oxyconformer response (Chimeo 2017), and to the
hypoxia-tolerance this species display (Martinez-Cruz
et al. 2017) as the consequence of repetitive exposure
to cyclic variations in oxygen concentrations that these
organisms face daily (Puente-Carreon 2009).

Finally, whether UCPs participate in controlling ROS pro-
duction besides the efficient antioxidant system of shrimp
cells (Zenteno-Savin et al. 2006) remains to be confirmed
through additional evidence; their specific expression pattern
suggest a primary role in the mitochondrial energy synthesis
when animals respond to stress factors, however additional
evidence on the functionality of shrimp UCPs including pro-
teins expression, protein activation and inhibition responses,
and RNAi experiments will help to better understand these
proteins role in shrimp mitochondria.
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a b s t r a c t

The regulation of gene expression in response to increased levels of reactive oxygen species (ROS) is a
ubiquitous response in aerobic organisms. However, different organisms use different strategies to
perceive and respond to high ROS levels. Yeast Yap1 is a paradigmatic example of a specific mechanism
used by eukaryotic cells to link ROS sensing and gene regulation. The activation of this transcription
factor by H2O2 is mediated by peroxiredoxins, which are widespread enzymes that use cysteine thiols to
sense ROS, as well as to catalyze the reduction of peroxides to water. In filamentous fungi, Yap1 homologs
and peroxiredoxins also are major regulators of the antioxidant response. However, Yap1 homologs are
involved in a wider array of processes by regulating genes involved in nutrient assimilation, secondary
metabolism, virulence and development. Such novel functions illustrate the divergent roles of ROS and
other oxidizing compounds as important regulatory signaling molecules.
© 2019 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aerobic respiration is one of the most important traits acquired
during the evolution of life. In eukaryotes, respiration occurs in the
mitochondria and it involves the use of oxygen as the final acceptor
of the electrons that feed the electron transport chain, and the
production of ATP. The incomplete reduction of O2 to water gen-
erates the anion superoxide (O2

:�), which in turn generates
hydrogen peroxide (H2O2), either spontaneously or by the activity
of superoxide dismutase enzymes. Through different reactions,
H2O2 can produce other reactive oxygen species (ROS) such as the
hydroxyl radical ($OH). ROS can react with many different bio-
molecules, causing enzyme inactivation and degradation, lipid
peroxidation and DNA damage. To avoid this, organisms evolved
mechanisms to perceive and decompose ROS through coordinated
cellular responses, collectively called the antioxidant response.
Typical responses involve the up-regulation of ROS-decomposing
enzymes such as superoxide dismutases (SOD), catalases (CAT),
glutathione peroxidases (Gpx), glutathione S-transferases (GST)
and peroxiredoxins (Prx), as well as enzymes involved in the
r Ltd on behalf of British Mycolog
production of reducing compounds such as NADPH and glutathione
(Halliwell and Gutteridge, 2007).

For a long time, only the cell damaging aspects of ROS were
considered as biologically relevant. Currently, increasing evidence
from studies in many different biological systems supports our
early view, in which ROS were proposed as signaling molecules
important for cell differentiation (Aguirre et al., 2005; Hansberg
and Aguirre, 1990), and several mechanisms for ROS perception,
ROS signal transduction and ROS-induced gene regulation have
been identified. Many of the regulatory roles of ROS are based on
their ability to modify the activity of proteins sensitive to redox
modifications. In turn, many of thesemodifications aremediated by
the oxidation of cysteine residues, since its sulfhydryl group can be
reversibly oxidized to form intra- or intermolecular disulfide bonds,
affecting protein structure and function (D'Autreaux and Toledano,
2007; Holmstrom and Finkel, 2014).

2. Yap1, a paradigm in ROS signal transduction

Saccharomyces cerevisiae Yap1 is a transcription factor first
identified as a member of the jun family, which includes AP-1 in
mammalian cells (Harshman et al., 1988), which represents a
paradigmatic example of the mechanisms that a cell utilizes to
perceive and transduce ROS signals. YAP1 was also found as a gene
ical Society. This is an open access article under the CC BY-NC-ND license (http://
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critical to survive the oxidative stress caused by H2O2, diamide
(Kuge and Jones, 1994), cadmium and other heavy metals (Schnell
and Entian, 1991). In addition, it was reported that Yap1 over-
expression conferred pleiotropic drug resistance (Hertle et al.,
1991).

There are excellent and recent reviews on Yap1 and its homo-
logs in yeasts (Dantas Ada et al., 2015; Garcia-Santamarina et al.,
2014). Here we describe a comparative analysis between Yap1 and
its homologs in filamentous fungi. Yeast Yap1 contains five char-
acteristic domains: a “b-ZIP” DNA binding domain, a N-terminal
nuclear localization sequence (NLS), a C-terminal nuclear expor-
tation sequence (NES), and two cysteine-rich (CRD) regions
(Fernandes et al., 1997; Harshman et al., 1988). The first CRD (nCRD
domain) contains Cys-303, Cys310 and Cys-315, while C-terminal
CRD (cCRD domain) contains Cys-598, Cys-620 and Cys-629 (Fig. 1),
and the oxidation of these cysteines is critical to regulate Yap1
nuclear localization (Delaunay et al., 2000; Kuge et al., 1997; Yan
et al., 1998). When yeast cells are treated with H2O2, a Yap1 step-
wise oxidation is initiated by the oxidation of the catalytic cysteine
of the peroxiredoxin Gpx3, which then reacts with Yap1 Cys-598,
forming a mixed Gpx3-Yap1 intermediate that immediately re-
solves in the formation of an intra-molecular bridge between Yap1
Cys-598 and Cys-303 (Delaunay et al., 2002). This generates a
conformational change that hides the NES region and prevents its
interaction with the Crm1 nuclear export factor, resulting in the
accumulation of Yap1 in the nucleus (Delaunay et al., 2000; Kuge
et al., 1997). The protein Ybp1 is necessary for this disulfide relay,
very likely acting as a molecular scaffold protein and as a sulfenic
acid chaperone (Bersweiler et al., 2017). Additionally, intermolec-
ular disulfides Cys310e-Cys629 and Cys315e-Cys620 have been
identified, all of which appear necessary for full Yap1 activation
(Gulshan et al., 2005; Okazaki et al., 2007; Wood et al., 2003).
Oxidized nuclear Yap1 is subject to phosphorylation, but the
responsible kinase and the physiological consequences of this are
yet unknown (Delaunay et al., 2000). However, the fact that
Candida albicans Yap1 homolog Cap1 is also phosphorylated, sug-
gests that this modification is physiologically important (Kos et al.,
2016).

Yap1 cCRD cysteines can also be oxidized directly by synthetic as
well as natural electrophilic compounds such as diamide, dieth-
ylmaleimide, menadione (Azevedo et al., 2003; Kuge et al., 1997;
Wemmie et al., 1997), methylglyoxal (Maeta et al., 2004) and the
garlic compound allicin (Gruhlke et al., 2017). This process is in-
dependent of Gpx3 and Ybp1 and also results in hiding of the NES
motif and Yap1 nuclear accumulation. However, these two Yap1-
activation mechanisms lead to the expression of different sets of
genes and different adaptive responses. Indeed, Yap1 oxidation by
H2O2 regulates the expression of around ~100 genes, including
genes required for glutathione biosynthesis and redox balance
proteins such as g-glutamylcysteine synthetase GSH1, glutathione
reductase GLR1 (Gasch et al., 2000) and thioredoxin gene TRX2
(Kuge and Jones, 1994). In contrast, Yap1 oxidation by electrophilic
compounds results in the induction of genes related to xenobiotic
detoxification, such as genes encoding major facilitator and ATP-
binding cassette transporters (Alarco et al., 1997; Wemmie et al.,
1994). Consistent with this, H2O2 and N-ethylmaleimide do not
induce cross-protection against each other (Ouyang et al., 2011).
The mechanism by which different oxidized forms of Yap1 regulate
different sets of genes is not well understood. Part of the expla-
nation involves Yap1 interaction with other transcriptional regu-
lators such as Skn7, a response regulator also involved in the
antioxidant response, and the mediator complex. About half of the
genes regulated by Yap1 require its interactionwith Skn7, while the
other half is Skn7-independent (Lee et al., 1999; Mulford and
Fassler, 2011). Mediator is a highly conserved multi-subunit
protein complex involved in the transcriptional activation of many
genes, including genes involved in multidrug resistance (Shahi
et al., 2010; Uthe et al., 2017). The Yap1-mediated induction of
the TRX2 gene depends on the mediator component Rox3 and a
proper disulfide bonding between Yap1 n-CRD and c-CRD domains
(Gulshan et al., 2005). Yap1 oxidized by either H2O2 or electrophilic
compounds is subject to degradation (Gulshan et al., 2012) and can
be reduced back by thioredoxin Trx2 and then translocated to the
cytosol (Delaunay et al., 2000). In fact, deletion of trx1 and trx2
thioredoxin genes results in constitutive activation of Yap1 (Izawa
et al., 1999).

Yap1 homologs Pap1 and Cap1 show very similar regulation in
response to H2O2 in Schizosaccharomyces pombe (Toda et al., 1991;
Toone et al., 1998) and C. albicans (Kos et al., 2016), respectively.
However, in S. pombe, it is peroxiredoxin Tpx1 the enzyme which
oxidizes Pap1, hiding the NES region and leading to Pap1 nuclear
accumulation (Calvo et al., 2013), and the expression of ~50 genes
(Chen et al., 2008) involved in the antioxidant response (catalases,
peroxiredoxins, sulforedoxins), cellular detoxification and multiple
drug resistance (Calvo et al., 2009). In C. albicans, peroxiredoxin
Gpx3 and interacting protein Ybp1 are needed to relay H2O2

signaling to Cap1 (Patterson et al., 2013). Like Yap1, Pap1 regulates
the expression of two subsets of genes. Notably, one subset requires
Pap1 nuclear accumulation but not its oxidation, and includes
genes related to multidrug resistance like caf5, which encodes an
efflux pump to exclude drugs from the intracellular compartment.
The second subset includes antioxidant genes such as catalase and
thioredoxin reductase and depends on Pap1 nuclear localization as
well as its oxidation and heterodimerization with Prr1, the Skn7
ortholog. Consistent with this, Pap1 binding to drug tolerance
promoters is Prr1-independent, while Pap1 association with Prr1
enhances its affinity for antioxidant gene promoters (Calvo et al.,
2012).

As indicated before, H2O2 signal is relayed to Yap1, Pap1 and
Cap1 by specific peroxiredoxins (Prxs). Prxs constitute a large
family of thiol-dependent peroxidases originally discovered as
enzymes catalyzing the reduction of H2O2, alkyl hydroperoxides
and peroxinitrite (Chae et al., 1994b; Jacobson et al., 1989; Peshenko
and Shichi, 2001). All Prxs contain a conserved cysteine residue,
designated as the peroxidatic cysteine (CysP), which is oxidized by
peroxides (Choi et al., 1998; Ellis and Poole, 1997). Most, but not all
Prxs contain an additional cysteine, designated as the resolving
cysteine (CysR). Depending on their catalytic mechanism, Prxs are
classified into three types: typical 2-Cys, atypical 2-Cys and 1-Cys
Prxs. Each catalysis cycle can be divided into three steps. The first
step, peroxidation, is where the sulfur atom of the CysP residue
exerts a nucleophilic attack on the OeO bond of the peroxide
substrate, releasing the correspondingmolecule of alcohol or water,
at the cost of CysP being oxidized to the cysteine sulfenic acid form.
The second step, resolution, occurs when the CysR attacks the sul-
fenic acid, resulting in the formation of an inter- or intramolecular
disulfide bond for typical and atypical 2-Cys Prxs, respectively, and
the release of a water molecule. This step is omitted in 1-Cys Prxs,
as they do not have a CysR residue and move directly to the third
step, recycling, which occurs when the oxidized Prx is reduced by
thiol-containing electron donors such as thioredoxin (Chae et al.,
1994a). The regenerated Prx can then go through another cata-
lytic cycle.

Clearly, the basic mechanisms by which Yap1 regulates gene
expression in response to oxidative stress are well conserved in
yeast fungi. However, as we will see below, is not clear yet to what
extent these mechanisms are conserved in filamentous fungi,
which are more complex organisms, containing about twice as
many genes and showingmore complex patterns of growth and cell
differentiation.



Fig. 1. Yap1 homologs from filamentous fungi contain the same domains described in yeast Yap1. The amino acid sequence of Saccharomyces cerevisae Yap1 is aligned to homologous proteins from Schizosaccharomyces pombe
(SPAC1783.07c), Candida albicans (C3_02220W), Aspergillus fumigatus (Afu6g09930), Aspergillus nidulans (AN7513), Aspergillus parasiticus, (P875_00065012), Aspergillus flavus (AFLA_129340), Aspergillus niger (An11g07980), Aspergillus
oryzae (AO090001000627), Neurospora crassa (NCU03905), Fusarium graminearum (FGSG_08800T0), Magnaporthe oryzae (MGG_12814), Talaromyces marneffei (PMAA_063050), Ustilago maydis (um02191), Cochliobolus heterostrophus
(estExt_Genewise1Plus.C_130082), Colletotrichum gloeosporioides (CGLO_14059), Epichloe festucae (KC121577) and Botrytis cinerea (FM957543). The b-ZIP binding domain is indicated in green and characteristic residues are indicated by
black dots. The nuclear localization sequence (NLS) and nuclear exportation sequences (NESs) are indicated in pink and yellow, respectively. N-terminal cysteine rich domain (nCRD) is labeled in blue and conserved cysteines are
indicated with asterisks. C-terminal cysteine rich domain (cCRD) is indicated in red and conserved cysteines are labeled with asterisks. The alignment was generated using software T-coffee (Notredame et al., 2000) and edited using
CLC Sequence Viewer (https://www.qiagenbioinformatics.com/products/clc-genomics-workbench-direct-download/). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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3. Yap1 homologs in filamentous fungi are also involved in
the antioxidant response

Filamentous fungi contain Yap1 homologs, which contain the
same domains described in Yap1 (Fig. 1). The b-ZIP domain covers a
highly conserved region of about 64 amino acids with characteristic
residues Q73, Q78, A80, F81 (Fernandes et al., 1997). NLS and NES
regions with lengths of about 8 and 21 residues, respectively, are
also conserved. However, there are clear differences in the total
number of cysteines, as well as in their distribution within putative
nCRD and cCRD domains (Fig. 1 and Table 2). The total number of
cysteines in the Yap1 homologs studied up to now in filamentous
fungi ranges from 4 in Aspergillus niger to 8 in Ustilago maydis.
Within the nCRD, the number of cysteines varies from 1 in Epichloe
festucae to 3 in several fungi, and from 3 to 4 in the cCRD domains
(Fig. 1).

As indicated, the number and localization of cysteines is
important because in Yap1 different cysteines are oxidized in
response to different oxidizing agents (Kuge et al., 1997). However,
it is not clear how these differences in cysteine number and dis-
tribution affect the function of Yap1 homologs in filamentous fungi.
In fact, cysteine function has only been studied in U. maydis Yap1,
where the simultaneous replacement of Cys399 and Cys407 by
alanine resulted in sensitivity to H2O2, as in the null mutant, and a
lack of nuclear localization (Molina and Kahmann, 2007).

Despite this limited information, most Yap1 null mutants re-
ported in filamentous fungi are sensitive to some type of oxidant,
such as H2O2, t-butyl hydroperoxide (t-BOOH) or menadione,
indicating that the involvement of this transcription factor in the
antioxidant response is highly conserved in fungi. However, there
are interesting differences, likely related to differences in Yap1
structure and fungal life styles (Tables 1 and 2). DyapA mutants of
endophytic fungus E. festucae show mycelial sensitivity to
menadione (Md) and diamide, while only conidia are sensitive to
H2O2 (Cartwright and Scott, 2013). In the animal pathogen
Aspergillus fumigatus, DAfyap1 mutants are susceptible to H2O2
and Md, but not to diamide (Lessing et al., 2007). In contrast,
Aspergillus parasiticus DApyapA mutants show only slight growth
defects in the presence of H2O2, Md and cumenehydroperoxide
(CH), despite the fact that they showed reduced activity of anti-
oxidant enzymes like SOD, GPX (glutathione peroxidase) and HPR
(Hydrogen peroxide reducing enzymes) (Reverberi et al., 2008).
Likewise, Magnaporthe oryzae mutants lacking MoAP1 show only
mild sensitivity to H2O2 (Guo et al., 2011). In contrast, Aspergillus
nidulans NapA is essential for resistance to H2O2 and Md in
conidia, as well as in mycelia (Asano et al., 2007; Mendoza-
Martinez et al., 2017). Although DnapA spores do not show a
reduction in catalase CatA activity, mycelial CatB induction by
H2O2 depends on both NapA and the Skn7 homolog SrrA
(Mendoza-Martinez et al., 2017; Vargas-Perez et al., 2007). The
differential sensitivity to H2O2 vs. electrophilic compounds could
reflect the extent to which cysteines in these Yap1 homologs are
available for either peroxiredoxin-mediated or direct oxidation.
However, whether or not a peroxiredoxin is directly involved in
Yap1 oxidation in filamentous fungi has not been answered yet. In
E. festucae, double mutants lacking S. cerevisiae Gpx3 and S. pombe
Tpx1 homologs were still able to accumulate Yap1 in the nucleus
in the presence of H2O2, ruling out these proteins as possible
mediators of Yap1 oxidation (Cartwright and Scott, 2013). Like-
wise, in A. nidulans peroxiredoxins GpxA, TpxA and TpxB were
not required for resistance to H2O2 or menadione, indicating that
these proteins are not needed for NapA activation (Mendoza-
Martinez et al., 2017). Similarly, the phenotypes of A. fumigatus
mutants lacking PrxA, PrxB or PrxC are different from mutants
lacking Yap1, arguing against the participation of these
peroxiredoxins in Yap1 activation (Rocha et al., 2018). For a long
time it was considered that fungi did not contain 2-Cys peroxir-
edoxins. However, PrxA has been characterized in A. fumigatus as
Aspf3 (Hillmann et al., 2016) and in A. nidulans as PrxA (Xia et al.,
2018), showing that it belongs to a family of atypical 2-Cys per-
oxiredoxins homologous to yeast peroxiredoxin Ahp1 (Lian et al.,
2012). More recently, we (Mendoza-Martinez and Aguirre; un-
published) and others (Xia et al., 2018) have found that
A. nidulans mutants lacking peroxiredoxin PrxA are highly sen-
sitive to H2O2, opening the possibility that PrxA might regulate
NapA in this fungus.

The Yap1 pathway is connected to other oxidative stress
signaling pathways in yeast cells. For example, in S. pombe, Pap1
activation by Tpx1 occurs only at low H2O2 concentrations, while at
high H2O2 concentrations Tpx1 is inactivated by over-oxidation of
its catalytic cysteine. These conditions lead to the activation of the
Sty1/Spc1 MAPK pathway, triggering a complementary antioxidant
response (Vivancos et al., 2005). Therefore, differences in oxidative
stress sensitivities observed in Yap1 mutants in filamentous fungi
could also indicate different interactions among stress signaling
pathways. Indeed, in addition to NapA (Mendoza-Martinez et al.,
2017), Skn7 homolog SrrA (Vargas-Perez et al., 2007) and the
Hog1/Sty1/Spc1 homologs SakA (Jaimes-Arroyo et al., 2015;
Kawasaki et al., 2002; Lara-Rojas et al., 2011) and MpkC (Garrido-
Bazan et al., 2018) are part of the antioxidant response in
A. nidulans.
4. Nuclear localization of Yap1 homologs in filamentous fungi

The nuclear localization of Nap1 homologs has been studied
fusing Yap1 to a reporter fluorescence protein and expressing it
from its own promoter or from strong constitutive promoters,
using H2O2 (or t-BOOH) as stressor agent. Although H2O2 con-
centrations and treatment times varied (Table 1), in all cases Yap1
nuclear accumulation was induced by the oxidant treatment.
However, in contrast to the high basal expression of YAP1
observed in yeast cells, in most cases in which yap1 was
expressed from its native promoter, the initial fluorescence signal
was low and increased only after the oxidant treatment. This is
particularly notable in A. nidulans, where napA mycelial basal
expression was low, as determined by qPCR and NapA::GFP
fluorescence expression. In this fungus, the CCAAT-binding com-
plex represses napA expression in the absence of oxidative stress.
Interestingly, H2O2 can induce the formation of an intermolecular
disulfide in CCAAT-binding complex subunit HapC, which results
in the transcriptional activation of napA (Thon et al., 2010),
creating a double redox switch in the antioxidant response in this
fungus. Whether a similar regulation occurs in other filamentous
fungi is not known. In addition to H2O2, other conditions have
been reported to induce Yap1 nuclear accumulation in filamen-
tous fungi. In the plant pathogen Cochliobolus heterostrophus,
where Chap1 initial expression is high in conidia and germ tubes,
plant phenolic compounds like cinnamic acid trigger ChAP1 nu-
clear accumulation but this results in only a slight up regulation
of specific antioxidant genes (Shalaby et al., 2012; Shanmugam
et al., 2010). In A. nidulans, menadione, osmotic stress, glucose
starvation stress and growth on ethanol as sole carbon source also
induced NapA nuclear localization (Mendoza-Martinez et al.,
2017). In A. fumigatus AfYap1 is accumulated in the nucleus un-
der hypoxia, which correlates with an increased production of
ROS and protein cysteine oxidation, under these conditions
(Shekhova et al., 2019). One possible interpretation of these re-
sults is that all these different types of stress lead to oxidative
stress (Hansberg and Aguirre, 1990).



Table 1
The function of Yap1 homologs in filamentous fungi.

Organism
(reference)

Oxidant sensitivity Nuclear localization Genes regulated Fungiehost interaction Developmental
phenotype

Other

Ustilago maydis
(Molina and
Kahmann, 2007)

Dyap1 and
yap1C399A,407A::3XeGFP
mutants sensitive to
H2O2.

Native yap1 locus replaced
by yap1:3XeGFP fusion.
Low accumulation in
vacuoles without H2O2.
Nuclear accumulation after
1 mM H2O2 (1 h) or during
early biotrophic growth.

221 Yap1-dependent
genes induced by 5 mM
H2O2, including genes
encoding ROS
detoxifying enzymes
and enzymes involved
in NADPH and
glutathione
biosynthesis.

Dyap1 mutants formed
appressorium but were
virtually non-virulent.

Brown pigment
accumulation.

Cochliobolus
heterostrophus
(Lev et al., 2005;
Shalaby et al.,
2012)

Dchap1 mutants
sensitive to H2O2 and
menadione.

GFP-CHAP1 fusion under its
own promoter. Strong
cytoplasmic expression
without stress in germ
tubes and conidia. Nuclear
localization induced by
50 mM H2O2, 1 mM
menadione and plant
phenolic signals.

Genes encoding to
Thioredoxin reductase
(ChTRR1), g-
glutamylcysteine
synthetase (ChGSH1),
glutathione reductase
(ChGLR1), glutathione
synthetase (ChGSH2)
and thioredoxin
(ChTRX1).

Virulence not affected
in Dchap1 mutants.

Similar to WT.

Colletotrichum
gloeosporioides
(Li et al., 2017;
Sun et al., 2016)

DCgAP1 mutants
sensitive to H2O2,
menadione and t-
BOOH.

CgAP1::eGFP fusion
expressed from its own
promoter. Low diffuse
cytoplasmic fluorescence
without stress. High
expression and nuclear
localization after 60 min
with t-BOOH.

Genes encoding
glutathione disulfide
reductase, cytochrome
P450 monooxygenase
and glutathione
peroxidase. 1505
CgAP1-dependent
genes.

DCgAP1 mutants show
attenuated virulence on
poplar leaves and are
non-pathogenic on
mango.

Similar to WT.

Epichloe festucae
(Cartwright and
Scott, 2013)

DyapA spores sensitive
to H2O2. Mycelia
sensitive to menadione
and diamide, but not to
H2O2, t-BOOH or KO2.

YapA-EGFP expressed from
native promoter.
Diffuse cytoplasmic
fluorescence without stress.
Nuclear localization after
30 min with 16 mM H2O2

and 30 min post-
inoculation in plant.

Catalase gene catA. Symbiotic interaction
not affected in DyapA
mutants.

Fusarium
graminearum
(Montibus et al.,
2013)

DFgap1 mutants
sensitive to H2O2, CdCl2,
sorbitol and NaCl.

Not determined. Down-regulation of
cat1, cat2 and cat3
catalase genes and two
Cu/ZnSOD genes.
Expression of genes Tri4
and Tri101 slightly up-
regulated.

Virulence not affected
in DFgap1 mutants.

Similar to WT. Mycotoxin genes
and toxin
production
increased in DFgap1
mutants.

Aspergillus
fumigatus
(Lessing et al.,
2007; Qiao et al.,
2008)

DAfyap1 mutants
sensitive to H2O2 and
menadione but not to
diamide and DETANO.

fyap1-eGFP gene expressed
from heterologous
promoter. Low and diffuse
cytoplasmic fluorescence
without stress. Nuclear
localization after 60 min
with 2 mM H2O2.

57 protein spots,
decreased or increased
in intensity in DAfyap1
mutants treated with
2 mM H2O2, including
catalases, peroxidases
and peroxiredoxins.

Virulence not affected
in DAfyap1 mutants.

Slight growth
reduction on malt
agar.

Cat1 and Cat2
activity reduced in
DAfyap1 mutants.

Aspergillus
parasiticus
(Reverberi et al.
2007, 2008)

DApyap1 mutants
sensitive to H2O2,
Cumene
Hydroperoxide and
menadione.

Not determined. SOD, HRP and GPX
activities reduced and
early expression of aflR
and norA genes,
involved in alfatoxin
biosynthesis, in a
DApyap1 mutant.
Increased expression of
transcription factor
Skn7.

Increased and
premature
conidiogenesis.

Increased aflatoxin
production.

Talaromyces
marneffei
(Dankai et al.,
2016)

Mutant sensitive to
H2O2, menadione and
NaNO2.

Not determined. Not determined. YapA necessary for
virulence.

Slow growth and
smaller colonies
with more red
pigment. Fewer
aerial hyphae and
conidia.

Swollen cells and
no internal fission.

Magnaporthe oryzae
(Guo et al., 2011)

Moap1 mutant mycelia
sensitive to H2O2.

MoAP1::eGFP expressed
from trpC promoter. Low
fluorescence signal
throughout the cell without
stress. Nuclear localization
after 2 mM H2O2 (2 h).

1179 Moap1-
dependent genes,
including genes
putatively involved in
ROS detoxification.

MoAP1 is required for
growth of invasive
hyphae and for
pathogenicity.

Decreased growth
of aerial hypha and
conidiation.
Abnormal
morphology of
conidia.

High expression in
conidia.

(continued on next page)
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Table 1 (continued )

Organism
(reference)

Oxidant sensitivity Nuclear localization Genes regulated Fungiehost interaction Developmental
phenotype

Other

Botrytis cinerea
(Temme and
Tudzynski, 2009)

Dbap1 mutants
sensitive to H2O2 and
menadione.

Not determined 99 H2O2-induced and
Bap1-dependent genes.

Virulence not affected
in DApyap1 mutants.

Similar to WT.

Aspergillus nidulans
(Mendoza-
Martinez et al.,
2017)

Mutant mycelia and
conidia sensitive to
H2O2 and menadione.

napA::gfp fusion from its
own promoter. Very low
expression without stress.
Increased expression and
nuclear localization after 1
e2 h with 2 mM H2O2,
glucose starvation, ethanol
as carbon source or osmotic
stress.

214 NapA-dependent
genes in isolated
conidia.

Decreased asexual
sporulation and
highly derepressed
sexual
development.

DnapA mutants
unable to grow on
ethanol, sorbose
and fructose as sole
carbon sources.

Neurospora crassa
(Takahashi et al.,
2010; Tian et al.,
2011)

Mutant DNcAp-1
sensitive to H2O2 CdCl2
and Menadione.

Nap-1-sGFP expressed from
heterologous ccg1
promoter. Strong
cytoplasmic fluorescence
without stress. Nuclear
localization after 5 min
with 50 mM menadione or
30 min with 30 mM
H2O2 or 10 mM CdCl for
30 min.

16 nap-1-dependent
genes induced by
menadione
(microarray).
45 genes NcAp-1
dependent genes
induced by 6 mM H2O2

(transcriptional
profiling).

Growth and asexual
reproduction
similar to WT.

Table 2
Protein size and total cysteine content in Yap1 homologs from filamentous fungi.

Organism Protein name Protein size (aa) Total cysteines Identity to Yap1 (%)

Ustilago maydis Yap1 758 C396, C399, C405, C407, C526, C532, C536 and C546 40
Cochliobolus heterostrophus CHAP1 589 C394, C418, C529, C553 and C562 51
Colletotrichum gloeospoiroides CgAP1 566 C367, C497, C507, C521, C530 and C557 44
Epichloe festucae YapA 580 C363, C410, C499, C509, C523 and C532 45
Fusarium graminearum Fgap1 588 C365, C491, C503, C513, C527, C536 and C564 44
Aspergillus fumigatus AfYap1 615 C419, C431, C438, C562, C586 and C595 52
Aspergillus parasiticus ApyapA 583 C346, C388, C400, C407, C530, C554 and C563 44
Aspergillus nidulans NapA 577 C388, C397, C404, C525, C549 and C558 41
Aspergillus flavus 584 C346, C388, C400, C407, C531, C555 and C564 41
Aspergillus oryzae 563 C346, C358, C365, C510, C534 and C543 41
Aspergillus niger 574 C402, C521, C545 and C554 34
Neurospora crassa NcAp1 577 C350, C361, C500, C510, C524, C533, C561 and C565 39
Talaromyces marneffei YapA 592 C400, C407, C533, C557 and C566. 42
Magnaporthe oryzae MoAP1 576 C369, C506, C516, C530, C539 and C566 46
Botrytis cinerea Bap1 601 C393 and C423, C533, C543, C557 and C566 44
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5. Yap1 homologs in filamentous fungi and gene expression

Most studies showing that Yap1 regulates gene expression in
response to oxidative stress in filamentous fungi have monitored
the expression of specific antioxidant genes such as genes encoding
catalases, peroxidases or genes involved in glutathione biosyn-
thesis (Table 1). In more comprehensive studies, a proteomic study
identified 29 proteins with decreased abundance in mutants lack-
ing AfYap1 and treated with H2O2, including catalases, peroxidases,
peroxiredoxins and chaperons (Lessing et al., 2007). Transcriptomic
analysis in Neurospora crassa identified 16 NcAP-1-dependent
genes induced by menadione (Takahashi et al., 2010) and 45
genes induced by H2O2 (Tian et al., 2011). Similar studies identified
99, 221, 214, 1179 and 1505 yap1-regulated genes induced by H2O2
in Botrytis cinerea (Temme and Tudzynski, 2009), U. maydis (Molina
and Kahmann, 2007), A. nidulans (Mendoza-Martinez et al., 2017),
M. oryzae (Guo et al., 2011) and Colletotrichum gloeosporioides (Li
et al., 2017), respectively. By comparison, about 100 and 50 Yap1
and Pap1 regulated genes have been reported in S. cerevisiae (Gasch
et al., 2000) and S. pombe (Chen et al., 2008), respectively. While
most of these studies identified Yap1-dependent genes in response
to oxidants, the transcriptomic study in A. nidulans analyzed NapA-
dependent gene expression in isolated asexual spores, showing for
the first time, a role for this transcription factor in developmental
gene regulation. Notably, the set of genes that NapA regulates
during conidiation is different from the set of genes normally
induced by oxidants. Indeed, during conidiation NapA is required
for full induction of 201 genes, which include genes encoding 12
putative transcription factors; 46 oxidoreductase enzymes; 32
membrane transporter proteins, putatively involved in sugar and
amino acid transport, drug and metal detoxification; 29 predicted
or confirmed hydrolases involved in ethanol and complex carbo-
hydrate utilization, as well as 29 proteins with recognizable protein
domains not included in the previous categories. Some of these
enzymes would be involved in iron acquisition and the production
of antibiotics and other secondary metabolites (Mendoza-Martinez
et al., 2017). These results indicate that like in yeast cells, Yap1
homologs in filamentous fungi can regulate the expression of both
antioxidant and drug detoxification genes. This might have clinical
implications as in the opportunistic human pathogen Aspergillus
flavus a Yap1 point mutation that would result in constitutive nu-
clear localization causes resistance to the antifungal voriconazole,
mediated by the upregulation of the atfR gene, ecoding an ATP-
binding cassette transporter (Ukai et al., 2018). In Cryptococcus
neoformans CnYap1 is dispensable for virulence but required for
resistance to the fungicide fluconazole (Paul et al., 2015) and for the
fluconazole-mediated induction of the AFR1 gene, encoding amajor
ABC-type pump critical for azole efflux (Chang et al., 2018).
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6. Yap1 homologs regulate inter-kingdom communication in
filamentous fungi

Major mechanisms of defense in plants and animals involve the
production of ROS to prevent pathogen attack. Therefore, fungal
pathogens need effective strategies for ROS detoxification, which
could involve Yap1 homologs. In biotroph U. maydis, Yap1 is
necessary for successful infection but not for the development of
the infection structure called appressorium. H2O2 accumulation
was detected at the plant infection point in Dyap1 but not in WT
strains, and the flavoenzyme inhibitor DPI prevented such H2O2
accumulation and restoredDyap1 virulence, suggesting that Yap1 is
essential to neutralize the ROS generated by the host NADPH oxi-
dases (Molina and Kahmann, 2007). Similarly, in the hemi-
biotrophic pathogenM. oryzae,Moap1mutants are unable to infect
the host plant but do form appressoria. In these mutants also the
growth of invasive hyphae during infection was reduced and ROS
accumulation was observed at the infection site (Guo et al., 2011),
indicating that MoAp1 is necessary for ROS scavenging. Similar
results were reported in hemibiotrophic C. gloeosporioides, where
DCgAP-1 mutants were unable to cause lesions on mango (Li et al.,
2017) and showed decreased virulence on poplar leaves, despite
not being affected in appresorium formation. Moreover, wild type
CgAP1 was necessary to prevent ROS accumulation during early
stages of biotrophic growth (Sun et al., 2016). Likewise, DYap1
mutants of hemibiotrophic Alternaria alternata failed to incite
necrotic lesions on wounded or unwounded Minneola leaves and
the use of plant NADPH oxidase inhibitors partially restored viru-
lence (Lin et al., 2009). However, Yap1 homologs are not essential
for virulence or plant interactions in all pathogenic or symbiotic
fungi studied. The biotrophic interaction of E. festucae with its host
plant is not affected by the lack of Yap1, although Yap1 accumulates
in nuclei during plant penetration (Cartwright and Scott, 2013). In
C. heterostrophus, CHAP1 deletion does not affect virulence, despite
that nuclear accumulation is induced from 2.5 to 30 h after infec-
tion (Lev et al., 2005). In necrotrophic B. cinerea, the deletion of
bap1 did not impact virulence (Temme and Tudzynski, 2009) and a
Fusarium graminearum Fgap1 deletion mutant was also not affected
in pathogenicity (Montibus et al., 2013). These differences in Yap1
impact on fungal virulence may be related to the different type of
associations established between plant and fungi, as Yap1
requirement for virulence appears to be more common in bio-
trophic and hemibiotrophic fungi. Biotrophic fungi establish a close
association with the host through the development of specialized
infection hyphae within living plant cells, fromwhich nutrients are
taken up (Mendgen and Hahn, 2002). Necrotrophic fungi secrete
toxins and enzymes that kill host cells and then nutrients released
from the dead tissue are taken up, while hemibiotrophic fungi
combine both strategies (Horbach et al., 2011). An initial biotrophic
phase, during which the host's immune system and cell death is
actively suppressed, allows invasive hyphae to spread throughout
the infected plant tissue. This is followed by a necrotrophic phase
during which toxins are secreted by the pathogen to induce host
cell death. For necrotrophs and hemibiotrophic fungi, ROS accu-
mulation act as a virulence factor that induces cell death for suc-
cessful infection (Mengiste, 2012). For most biotrophic fungi, the
Yap1 pathway is probably sufficient and necessary to contend with
ROS during the first stages of colonization, while necrotrophic fungi
might use additional antioxidant pathways to counteract the
oxidative stress produced by the host.

ROS also play critical roles in animal's immunity. Fungal human
pathogens are usually opportunistic like A. fumigatus, which causes
invasive pulmonary disease in immunocompromised patients.
However, Afyap1 mutants did not show attenuated virulence in a
murine model (Lessing et al., 2007). In the dimorphic fungus
Talaromyces marneffei, DyapA mutants showed decreased survival
in human macrophages, suggesting that in this fungus YapA is
important for virulence (Dankai et al., 2016).

7. Yap1 functions in secondary metabolism

Secondary metabolites are small non-essential molecules that
work as chemical communication signals in complex ecosystems,
defending the habitat from predators or inhibiting the growth of
competitors. Fungal secondary metabolites like mycotoxins cause
food contamination, affecting human health. In contrast, penicillin
and others are used as medical treatment of infectious diseases,
cancer, or as immunosuppressants (See (Keller, 2018) for a recent
review).

In fungi, secondary metabolite production is generally related to
developmental processes and in some cases development is regu-
lated by secondary metabolites (Marquez-Fernandez et al., 2007;
Soid-Raggi et al., 2016). In A. nidulans, napA overexpression re-
sults in increased tolerance to oxidative stress and decreased pro-
duction of secondary metabolites, including sterigmatocystin,
emericellin, asperthecin, shamixanthone, and epishamixanthone
and a shift from sexual to asexual development (Yin et al., 2013).
Consistent with this, A. parasiticus DpyapA mutants produce more
hydroperoxides and aflatoxin during growth on maize seeds,
compared to the wild type strain (Reverberi et al., 2007). These
results suggest that NapA regulates secondary metabolism genes in
a negative way. However, during development, NapA is necessary
for the induction of several secondary metabolism genes in
A. nidulans. During sexual development, NapA is needed for
expression of a specific polyketide synthetase involved in the
production of the cleistothecial melanin (Mendoza-Martinez et al.,
2017), and during asexual development it is required for the
conidial accumulation of mRNAs corresponding to two polyketide
synthases genes and other genes involved in the biosynthesis of
secondary metabolites such as sterigmatocystin, penicillin, mono-
dictyphenone and prenyl xanthones, all with antimicrobial activity
(Mendoza-Martinez et al., 2017). These results indicate that in
filamentous fungi Yap1 homologs can repress as well as activate
secondary metabolism genes, perhaps depending on the develop-
mental stage. Further research is needed to determine the specific
mechanisms.

8. ROS and Yap1 regulate development in filamentous fungi

Hansberg and Aguirre (1990) proposed that increased (local-
ized) ROS levels, beyond certain threshold, induce cell differentia-
tion. Such increase is a transient process as much as ROS induce the
expression of ROS scavenging systems (Aguirre et al., 2005;
Hansberg and Aguirre, 1990). In filamentous fungi, the nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidases (NOX)
connect ROS and cell differentiation processes. These enzymes
transfer electrons from NADPH to produce superoxide, which can
readily produce H2O2. NOX homologs are widely distributed in
animals, plants and many multicellular microorganisms (Aguirre
and Lambeth, 2010). The link between NOX activity and cell dif-
ferentiation in fungi was first established in A. nidulans, where
NoxA was shown to be necessary for fruiting body development
(Lara-Ortiz et al., 2003). Similar results were obtained in Podospora
anserina (Malagnac et al., 2004), N. crassa (Cano-Dominguez et al.,
2008) and other fungi. In B. cinerea, NoxA and NoxB are necessary
for the differentiation of sclerotia (Segmuller et al., 2008). Addi-
tional evidence indicating that ROS regulate fungal sexual devel-
opment comes from experiments in A. nidulans showing a drastic
increase in the production of fruiting bodies in mutants that either
overexpress NoxA (Lara-Ortiz et al., 2003), lack catalases CatA, CatB
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and CatC (Lara-Ortiz, 2004), or lack NapA (Mendoza-Martinez et al.,
2017).

In different fashions, ROS and NapA have also been related to
asexual development in filamentous fungi. In A. alternata, mutants
lacking NoxB or its regulatory subunit NoxR showa drastic decrease
in conidiation and YAP1 expression appears reduced in these mu-
tants (Yang and Chung, 2012, 2013). In T. marneffei, yapA mutants
produce conidiophores with fewer phialides and conidia, and
conidia show decreased germination rates, while yeast cells fail to
undergo binary fission (Dankai et al., 2016). In M. oryzae MoAP1
deletion led to a reduction of aerial hyphal growth, abnormal
conidiummorphology and reduced conidiation (Guo et al., 2011). In
A. nidulans, NapA is also needed for full conidiation (Mendoza-
Martinez et al., 2017), and the normal accumulation of 201
mRNAs in conidia. Lower conidiation in DnapA mutants might be
related to their lower expression of gmcA gene, encoding a putative
glucose-methanol-choline oxidoreductase required for early stages
of conidiophore development (Etxebeste et al., 2012). In
A. fumigatus, gmcA ortholog AFUA_3G01580 is induced by H2O2 in
an AfYap1-dependent manner (Lessing et al., 2007), suggesting that
gmcA regulation by NapA is conserved, at least in the Aspergilli.

9. Yap1 in nutrient assimilation

In S. pombe glucose limitation induces both, the activation of the
stress activated MAPK Spc1/Sty1 pathway, and the nuclear accu-
mulation of Pap1 (Madrid et al., 2004). S. cerevisiae Yap1 was also
identified in a two-hybrid screen for proteins interacting with Sip2,
a b subunit of the Snf1 protein kinase, which is important for
adaptation to glucose. Yap1 also shows nuclear accumulation on
glycerol as carbon source (Wiatrowski and Carlson, 2003) and
A. nidulans DnapA mutants are unable to grow on ethanol or
arabinose and show very reduced growth on fructose, as sole car-
bon sources. Consistent with their lack of growth on ethanol,DnapA
mutant conidia show notably decreased levels of alcR, alcA and aldA
mRNAs, and the corresponding proteins are essential for ethanol
utilization (Mendoza-Martinez et al., 2017). Such connections be-
tween Yap1, oxidative stress and nutrient assimilation deserve a
more detailed exploration in both, yeasts and filamentous fungi.

10. Concluding remarks

It is clear that Yap1 homologs in filamentous fungi regulate the
antioxidant response, as well as virulence, secondary metabolism,
development and nutrient assimilation. However, it is not clear if
the same regulatory mechanisms operate under all these condi-
tions. It is critical to determine which Yap1 nCRD and cCRD cyste-
ines are critical for H2O2 vs. electrophilic compound oxidation and
to determine if peroxiredoxins are involved in H2O2-mediated
oxidation. As mentioned before, natural plant phenolic compounds
like cinnamic acid can trigger ChAP1 nuclear accumulation but only
a slight up regulation of specific antioxidant genes in
C. heterostrophus (Shalaby et al., 2012; Shanmugam et al., 2010).
This raises the possibility that phenolic compounds produced
during fungal development (i.e conidiation, sexual development)
could physiologically induce Yap1 direct oxidation, as opposed to
H2O2-induced peroxiredoxin-dependent oxidation. Such possibility
is supported by the fact that L-phenylalanine ammonia-lyase (PAL)
activity, which catalyzes the deamination of phenylalanine to form
trans-cinnamic acid and ammonia, and PAL-encoding genes have
been detected not only in plants, but also in fungi, including A.
nidulans (Hyun et al., 2011). Moreover, AfeA enzymes related to
plant 4-coumarate ligases (4CL), have also been reported to regu-
late development in A. nidulans and be present in other fungi (Soid-
Raggi et al., 2016). 4CL is the third enzyme in the phenylpropanoid
biosynthesis pathway in plants and forms coenzyme esters from
hydroxycinnamic acids such as coumaric, caffeic, or ferulic acids
(Hahlbrock and Grisebach, 1970). Moreover, other Yap1 oxidizing
physiological compounds like methylglyoxal could accumulate
during development and induce the expression of drug detoxifi-
cation genes. Finally, it is critical to determine if some Yap1 func-
tions depend on its association with Skn7 homologs or other
proteins, as it occurs in yeast cells, and to delimitate such functions.
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A B S T R A C T

Diabetes mellitus is a metabolic disease that leads to several complications which include retinopathy. Neuronal
abnormalities have been reported to appear before microvasculature alterations. We analyzed the expression
levels of GlyR subunits in the retina at 7, 20, and 45 days after streptozotocin-induced diabetes to gain insight
into the pathogenesis of diabetic retinopathy. We determined the mRNA and protein expression by qPCR and
western blot, respectively. The mRNA and protein expression of the α1 subunit was not altered over the study
period; however, they were slightly reduced in α2 yet statistically significant. While protein expression of α3
subunit was only reduced at 45 days diabetes. The mRNA and protein expression of the α4 subunit was re-
markably decreased since day 7 of diabetes, remaining only ∼20% on day 45 of diabetes. Surprisingly, the
mRNA of the β subunit was highly increased, while its protein levels were not changed. The decrease in GlyR α
subunits expression in the retina from diabetic animals suggest a perturbation in the inhibitory glycine signaling
pathway, which might be related to the visual alterations observed in diabetes.

1. Introduction

Diabetic retinopathy is one of the most common complications of
diabetes mellitus and it causes blindness in working-age adults [1].
Diabetic retinopathy usually refers to vascular abnormalities, but in-
creasing evidence indicates the occurrence of neural alterations which
precedes the microvascular pathology observed at later stages of the
disease [2–4]. Abnormalities in oscillatory potentials and b waves of the
electroretinogram, as well as in contrast sensitivity have been reported
in diabetic patients and rodents [5–10]; in spite of this information, the
underlying neural mechanisms involved are largely unknown.

Retina excitatory neurotransmission is modulated by glycine and
GABA, the major inhibitory neurotransmitters in retina, localized in
different types of amacrine cells, which carry out specific roles in the
processing of visual signals [11]. Around 50% of the amacrine cells are
glycinergic, which make synaptic contacts with bipolar, ganglion, and
other amacrine cells [12,13].

The postsynaptic glycine receptors (GlyR) are pentameric ligand-
gated chloride channel composed by α (1–4) and β subunits, assembled
as homomeric (α subunits) or heteromeric (α-β subunits) receptors
[14]. The β subunit is considered essential for clustering GlyR at sy-
napses due to its direct interaction with the cytoplasmic clustering
protein gephyrin [15]. All five subunits are expressed in the inner
plexiform layer of the adult mammalian retina [16–18] and their
characteristic distribution across the inner plexiform layer and neuronal
subtype localization suggests they are involved with different neuronal
circuits [13]. Therefore, the aim of the present study was to investigate
whether changes on glycine receptor subunits expression occur in the
retina at early diabetes induction in the rat.
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2. Methods

2.1. Animals

Female adult Long Evans rats (180–200 g) were used for the ex-
periments. Diabetes was induced by a single intraperitoneal injection of
streptozotocin (STZ) (90mg/kg) [19]. No insulin was administered.
Animals were considered diabetic if blood glucose levels were higher
than 250mg/dl. Rats were sacrificed after 7, 20, and 45 days after
diabetes induction, along with non-treated animals (normal). Blood was
collected and the eyes dissected. Eyes were equatorial sectioned and the
retinas were shed away from the eye cups using fine pincers.

This study was carried out in strict accordance with the re-
commendations of the Mexican Institutes of Health Research (DOF.
NOM-062-Z00-1999). The protocol was approved by our Institutional
Laboratory Animal Care and Use Committee (CICUAL, in Spanish,
Comité Institucional para el Cuidado y Uso de los Animales de
Laboratorio del Instituto de Fisiología Celular de la Universidad
Nacional Autónoma de México), Protocol Number RSS18-14; this was
done in accordance with the Office of Laboratory Animal Welfare
(OLAW), Assurance Number A5281-01.

All efforts were made to minimize animal suffering and to reduce
the number of rats employed.

2.2. RNA extraction

Total retina RNA was extracted with TRIZOL and cDNA was syn-
thesized with the RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Scientific) following the manufacturer instructions. RNA in-
tegrity and concentration was verified by spectrophotometry
(NanoDrop1000, Thermo Scientific) and 2% agarose gels.

2.3. Quantitative real-time PCR

Absolute quantification of mRNA was performed according to the
method described by Pffafl [20]. A standard curve was constructed
from serial dilutions (51, 0.51, 0.0051, 0.000051, and 0.00000051 pg)
of the purified 18S (18S ribosomal RNA) gene and it was run with each
GlyR subunit: α1-α4 or β. PCR conditions were: holding stage (50 °C
(2min); 95 °C (2min); forty cycles (95 °C, 15 s); TM (1min); Melt curve
(95 °C, 15 s); 60 °C (1min); 72 °C (1min). Primers were designed with
the Primer 3 tool (Koressaar and Remm, 2007; Untergasser et al., 2012)
and purchased from Oligo T4 (Guanajuato, Gto. Mexico). 18S
(TM=75.6 °C): Forward: Reverse: α1 (TM=63.4 °C) Forward: 5´-
ACTCTGCGATTCTACCTTTGG-3´, Reverse: 5´-ATATTCATTGTAGGCGA
GACGG-3´. α2 (TM =60.4 °C): Forward; 5´-CAGAGTTCAGGTTCCA
GGG-3´, Reverse: 5´-TCCACAAACTTCTTCTTGATAG-3´. α3 (TM
=62.8 °C): Forward 5´-GTGAGACACTTTCGGACACTAC-3´, Reverse: 5´-
GATGGGTCGAGGTCTAATGAATC-3´. β (TM =65.1 °C): Forward: 5´-
CTGTTCATATCAAGCACTTTGC-3´, Reverse: 5´- GGGATGACAGGCTTG
GCAG-3´. The α4 subunit was amplified by using the Prime® qPCR
Primers (Rn.PT.56a. 12226027; Exon location 7e8) from Integrated
DNA Technologies (Coralville, IA, USA) Time Agarose gels (2%) were
run to corroborate the specific amplification.

2.4. Western blotting

Retinas were homogenized in RIPA buffer (50mM Tris-HCl pH 7.2,
150mM NaCl, 2% triton X-100, 0.2% SDS) containing proteases and
phosphatases inhibitors. Proteins were resolved through 10% SDS-
PAGE and electro blotted to immobilon membranes. The membranes
were blocked for 3 h in 5% no-fat milk, and incubated overnight at 4 °C
with the primary antibodies prepared in Bovine serum albumin 5%:
Rabbit anti- α1, 1:3000 (Synaptic Systems); rabbit anti- α2, 1:3000
(abcam); rabbit anti- α3, 1:1000 (abcam); rabbit anti- α4, 1:3000
(Biorbyt); rabbit anti- β, 1:2000 (abcam). After washing thoroughly, the

membranes were incubated with the corresponding horseradish per-
oxidase-conjugated secondary antibodies (Amersham ECL Anti-Rabbit-
HRP 1:45,000 for anti-α1; 1:30,000 for anti-α2, anti-α3, anti-α4 and
1:15,000 for anti-β).

The immunoreactive bands were visualized using a
Chemiluminescent HRP Substrate (Immobilon Western
Chemiluminescent HRP Substrate, Millipore Corp.) according to the
manufacturer’s instructions. Western blot densitometric analysis was
normalized to the amount of actin, using a mouse monoclonal anti pan-
actin 1:2000 (abcam) and Anti-Mouse-HRP 1:15,000 (Amersham).
Densitometric images and data obtained with Alpha DigiDoc RT (Alpha
Innotech, San Leandro, CA) were analyzed using Graph Pad Prism5
software (San Diego, CA, USA).

2.5. Statistical analysis

Data are expressed as the mean ± SEM. Statistical significance was
determined by one way ANOVA analysis followed by Tukey´s test
multiple comparison using Graph Pad Prisma 5. Statistical significance
was assumed at P ≤ 0.05.

3. Results

3.1. Metabolic state of streptozotocin-treated rats

The existence of diabetes in streptozotocin treated rats was inferred
from hyperglycemia, impaired growth, polydipsia and polyuria
(Table 1), (Sánchez-Chávez et al. 2008).

3.2. qPCR studies

mRNA GlyR subunits (α1- α4 and β) were evaluated by qPCR.
Expression of all subunits was found in the normal rat retina, where the
predominant subunits were α2 (5.7 ± 0.15 pg) and α1
(3.14 ± 0.85 pg), followed by α3 (1.33 ± 0.86 pg) and α4
(1.0 ± 0.07 pg); the β subunit showed high expression levels
(5.0 ± 0.4 pg) [21]. The relative changes of each GlyR subunit mRNA
in the diabetic stage are shown in Fig. 1. The α1 and α3 mRNA ex-
pression was not statistically significant over the diabetes study period
(Fig. 1). Bizarrely, levels of α3 mRNA expression were founds sig-
nificantly higher at 20-days of diabetes. On the contrary, the expression
of the α2 mRNA expression showed a considerable reduction (30%)
from 7 days after STZ administration (Fig. 1). Meanwhile, the α4 mRNA
expression displayed a prominent and continuous decrease from day 7
of diabetes, showing values almost undetectable on day 45 of the STZ
treatment. Regarding the β subunit mRNA expression values, these
were remarkably increased (∼2 folds) from early stages of diabetes
(Fig. 1).

3.3. Western blotting studies

Western blot for normal rat retina revealed a band of 48–51 kDa for

Table 1
Characteristics of streptozotocin-diabetic rats.

Days Body weight Blood glucose Water intake

Control STZ mg/dl % of increase

7 190 ± 10 173 ± 10 382 ± 18* 340 ± 25*
20 270 ± 22 180 ± 22* 480 ± 15* 300 ± 20*
45 370 ± 30 166 ± 20* 520 ± 29* 370 ± 15*

Values are the mean ± SEM of 7–12 animals per group. Glucose blood levels of
normal (control) rats were 114 ± 4mg/dl. Water intake in 12 h by normal rats
was 33 ± 3ml. *P < 0.01 compared to normal non streptozotocin treated
rats.
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Fig. 1. Expression of GlyR subunits mRNAs in normal and diabetic rat retina. qRT-PCR analysis of GlyR α1 (A), α2 (B), α3 (C), α4 (D), and β (E) subunits in normal
(N) and after 7, 20, and 45 days of diabetes induction. Data (± SEM) represent the results from six to nine different retinas carried out in duplicate. *P < 0.05,
**P < 0.007, ***P < 0.0001 compared to normal non streptozotocin treated rats at the same ages.

Fig. 2. Expression of GlyR subunits in rat retina at different periods of diabetes induction. Upper part, representative western blot analysis of GlyR subunits
(48–49 kDa) and actin (43 kDa) in rat retina homogenates. Lower part, densitometric analysis of western blots of GlyR α1 (A), α2 (B), α3 (C), α4 (D), and β (E). The
relative expression between the GlyR subunits normalized to actin was obtained considering as 100% the optical densities from the normal non-streptozotocin treated
rats (N). Values are mean ± S.E.M. from three to five (7d), seven to eleven (20d, 45d) different retinas. *P < 0.0135, **P < 0.0014, ***P < 0.0001, compared to
normal non-streptozotocin treated rats at the same ages.
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all α subunits. The α1 and α2 subunits showed the higher expression,
followed by the α3 and α4 (not shown), as previously reported [21].

Similar to that observed at mRNA level, the α1 GlyR subunit did not
show expression changes under diabetic conditions (Fig. 2A), while the
expression of the other α subunits was significantly reduced. The α2
subunit modestly decreased (20–30 %) at 20- and 45-days of diabetes
(Fig. 2B), and the α3 subunit showed a considerable decrease (34%) at
45 days (Fig. 2C). Interestingly, the α4 subunit expression significantly
decreased (25%) from day 7 of diabetes induction, remaining only 30%
on day 45 of diabetes (Fig. 2D). Concerning the β subunit, western blot
analysis revealed a 48.7 kDa protein band in both normal and diabetic
rat retina. In the normal retina, the relative β subunit expression was
around 5–6 folds higher than the α2 subunit (not shown). In the dia-
betic rat retina, the β subunit expression showed a small not significant
increase over the period study (Fig. 2E).

4. Discussion

Diabetic retinopathy is clinically diagnosed by the onset of vascular
disorders, suggesting that it is solely a microvascular disease [22,23].
However, early visual defects in diabetes appear to be a result of an
impairment of the neural retina [2–4]. Abnormalities in the electro-
retinogram components have been reported in humans and rats with
diabetes [5,8,9,24,25]. These alterations are accompanied by deficits in
light and color sensitivity in patients at early diabetic retinopathy
[6,7,10]. In addition, ganglion cell degeneration has been reported in
diabetic patients as well as in animal models at long-term diabetes
[2,26].

The glycinergic amacrine cells are known to generate inhibitory
output into bipolar cells, ganglion cells and other amacrine cells. This
signaling is essential in regulating the response properties of different
classes of retinal ganglion cells [27–29]. Considerable evidence in-
dicates that glycinergic inhibition modulates light responses of retinal
neurons and is also involved in specificity, preferentially by crossover
inhibition between the ON- and the OFF-channels. Glycine exerts its
action through strychnine- sensitive ionotropic receptors, the GlyR,
which open a chloride channel leading to hyperpolarization of the cell.
GlyR are formed by α (1–4) subunits and a single β subunit, which are
considered to form heteromeric receptors with stoichiometry of 2α/3β
subunits [30]. The five subunits have been identified in the mammalian
retina where they are expressed in the inner plexiform layer (IPL)
[16,17,31]. Therefore, we aimed at analyzing whether diabetes influ-
ences retinal glycinergic neurotransmission to determine the expression
of GlyR subunit isoforms.

We found that both mRNA and protein expression of α1 subunit,
which is a main input to light transmitting ganglion cells [32], was not
modified over the diabetes study. However, while the mRNA expression
of the retina predominant α2 subunit [21] decreased over the diabetes
study period, its protein dropped after 20–45 days of diabetes. It has
been demonstrated that GlyRα2 is expressed by bipolar cell axon
terminals and amacrine cells, and almost all ganglion cells [17].
Meanwhile, α3 mRNA expression was variable, but protein expression
was reduced on the day 45 of the STZ treatment. The α3 subunit is
distributed widely throughout the inner plexiform layer; in fact, all
amacrine express α3β GlyR [13]. Although slight, the reduction in the
expression of these subunits may be relevant, given that there is evi-
dence that GlyRα2 and GlyRα3 inhibition enhance ganglion cells ex-
citatory center responses, and GlyRα2 modulates crossover inhibition
in both the ON and OFF pathways. In addition, GlyRα2 crossover and
GlyRα3 serial inhibition are additive and independent in the ON retinal
pathway.

Noteworthy, both the mRNA and protein expression of the α4
subunit were significantly reduced from very early diabetes stages. The
GlyRα4 subunit is localized throughout the inner plexiform layer with
highest density in cholinergic amacrine cells (starburst amacrine cells,
SAC) [18], which play key roles in the direction selectivity [33,34].

Indeed, pharmacological studies showed that SAC lose direction se-
lectivity in the absence of inhibition [35]. Interesting, decrease of
cholinesterase activities were found in STZ-diabetic rats [36], and death
of cholinergic cells in Ins2-Akita mice [37]. Remarkable, double la-
beling immunohistochemical experiments revealed that approximately
30% of the α4 containing synapses also express α2 subunit [18].
Therefore, our results suggest a decrease in α4- GlyR signaling in SAC
and other amacrine and/or ganglion cells.

The β subunit is expressed throughout the IPL, which is expected,
since β subunit is required for agonist binding [30], and all GlyR re-
ceptors appear to require the β subunit to target the membrane by
means of its linking to gephyrin [15]. Biochemical evidence indicates
that the β subunit does not assemble as pentameric homomers [38];
therefore, its higher mRNA expression must likely suggest changes in its
synthesis and /or degradation, which has to be further studied.

5. Conclusion

We found a decrease in the expression of α4, α3, and α2 GlyR
subunits in the rat retina at very early diabetes induction, suggesting
alteration in retina glycinergic neurotransmission.
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Cell excitability is tightly regulated by the activity of ion channels that allow for the
passage of ions across cell membranes. Ion channel activity is controlled by different
mechanisms that change their gating properties, expression or abundance in the cell
membrane. The latter can be achieved by forming complexes with a diversity of proteins
like chaperones such as the Sigma-1 receptor (Sig-1R), which is one with unique
features and exhibits a role as a ligand-operated chaperone. This molecule also displays
high intracellular mobility according to its activation level since, depletion of internal
Ca+2 stores or the presence of specific ligands, produce Sig-1R’s mobilization from the
endoplasmic reticulum toward the plasma membrane or nuclear envelope. The function
of the Sig-1R as a chaperone is regulated by synthetic and endogenous ligands, with
some of these compounds being a steroids and acting as key endogenous modifiers
of the actions of the Sig-1R. There are cases in the literature that exemplify the close
relationship between the actions of steroids on the Sig-1R and the resulting negative
or positive effects on ion channel function/abundance. Such interactions have been
shown to importantly influence the physiology of mammalian cells leading to changes in
their excitability. The present review focuses on describing how the Sig-1R regulates the
functional properties and the expression of some sodium, calcium, potassium, and TRP
ion channels in the presence of steroids and the physiological consequences of these
interplays at the cellular level are also discussed.

Keywords: Sig-1R, ion channels, steroids, NMDA – receptor, TRPV1, voltage-gated ion channel, progesterone

INTRODUCTION

The Sigma-1 receptor (Sig-1R) is a protein mainly localized to the endoplasmic reticulum (ER),
where it functions as a ligand-operated chaperone (Hayashi and Su, 2003, 2007). The first studies
related to Sig-1R incorrectly classified it as an opioid-type receptor (Martin et al., 1976; Su, 1982),
although, Sig-1R displays high affinity for (+)-benzomorphans (such as (+)-SKF 10047) and not
for the negative enantiomers of these compounds (Tam, 1983; Largent et al., 1987).

It was also hypothesized that its structure contained two transmembrane segments (Hayashi and
Su, 2007; Aydar et al., 2016), however, the recent crystallographic structure for Sig-1R, shows only
one transmembrane segment (Schmidt et al., 2016; Figure 1). The C-terminus of Sig-1R was also
elucidated by crystallography, and it was proposed to be located facing toward the cell cytoplasm
(Schmidt et al., 2016). Nonetheless, in vivo experiments later suggested that it is found facing the
lumen of the ER (Mavylutov et al., 2018).
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FIGURE 1 | Sigma-1 receptor topology. Structural domains of a monomer of
the Sig-1R are shown in different colors: N-terminus (green and blue),
transmembrane segment (TM, blue), C-terminus (red), and the two Steroid
Binding Domain-Like (SBDL1, aqua, and SBDL2, yellow) which are located in
the C-terminus. The amino acids (aa) comprising each domain are illustrated
(PDB structure entry, 5HK).

The high affinity of Sig-1R for dextrorotatory isomers of
specific opiate benzomorphans like (+) pentazocine (Tam and
Cook, 1984; Prezzavento et al., 2017), was exploited to purify
it from guinea pig liver and characterize it as a ∼25 kDa
protein (Hanner et al., 1996). It was determined that its sequence
shares no homology with any other mammalian protein, that
it contains a typical ER-retention signal within the N-terminus
and, initial hydrophobicity analysis, provided the first sign of
the presence of a single transmembrane segment (Hanner et al.,
1996). Also, it was defined that the C-terminus of this receptor
(residues 33–223) contains the ligand binding-sites (Kruse, 2017),
two steroid-like binding domains (SBDL1-2) (Pal et al., 2007)
and the chaperone domain (Figure 1; Hayashi and Su, 2007;
Ortega-Roldan et al., 2013). Another essential feature of Sig-
1R is its intracellular mobility, although it is mostly localized
to the mitochondria-associated membrane (MAM) of the ER
(a domain with high cholesterol content; Hayashi and Su, 2007),
it still exhibits movement toward the plasma membrane and
nuclear envelope (Hayashi and Su, 2003). Under basal conditions,
Sig-1R forms complexes with another ER resident protein, BiP
(or Gpr78) and calcium depletion from the ER derives in
the dissociation of these two proteins. Then, Sig-1R becomes
available to perform its chaperone functions by contributing to
the stability of targets proteins, such as the inositol triphosphate
(IP3) receptor (IP3R) and others, as will be here discussed
(Hayashi and Su, 2007).

An important property of the function of this receptor is its
regulation by synthetic and endogenous ligands (Hayashi and
Su, 2004; Table 1). According to the physiological responses
that these ligands elicit, they can play a role as agonists by
potentiating some physiological responses or by normalizing
alterations produced during some pathological conditions. On
the other hand, antagonists block these effects. For example,
PRE084 is considered to be a Sig-1R agonist since it improves
learning impairments induced by MK-801 (a non-competitive
antagonist of NMDA receptors), while this effect is suppressed
by a Sig-1R antagonist, haloperidol (Maurice et al., 1994).
Another example of this is the psychomotor responsiveness
induced by cocaine, which is Sig-1R-dependent, an effect that is
prevented by the co- or pre-administration of Sig-1R antagonists
(Kourrich et al., 2013).

It has been reported that some ligands allow for the dissoci-
ation of the Sig-1R/BiP complexes, facilitating the interaction of
Sig-1R with other proteins (for example, ion channels), similar
to what is described above for calcium (Hayashi and Su, 2007).
Examples of ligands that promote the dissociation of Sig-1R from
BiP are (+)-pentazocine, (+)-SKF 10047, PRE084, fluoxetine
and cocaine (Hayashi and Su, 2007). In contrast, other Sig-1R
ligands can preserve it in a silent state, either associated with
BiP or by producing its oligomerization (Hayashi and Su, 2007;
Mishra et al., 2015). Compounds representative of the latter are
haloperidol, methamphetamine and NE-100 (Hayashi and Su,
2007; Mishra et al., 2015).

Interestingly, most of the endogenous ligands for Sig-1R are
steroids (Su et al., 1988; Maurice et al., 1996). Among them are
steroids synthesized in the nervous system (neurosteroids) that
modulate the physiology of neuronal tissues (Corpechot et al.,
1981). Neurosteroids such as pregnenolone-sulfate (PREG-S) and
dehydroepiandrosterone sulfate (DHEA-S) have a role as Sig-1R
agonists (Maurice et al., 1998; Table 1). Conversely, progesterone
is an endogenous antagonist of this receptor, that displays the
highest affinity for Sig-1R, as compared to the other steroid-type
ligands (Su et al., 1988; Maurice et al., 1998; Table 1). On the other
hand, testosterone, a steroid whose specific actions on Sig-1R are
still unclear, only shows a partial affinity for the receptor (Su et al.,
1988). In addition, cholesterol, the precursor of all steroids, can
regulate Sig-1R through its binding to the C-terminus of Sig-1R
(Palmer et al., 2007).

Altogether, the use of Sig-1R ligands has allowed establishing
its role in neuroprotection, neurogenesis, pain, addiction,
neurodegenerative and cardiovascular diseases (reviewed in Tsai
et al., 2009). This review article will focus on our current
understanding of how the interactions between Sig-1R and
steroids regulate some ion channels such as voltage-gated
potassium and sodium channels, NMDA receptors and TRP
channels as well as on the resulting physiological effects of such
interactions (Figure 2).

ION CHANNELS

An early event of evolution was the appearance of a plasma
membrane that functioned as a barrier to separate and protect
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TABLE 1 | Steroid Sig-1R ligands that regulate some ion channels.

Effect on Sig-1R Name Structure Ion Channel Target

Agonist Pregnenolone Sulfate Ki = 3.196 ± 0.823 (−) L-type channels
(+) NMDAr

DHEA Sulfate Ki = 15.126 ± 7.69 (−) Nav channels
(+) NMDAr

Antagonist Progesterone Ki = 0.175 ± 0.55 (−) TRPV1 channels
(+) Nav1.5 channels∗

(−) NMDAr∗∗

(−) hERG channels∗∗∗

Ki (µM) are indicated below the steroid name and represent the concentration of steroids necessary to inhibit in vitro binding of (+)-[3H]-SKF 10047 to brain homogenates
(Su et al., 1988; Maurice et al., 1996). The column on the right indicates the ion channel that is the target of the steroid’s actions through modulation of Sig-1R. (+) and
(−) indicate the type of effect reported. ∗Progesterone prevents the inhibitory effects of DMT on Nav1.5 channels. ∗∗Progesterone disrupts the interaction between
Sig-1R and NMDAr. ∗∗∗This effect has not been directly demonstrated.

the interior of cells from changes in the external conditions. This
lipid barrier also allows for the separation of charges between
the extracellular and intracellular regions, serving as a shelter
for pore-forming proteins that allow for selective passage of ions
from one side to the other which, in turn, results in the generation
of a membrane potential (Hille, 2001). Some of these proteins,
called voltage-gated ion channels (VGIC’s; i.e., Nav, Kv, and Cav),
open their pores to ion conduction (sodium, potassium and
calcium) in response to electrical changes, a phenomenon which
is possible thanks to a voltage-sensitive domain that modulates
the gating properties of these channels (Hille, 2001). Other
channels are specifically activated by ligands (i.e., N-methyl-D-
aspartate or NMDA receptors), which directly bind to certain
regions of the channels modulating their gating (Hille, 2001).
Also, there are polymodal ion channels, such as the Transient
Receptor Potential or TRP channels, that are activated by
several stimuli including those of thermal, chemical and osmotic
natures (Li, 2017).

Different mechanisms can regulate the functions of ion chan-
nels that include specific pore blockers or modifiers of their gating
properties (chemical compounds/toxins; Hille, 2001), post-
translational modifications (phosphorylation, glycosylation) and
interactions with other proteins, such as Sig-1R, among others.

Although several reports illustrate the regulation of ion
channels by Sig-1R and its synthetic Sig-1R ligands, few studies

have conclusively shown that endogenous Sig-1R ligands, such as
steroids, modulate its interaction with some ion channels. Thus,
examples of the latter will be discussed below.

STEROID-TYPE COMPOUNDS AS
REGULATORS OF NAV CHANNELS
THROUGH SIG-1R

Voltage-gated sodium (Nav) channels are molecular complexes
primordial to cell depolarization in all excitable cells (Hille, 2001).
They are constituted by α and β subunits (pore-forming and
accessory subunits, respectively) and nine different Nav channels
have been identified (Nav1.1−1.9) (Dhar Malhotra et al., 2001).

To date, it has been demonstrated that Sig-1R interacts
with Nav1.5 channels. These channels are expressed in the
brain regulating neuronal excitation (Wu et al., 2002) and
in cardiac tissue shaping the action potential in the heart
(Veerman et al., 2015).

Balasuriya and collaborators demonstrated the association
between Sig-1R and Nav1.5 channels. They performed assays
using HEK293 cells transiently expressing both, Sig-1R and
Nav1.5 channels, and determined, through atomic force micro-
scopy (AFM) experiments, that Sig-1R directly interacts with
Nav1.5 tetramers with a 4-fold symmetry (Balasuriya et al., 2012).
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FIGURE 2 | Steroids regulate ion channels through Sigma-1 receptor actions. The scheme shows an overall view of ion channels regulated by the actions of steroids
on Sig-1R. DHEA-S and PREG-S positively regulate (+) NMDAr trafficking and expression, whereas progesterone disrupts the association between NMDAr and
Sig-1R and blocks the positive effects of the steroids on this channel’s regulation. Otherwise, an adverse effect (−) is produced on Na+ persistent currents by
(DHEA-S). Indeed, hERG channels form protein complexes with Sig-1R, and this association is sensitive to cholesterol depletion. Also, L-type calcium channels are
negatively regulated (−) by PREG-S in a strictly Sig-1R-dependent fashion. Finally, progesterone antagonizes Sig-1R which negatively regulates (−) the TRPV1
channel, producing protein instability of TRPV1 and reducing the amount of the channel in the plasma membrane. It is possible that progesterone has the same
negative effects on hERG channel-expression.

This molecular association is disrupted by some of Sig-1R’s
synthetic ligands (haloperidol and pentazocine).

The physiological importance of the Sig-1R interaction with
Nav1.5 channels is exemplified in studies performed with some
breast cancer cell lines, such as MDA-MB-231. This cell line
constitutively expresses Sig-1R and Nav1.5, where it has been
shown that they form a protein complex (Aydar et al., 2016). The
knockdown of Sig-1R expression reduces Nav1.5 channels surface
levels in this cancer breast cell line (Aydar et al., 2016), and the
physiological consequence of this is a decrease in cell adhesion.
This is a clear example of the importance of the Sig-1R/Nav1.5
protein complex in regulating the metastatic behavior of these
cancer cells (Aydar et al., 2016).

Other studies have shown that the endogenous hallucinogen
N,N-dimethyltryptamine (DMT) (Saavedra and Axelrod, 1972),
is a ligand of Sig-1R (Fontanilla et al., 2009). DMT has been
shown to reduce the activation of Nav1.5 channels expressed in
HEK293 cells and neonatal cardiac myocytes (Fontanilla et al.,
2009). Effects of this Sig-1R agonist on Na+ currents are strictly
dependent upon Sig-1R expression since they are scarce in cells
expressing low levels of Sig-1R, such as in the COS-7 cell line
(Johannessen et al., 2009).

As for steroids and the roles of Sig-1R on the regulation of
Nav channels, it has been shown that DHEA-S negatively impacts
on the function of persistent Na+ currents. It is known that
the increase of this type of currents leads to hyperexcitability
of cells expressing these channels (Deng and Klyachko, 2016).
The effects of DHEA-S on persistent Na+ currents were
evaluated in rat medial prefrontal cortex slices and were
examined before and after DHEA-S perfusion (4.5 min) (Cheng
et al., 2008). Whole-cell patch clamp recordings showed that
DHEA-S reduces persistent Na+ currents an action mimicked
by carbetapentane citrate (a Sig-1R agonist) and blocked by Sig-
1R antagonist (i.e., haloperidol) (Cheng et al., 2008). Although
a change in the overall excitability of the tissue in question
would have been expected in the presence of DHEA-S, this
was not observed and the reasons for this remain unclear.
Nonetheless, it has been suggested by the authors of this
study that, such a lack of change in the tissue’s excitability in
the presence of DHEA-S, may be due to a positive effect of
this compound on other molecular targets. This would lead
to neutralization of the negative regulation of persistent Na+
currents by DHEA-S and a neutral effect on neuronal excitability
(Cheng et al., 2008).
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Moreover, it has been suggested that the regulation of
persistent Na+ currents by DHEA-S, is probably relevant under
pathological conditions such as brain ischemia. Under this
scenario, negative regulation of persistent Na+ currents by
DHEA-S, through the actions of Sig-1R, would lead to a decrease
in neuronal excitability, resulting in a neuroprotective effect.
It has been proposed that DHEA-S may be a desirable candidate
for therapeutic approaches directed toward relieving induced
cerebral ischemia infarction (Yabuki et al., 2015).

In summary, there are only a few evidences showing the
direct relationship between Sig-1R, steroids and Nav channels.
Nonetheless, available studies suggest that the negative role of
synthetic Sig-1R ligands on Na+ currents are similar to those
promoted by steroidal Sig-1R agonists (i.e., DHEA-S) (Figure 2).

KV CHANNELS ARE FUNCTIONAL
TARGETS OF THE ACTIONS OF
CHOLESTEROL ON SIG-1R

The generation of action potentials depends upon a fine-tuned
coordination of different electrical phases, among which is
repolarization. Through this process, the membrane potential is
returned to negative voltage values to ensure that an excitable
cell can respond to new stimuli. For repolarization to occur, the
activation of voltage-gated K+ channels (Kv) is essential (Hille,
2001; Kandel et al., 2012).

It has been shown that Sig-1R forms complexes with these ion
channels regulating their function or abundance in the plasma
membrane. Ligands of Sig-1R highly regulate the formation of
some of these complexes. For instance, coimmunoprecipitation
assays have demonstrated that Sig-1R is associated to Kv1.4
in posterior pituitary nerve terminals from rat and also in
Xenopus oocytes with heterologous expression of Sig-1R and
Kv1.4 channels (Aydar et al., 2002). In the latter, whole-cell
recordings showed that (+)-SKF 10047, downregulates Kv1.4
channel outward currents, indicating a negative role of Sig-1R on
the function of these proteins (Aydar et al., 2002).

Conversely, cocaine triggers the dissociation of Sig-1R from
BiP, leading to its interaction with Kv1.2 and facilitating
channel translocation to the plasma membrane. As a result
of this, Kv1.2 function is positively regulated, resulting in
neuronal hypoactivity (Kourrich et al., 2013). These results
highlight the physiological consequence of a cocaine-induced
long-lasting association of these two proteins by which, an
enduring experience-dependent plasticity phenomenon, occurs.
This also pinpoints a mechanism that can shape neuronal
and behavioral responses to cocaine, as suggested by Kourich
and collaborators.

Despite the lack of direct experimental evidences showing
the effects of steroids on the association of Sig-1R with Kv
channels, some reports have demonstrated a possible interplay
between them. For example, patch clamp experiments performed
in the K562 leukemic cell line, which endogenously expresses
Sig-1R and hERG channels (a Kv channel also expressed in
cardiac tissues), showed that hERG currents are inhibited by
igmesine and (+) pentazocine (both of which are Sig-1R ligands).

In addition, silencing of Sig-1R using shRNA-based strategies,
also demonstrated reduced hERG current-densities without
affecting hERG-channel transcription, but rather by decreasing
the amount of the mature form of the channel on the plasma
membrane of the cells (Crottes et al., 2011).

It has also been reported that progesterone alters hERG-
channel expression. By using HEK293 cells stably-expressing
hERG channels and whole-cell voltage clamp recordings, it has
been demonstrated that progesterone decreases hERG current-
density. This effect was also observed in an hERG-channel
endogenous expression system of rat neonatal cardiac myocytes
(Wu et al., 2011). Confocal microscopy and western blot analysis
of surface proteins showed that progesterone decreases the
amount of the mature form of hERG-channel proteins in the
plasma membrane and induces channel accumulation in the
ER. Moreover, using filipin cell-staining techniques, it was
shown that treatment with progesterone produces disruption
of cholesterol homeostasis, impairing adequate hERG-channel
folding and traffic to the Golgi compartment (Wu et al.,
2011). Since progesterone is a Sig-1R antagonist, it could
be hypothesized that these effects are produced through
a disruption of the Sig-1R and hERG protein complexes.
Alternatively, this could be the result of an alteration of
cholesterol homeostasis, affecting the function or localization of
Sig-1R. The consequences of both possibilities are an improper
folding and traffic of hERG channels; thus, the overall effect of
progesterone is negative regulation of channel expression in the
plasma membrane (Figure 2).

Additionally, AFM imaging and homogenous time-resolved
fluorescence experiments, have demonstrated that Sig-1R
interacts with hERG channels with a 4-fold symmetry in the
plasma membrane of HEK293 cells stably transfected with both
proteins (Balasuriya et al., 2014). This is a similar scenario to the
that reported for the formation of protein complexes between
Sig-1R and Nav1.5 channels (Balasuriya et al., 2012). Interestingly,
this association is independent of Sig-1R’s ligands but susceptible
to cholesterol depletion (Balasuriya et al., 2014). Accordingly,
it has been suggested that Sig-1R ligands can displace cholesterol
from its binding site altering the distribution of the receptor in
the cell and profoundly impacting on its association with other
proteins (Palmer et al., 2007).

This experimental evidence suggests that Sig-1R supports a
suitable assembly and folding of immature hERG channels in
order to enable them to exit from the ER. Thus, it follows that
progesterone and cholesterol affect Sig-1R actions and reduce
hERG channel maturation.

Similar results have been obtained for SK3 channels, the small-
conductance calcium-activated potassium channels, for which
expression of these proteins is regulated by the cellular content of
Sig-1R and cholesterol (Gueguinou et al., 2017). The molecular
silencing of Sig-1R or the use of igmesine (a Sig-1R ligand)
decreases the amount of SK3 channels localized to lipid-enriched
nanodomains in breast cells. This, in turn, results in a reduction
in the migration of these cancer cells (Gueguinou et al., 2017).
Thus, these findings emphasize an interesting area of research in
which, the regulation of Sig-1R activity, may be an alternative to
control the metastatic potential of certain types of cancers where
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the levels of Sig-1R are upregulated (i.e., colorectal or breast
cancers) (Gueguinou et al., 2017).

REGULATION OF CAV CHANNELS
THROUGH SIG-1R’S ACTIVATION

Voltage-gated calcium channels (Cav) are the main transducers
of membrane potential changes (Hille, 2001). Their activation
produces the influx of Ca+2 ions to the cell, where they function
as second messengers to activate different cell signaling pathways,
leading to diverse physiological consequences. Cav channels
are constituted by pore-forming subunits, α1 (similar to Nav
channels) and by accessory subunits (α2δ, β, and γ), which are
necessary for a suitable function and expression of these channels.
According to the types of Ca+2 currents that they generate, these
proteins are classified as L-, N-, P/Q-, R-, and T-type calcium
channels (reviewed in Catterall, 2000).

So far, there is interesting evidence about the interactions
between Cav channels and Sig-1R. In this respect, the data
show that Sig-1R activation by different synthetic agonists,
negatively influences Cav channels functions, as shown in
isolated intracardiac neurons of neonatal rats (Zhang and
Cuevas, 2002). In this experimental model, Cav channel
inactivation rates are increased, and the steady-state voltage-
dependences of activation and inactivation are shifted to
negative potentials.

The adverse effects of Sig-R ligands on Cav channel function
have also been observed in cholinergic interneurons from
the rat striatum. Here, agonists of Sig-1R such as (+)-
SKF 10047 and PRE-084, inhibit N-type calcium currents
and, as it would be expected, BD1047, a Sig-1R antagonist
obliterates this phenomenon. FRET and coimmunoprecipitation
experiments demonstrated that N-type channels and Sig-1R
form protein-complexes when these proteins are expressed
in HEK293 cells. The authors of this study proposed that
Sig-1R agonists produce a conformational change in these
protein complexes that negatively regulates N-type channels
(Zhang et al., 2017).

Likewise, the negative roles of Sig-1R ligands on Cav channels
have been observed in primary neuronal cultures from the
hippocampus, where SA4503 (a Sig-1R agonist), inhibits N- and
L-Type currents, producing an increase in axonal outgrowth
(Li et al., 2017).

As for L-type ion channels, these have been shown to
co-localize with Sig-1R in retinal ganglion cells (Mueller et al.,
2013). Likewise, physical interactions between these proteins
have also been demonstrated through coimmunoprecipitation
assays in these cells (Tchedre et al., 2008).

Furthermore, an interplay between L-Type channels, Sig-
1R and the neurosteroid, PREG-S, has been reported (Sabeti
et al., 2007). This was evaluated using electrophysiological
recordings from CA1 neurons of rat hippocampal slices perfused
with PREG-S before and during the induction of long-
term potentiation (LTP) of excitatory transmission. The data
demonstrated that LTP increased in slices subjected to PREG-S
perfusion. Suitably, nimodipine, an antagonist of L-type calcium

channels, blocked PREG-S-induced LTP. Additionally, perfusion
of PREG-S and BD1047, also blocked LTP in hippocampal slices,
strongly supporting the role of PREG-S acting through Sig-
1R in this process (Sabeti et al., 2007). Thus, in this neuronal
context, regulation of the function of L-type channels confers
synaptic plasticity (Figure 2).

REGULATION OF NMDA RECEPTORS
BY NEUROSTEROID MOLECULES
AND SIG-1R

The N-methyl-D-aspartate receptor (NMDAr) is a heterotetra-
meric ionotropic receptor formed by the assembly of two NR1
and two NR2 or NR3 subunits. NMDAr functions as a channel
permeable to Ca+2, its activation is produced by the binding
of two different ligands (glutamate and glycine), profoundly
impacting on neuronal plasticity, memory and learning processes
(reviewed in Hansen et al., 2018).

Regulation of NMDAr by Sig-1R ligands has been extensively
reported and, positive effects on their function, strongly correlate
to Sig-1R’s activation. A pioneering study by Monnet and
collaborators demonstrated that a synthetic Sig-1R agonist poten-
tiated neuronal activation induced by NMDAr in CA3 dorsal
hippocampal neurons, an effect that was reverted by haloperidol
(Monnet et al., 1990). Positive NMDAr regulation by Sig-1R’s
agonists leads to an improvement in learning and memory since
it has been shown that PRE084, attenuates the impairment of
learning in mice treated with an NMDAr antagonist (Maurice
et al., 1994). A recent study showed that memory deficits produced
in mice where brain ischemia was induced, were improved by the
use of Sig-1R agonists while they were worsened by antagonism
of the NR2 subunits (Xu et al., 2017).

Recently, a direct interaction between Sig-1R and the
NR1 subunit of NMDAr has been revealed in vitro through
the use of AFM imaging. Proximity-ligation assays also
confirmed this interaction, supporting an in vivo association
between these proteins (Balasuriya et al., 2013). This protein-
complex is disrupted by some Sig-1R ligands such as BD1063,
cannabidiol and progesterone, as demonstrated by pull-down
assays (Rodriguez-Munoz et al., 2018). In addition, it has also
been shown that the NR2 subunit of NMDAr is positively
regulated by Sig-1R agonists, producing an upregulation in NR2-
protein-expression and increasing traffic of NR2 to the plasma
membrane (Pabba et al., 2014; Figure 3A). Finally, it has been
shown that Sig-1R knockout mice display decreases in NMDAr-
mediated currents and that these animals exhibit deficiencies in
neurogenesis at the hippocampal dentate gyrus (Sha et al., 2013).
These data suggest that Sig-1R activation positively influences
NMDAr function during memory and learning processes.

Effects of steroid-type Sig-1R ligands on NMDAr functions
have also been reported. For example, rats subjected to
intraperitoneal injection of dizocilpine, (a competitive antagonist
of NMDAr), exhibit spatial working and memory deficits.
These effects are attenuated by DHEA-S and PREG-S or by
a SA4503, all of which are Sig-1R agonists (Figure 3B). In
contrast, progesterone or NE-100 (both of which constitute
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FIGURE 3 | Sigma-1 receptor and its endogenous ligands improve memory deficits. (A) The scheme represents the protein-complex between Sig-1R and NMDAr,
which enhances the channel’s trafficking to the plasma membrane. (B) NMDAr antagonism produces deficits in memory and spatial work (upper panel). Sig-1R’s
agonists such as DHEA-S, PREG-S, or SA4503, ameliorate memory impairments due to NMDAr antagonism (lower panel).

Sig-1R antagonists), block the ameliorative effects of DHEA-
S and PREG-S on dizocilpine-induced memory deficits
(Zou et al., 2000).

Similarly, some brain ischemia animal models display
impairment of LTP at the hippocampal CA1 area, an effect
that is prevented by DHEA-S. On the contrary, NE100 and
progesterone revert the positive actions of DHEA-S in this model
(Li et al., 2006). Finally, the protective effects of DHEA-S on
spatial memory have also been reported and have demonstrated
that they are dependent upon Sig-1R’s actions (Li et al., 2009).

TRPV1: THE FIRST TRP CHANNEL
SHOWN TO BE REGULATED BY SIG-1R

Transient Receptor Potential (TRP) ion channels allow for the
influx of cations in a non-selective fashion. These proteins possess
four subunits, giving rise to functional tetramers (reviewed in
Ramsey et al., 2006). According to their structural features,
these channels have been classified into seven subfamilies:
TRPA (ankyrin), TRPC (canonical), TRPM (melastatin), TRPML
(mucolipin), TRPN (no-mechanoreceptor potential C), TRPP
(polycystic) and TRPV (vanilloid) (reviewed in Li, 2017). Several
of the members of these subfamilies are implicated in the
transduction of thermal, chemical and osmotic stimuli.

TRPV1 channels have been extensively studied for their roles
in pain. They are mainly expressed by nociceptors (Aδ and
C-Fibers) where they are essential for the transduction of noxious
signals. These channels are activated by high temperatures
(≥ 42◦C), irritant compounds (capsaicin, resiniferatoxin, allicin,
etc.) (Caterina et al., 1997; Salazar et al., 2008) and by changes
in extra- and intracellular pH (acid and basic, respectively)
(Caterina et al., 1997; Jordt et al., 2000; Dhaka et al., 2009).
Additionally, TRPV1’s activation can also be achieved by some
endogenous compounds released during inflammation or tissue
injury, such as lysophosphatidic acid (LPA) (Nieto-Posadas et al.,
2011), among other endogenous agonists (reviewed in Morales-
Lazaro et al., 2013). Since TRPV1 exhibits a pivotal role in painful
signal transduction, this channel has become a pharmacological

target with several research groups around the world focusing on
ways to regulate its function to relieve certain types of pain.

So far, several synthetic compounds and some of a natural
origin (i.e., oleic acid) (Morales-Lazaro et al., 2016), have been
described as negative regulators of TRPV1’s activation. However,
few studies have revealed alternative ways to regulate TRPV1’s
functions, including manipulating the abundance of this channel
in the plasma membrane of nociceptors. Just recently, our group
described that Sig-1R is a crucial molecular target that can
regulate the amount of TRPV1 channels localized to the plasma
membrane of cells, without affecting channel transcription
(Ortiz-Renteria et al., 2018). This constituted the first report for
a TRP channel as being regulated by Sig-1R, highlighting the role
of a direct interaction between TRPV1 and Sig-1R in pain.

In this study, we found that a synthetic ligand of Sig-1R,
BD1063, decreased TRPV1 protein levels in mice dorsal
root ganglia (DRG) and HEK293 cells transiently expressing
TRPV1. This effect was mimicked by the knockdown of Sig-1R
expression in TRPV1-expressing HEK293 cells. Furthermore,
progesterone also produced down-regulation of TRPV1
expression, as demonstrated by western blot assays. Worth
noting is that the effects of progesterone on TRPV1 expression
were found to be independent of its classical nuclear receptors
(Ortiz-Renteria et al., 2018).

Also, whole-cell recordings showed that Sig-1R knockdown
and the addition of BD1063 or progesterone to cell cultures,
reduced the current-densities evoked by capsaicin, indicating
that negative regulation of Sig-1R (either by reducing Sig-1R
expression or using its antagonists), decreased the amount of
TRPV1 localized to the plasma membrane. This negative effect
on TRPV1 expression was prevented through the inhibition of
proteasomal degradation, suggesting that Sig-1R is necessary for
TRPV1 protein stability and confirms an independent effect of a
transcriptional mechanism (Ortiz-Renteria et al., 2018).

Besides, we established a direct association between Sig-
1R and the TRPV1 channel through coimmunoprecipitation
and FRET experiments. We found that Sig-1R interacts with
the transmembrane domain of TRPV1, similarly, to what had
been previously reported for Kv1.3 ion channels (Kinoshita
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FIGURE 4 | Progesterone attenuates pain-related behavior through disruption of the Sig-1R/TRPV1 complex. Sig-1R and TRPV1 channels are physically associated
in the endoplasmic reticulum (ER), improving TRPV1 stability and resulting in suitable TRPV1 expression in the plasma membrane, where the channel transduces
painful signals. Consequently, non-pregnant mice display pain behaviors in response to capsaicin paw-injection (left). However, in pregnant mice (right), when
progesterone levels considerably increase, the formation of the complex between Sig-1R and the Binding immunoglobulin protein (BiP), is promoted. This maintains
Sig-1R in a sequestered state and blocks its association with the TRPV1 channel, improving protein instability and avoiding degradation through the proteasomal
pathway. Thus, TRPV1 protein levels in the plasma membrane decrease, leading to an increased pain threshold in response to capsaicin in pregnant mice.

et al., 2012). Interestingly, this protein-complex was sensitive
to Sig-1R ligands, since BD1063 and progesterone decreased
the association between TRPV1 and Sig-1R. Furthermore, by
confocal microscopy analysis, we observed that this protein-
protein association is most prominent at the ER compartment
and occurs less at the level of the plasma membrane. Together,
all of these evidences pointed to a role of Sig-1R in conferring
protein stability during the biogenesis of the channel, with Sig-1R
preventing the misfolding of TRPV1 and avoiding its degradation
by the proteasomal system (Figure 4).

Since, progesterone is the steroid with higher affinity for
Sig-1R, its interactions with this receptor and the physiological
consequences of such interplays have been a subject of focus in
pregnancy, a physiological phase where progesterone levels are
high (Bergeron et al., 1999). With this in mind, we explored if
pain thresholds in response to capsaicin were different between
non- and pregnant mice. The results indicated that, during
pregnancy, pain-like behavior in response to the TRPV1 agonist
was significantly decreased in mice, as compared to their non-
pregnant counterparts (Figure 4). This led us to conclude that
elevated levels of progesterone, such as those found during
pregnancy, could confer protection against painful situations
through the disruption of the protein complex between Sig-1R
and TRPV1. This, in turn, would result in the downregulation of
TRPV1’s levels in the plasma membrane, ultimately decreasing
the pain threshold associated with TRPV1’s activation (Figure 4).

Several sources in the literature, together with our findings,
have highlighted Sig-1R as a protein widely associated with
nociception. For example, it has been reported that Sig-1R
knockout mice, exhibit endurance to pain and mechanical
allodynia induced by formalin and capsaicin, respectively
(Cendan et al., 2005; Entrena et al., 2009).

Since Sig-1R is expressed in DRG neurons (Mavlyutov
et al., 2016) and in specific regions of the spinal cord
(Alonso et al., 2000), its actions are relevant at the pre
and post-synaptic levels (reviewed in Romero et al., 2016).
Thus, its roles in pain responses must involve more than one
molecular target. For instance, several reports show that Sig-
1R agonists induce and maintain central sensitization during
painful states (Romero et al., 2012; Entrena et al., 2016;
Choi et al., 2017). Some of Sig-1R’s effects are through the
upregulation or phosphorylation of the NR1 subunit of the
NMDAr that lead to neuronal overexcitability (Roh et al., 2010).
Conversely, antagonists of Sig-1R prevent or decrease pain in
some neuropathic pain animal models since these compounds
inhibit the upregulation of NR1 (Zhu et al., 2015). Besides it
has been demonstrated that DHEA-S and PREG-S positively
regulate the activity of P2X receptors resulting in the potentiation
of the mechanical allodynia induced through these receptors
(Kwon et al., 2016).

In conclusion, Sig-1R is essential for regulating peripheral and
central sensitization by interacting with various molecular targets
such as TRPV1 channels, P2X channels, NMDAr and it is possible
that several other proteins involved in these processes, will be
identified in the future.

Progesterone as a Prototypical
Endogenous Ligand of Sig-1R
Up to this point, we have emphasized findings that link the
actions of Sig-1R and steroids to the function of ion channels. It is
important to stress that, the steroid concentrations used in most
of the experiments here described, are well above the reported
physiological range.
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The low affinity of steroids to Sig-1R justifies the use of
high concentrations of steroid ligands in different experimental
systems. For example, a study by Su et al. (1988) showed that
progesterone competes (Ki = 268 nM) with [H3](+)-SKF 10047
for the binding site in Sig-1R and exhibits higher affinity for this
receptor. However, other steroids are required at much higher
concentrations than those of progesterone to displace [H3](+)-
SKF 10047 (Su et al., 1988). Nevertheless, this progesterone
concentration is still too high to be normally circulating in blood
but, in pregnancy, the circulating levels os this steroids can rise to
400 nM (Neill et al., 1969), reaching concentrations high enough
to regulate Sig-1R.

In agreement with the results obtained by Su et al. (1988),
Maurice et al. (1996) showed that progesterone displaces the
binding of (+)-SKF 10047 to rat brain homogenates with a Ki
of 175 nM. They showed that [H3](+)-SKF 10047 binding is
significantly reduced in the hippocampus and the cortex from
pregnant mice, as compared to non-pregnant female or male
mice (Maurice et al., 1996).

These findings, together with ours where we showed that
pregnant female mice display high pain-thresholds as compared
to unpregnant mice (Ortiz-Renteria et al., 2018), suggesting that
high circulating progesterone levels in pregnancy are enough to
modify pain thresholds in mice.

Recently, a new high-affinity Sig-1R selective radiotracer
([18F] FPS) has been developed. This compound has been used
to perform PET studies in Rhesus monkeys showing high uptake
of the radiotracer in brain regions where there are moderate
densities of Sig-1R (Mach et al., 2005). Interestingly, animals
pre-injected with progesterone displayed a significant reduction
in the uptake of the radiotracer in the brain of the monkeys,
confirming that progesterone displaces the radiotracer from Sig-
1R’s binding sites (Mach et al., 2005). In addition, this radiotracer
was used to perform in vitro binding assays in rat forebrain
homogenates showing that progesterone inhibits the binding of
the radiotracer to Sig-1R. Notably, the Ki for progesterone is
of 36 nM, a concentration of progesterone achieved during the
luteal phase of the menstrual cycle (Neill et al., 1969). This
finding further strengthens the notion that low progesterone
levels also play a role in the activity of Sig-1R and that this
steroid functions as an endogenous ligand of this receptor
(Waterhouse et al., 2007).

CONCLUSION

Regulation of ion channel physiology has been a subject of
intense research for several decades. The implications of such
modifications of ion channel function are extremely diverse and

important, and they are exemplified by the roles that these
proteins play under normal physiological conditions but also
in pathophysiological scenarios. Not only do these essential
proteins regulate muscle contraction, neuronal excitability,
and hormonal secretion but changes in their expression and
function during pathological conditions lead to severe diseases
such as epilepsy, diabetes, ataxia, pain, itch, etc. For many
years, studies have focused on identifying molecular targets of
synthetic and naturally-produced agents to regulate the activity
of ion channels.

In addition to the identification of chemicals that specifically
bind to members of different ion channel families to alter their
biophysical properties, research groups have also focused on
determining how protein-protein interactions regulate these.
Among the proteins that can bind and change ion channel
function and expression are chaperones and their roles and
the consequences of their misfunctions are being studied in
several diseases (Broadley and Hartl, 2009). The Sig-1R has
been shown to play essential roles for the adequate function
of several types of cells (Tsai et al., 2009), including those that
are electrically excitable and hence express ion channels. Thus,
from these studies and those discussed here, it is evident that a
mechanism by which we may regulate ion channel physiology
is through tools that allow us to manipulate the interactions
between Sig-1R and these other proteins if this was to be possible
without other severe consequences. But utmost important is that,
by studying the interactions of Sig-1R with ion channels, we
have gained valuable knowledge on how this receptor regulates
ion channels. In turn, this has also helped us understand the
physiological consequences of modifying the interplays between
Sig-1R and ion channels for the function of the cells where these
proteins are expressed.
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Regulates TRPV1 Channel Function
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Abstract Cholesterol is the one of the major constituents of cell membranes pro-
viding these structures with a certain degree of rigidity. Proteins, such as ion chan-
nels, are molecules inserted in cell membranes and their activity is regulated by 
cholesterol and other molecules of a lipidic nature present in them. The molecular 
mechanisms underlying the regulation of ion channels by lipids and similar mole-
cules have been an object of study for several years. A little over two decades ago, 
the first mammalian member of the Transient Receptor Potential (TRP) family of 
ion channels was cloned. This protein, the TRPV1 channel, was shown to integrate 
several types of noxious signals in sensory neurons and to participate in processes 
associated to the generation of pain. Thus, TRPV1 has become the target of intense 
research directed towards finding potential inhibitors of its activity in an effort to 
control pain. To date, several activators and positive modulators of the activity of 
TRPV1 have been described. However, very few naturally-occurring inhibitors are 
known. An endogenously-produced molecule that inhibits the activity of TRPV1 is 
cholesterol. This chapter focuses on describing the mechanisms by which the activ-
ity of TRPV1 can be regulated by this sterol.

Keywords TRPV1 · Cholesterol · Ion channel

1  Introduction

Evolution has allowed different organisms, from invertebrates to vertebrates, to 
develop the capacity to respond to a wide variety of harmful stimuli for the purpose 
of preserving their integrity [1]. Ion channels, which are specialized proteins present 
in the membranes of cells, are among the molecules that allow for the detection of 
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such noxious signals. Some of these ion channels can be activated, in a polymodal 
fashion, by thermal, chemical and mechanical signals. The activation of these 
multimeric proteins allows the fast passive diffusion of ions across cell membranes, 
converting different noxious messages into electrical signals [1].

The family of Transient Receptor Potential (TRP) non-selective cation channels 
are classified into seven subfamilies: TRPA (Ankyrin), TRPC (Canonical), TRPM 
(Melastatin), TRPML (Mucolipin), TRPP (Polycystic), TRPV (Vanilloid) and 
TRPN (no mechanoreceptor) [2]. Most of these channels have been described in 
mammals, however the TRPN channel has only been identified in insects, nematodes, 
zebrafish and amphibians [2].

TRP channels are structurally similar to voltage-gated ion channels [3], consist-
ing of four subunits that are associated as homo or heterotretramers [4] (Fig. 1a). 
Each subunit is a protein that consists of six transmembrane domains (S1-6), with 
amino- and carboxyl-termini located intracellularly and an ionic conduction pore 
formed in the tetramer by the linker located between the S5 and S6 [4] (Fig. 1b). As 
in all other proteins, TRP channels exhibit a tight relationship between their struc-
ture and their function and contain amino acid residues that give rise to regions that 
constitute activation sites for the channels by diverse stimuli.

TRP channels of mammals are abundantly expressed in sensory neurons from dor-
sal root and trigeminal ganglia (DRG and TG, respectively), among other several 
types of cells, where they enable the detection of harmful signals [5]. Among these 
TRP channels, we find TRPA1, TRPM8, TRPM3 and some members of the vanilloid 
receptors (TRPV1-4) [5, 6]. All of these proteins are termed thermo-TRP channels 
because they can be activated by cold (TRPA1 and TRPM8) [7, 8] or by warm or hot 
temperatures (TRPM3, TRPV1-TRPV4) [6, 9–12]. These polymodal ion channels 
can also be activated by several chemical compounds found in plants. For example, 
TRPA1 is activated by isothiocyanates in garlic and mustard oil [13]; TRPM8 is acti-

Fig. 1 TRPV1 ion channel topology. (a) Fourfold symmetry of TRP ion channel surrounded a pore 
the ion pore conduction (modified from PDB 3J5P). (b) The TRP subunit is composed of six trans-
membrane segments (S1–S6), an amino with a segment of six ankyrin repeats and carboxyl- end 
located intracellularly. The external pore the ion-conductivity pore is lined by linker between S5–6
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vated by menthol [8] and TRPV1 is activated by capsaicin, the pungent compounds 
found in chili peppers of the Capsicum genus [10]. Additionally, some endogenous 
compounds (of a lipidic and/or peptidic nature) released during tissue injury or inflam-
mation, are potent activators of these channels [14]. Thus, pathological states where 
there is an upregulation of these inflammatory mediators are accompanied by pain due 
to the activation of these ion channels located in the surface of sensory neurons.

To date, a large number of compounds that activate these channels has been iden-
tified and there is ongoing research focused on finding inhibitory molecules, which 
will be of therapeutic value if they can counteract the pain associated with the acti-
vation of these proteins [15]. TRPV1 has been the most studied member of the TRP-
channel family due to its roles in acute and chronic pain, as will be discussed in 
detail in the next section.

2  TRPV1: More than a Capsaicin Receptor

The vanilloid subfamily contains the better studied member of the family of TRP 
ion channels, the capsaicin receptor (TRPV1). This receptor was first cloned in 
1997 [10] and identified as a channel directly activated or modulated by several 
noxious inputs such as hot temperatures (≥42 °C), natural irritant compounds (i.e., 
capsaicin, allicin), toxins from plants or spider venoms (resiniferatoxin and double- 
Knot toxin, respectively), extracellular acid or intracellular alkaline pH and by 
endogenous lipid mediators such as anandamide, lysophosphatidic acid (LPA), 
diacylglycerol, phosphatidylinositol 4,5-biphosphate (PIP2), and arachidonic acid 
or lipoxygenase products [10, 16].

Furthermore, the first high-resolution structure of TRP channels to be resolved 
was that of TRPV1 [17]. The resolved three-dimensional structure was obtained by 
using single particle electron cryomicroscopy (cryo-EM), corroborating that TRPV1 
exhibits a fourfold symmetry that surrounds a central pore formed by the extracellular 
linker located between S5–S6 [17] (Fig.  1a). The S1–S4 voltage-sensing like 
domains are contiguous to S5-S6 and tetrameric organization is enabled by 
interactions between the intracellular domains: the amino and carboxy ends [17]. 
Interestingly, S1–S4 domains provide a long surface for the interaction of lipophilic 
ligands such as capsaicin, anandamide, resiniferatoxin or lipid mediators [17] and 
allicin binds to an ankyrin repeat domain in the N-terminus [18].

In this regard, our group has described that oleic acid, a lipophilic ligand, binds 
to the same pocket as capsaicin does; however, in contrast to capsaicin, the effect of 
this interaction is the inhibition of the activity of TRPV1, constituting one of the 
scarce antagonists described for this channel [19]. In this respect, it has also been 
reported that another lipophilic molecule, namely cholesterol, modulates TRPV1 
function and such modulation has been proposed as a two-pronged mechanism: 
cholesterol indirectly regulates TRPV1 through changes in the properties of the 
membrane [20–23] or through a direct interaction with a region in the structure of 
TRPV1 [24, 25]. The following sections will describe the current knowledge on the 
effects of cholesterol on TRPV1 function.

Cholesterol as a Key Molecule That Regulates TRPV1 Channel Function
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3  Effects of Membrane Cholesterol Depletion on TRPV1 
Function

Plasma membranes are composed of lipid molecules and proteins and the major 
lipid constituent in animal membranes is cholesterol, an amphipathic molecule 
formed by a rigid planar tetracyclic ring with an angular methyl group on a side, an 
aliphatic chain (isooctyl) attached to C7 and a β-hydroxyl group at the C3 position 
[26]. The latter is a functional group important for H-bond formation.

Cholesterol distribution in the plasma membrane is confined to microdomains 
called lipid rafts, which are cholesterol- and sphingolipid-enriched membrane 
domains characterized by their insolubility in Triton X-100 detergent, thus, they are 
also known as detergent-resistant membranes (DRMs) [27]. These membrane rafts 
form functional platforms for regulating signal pathways where some protein 
receptors are clustered [28]. Interestingly, some ligand-gated receptors, such as 
some ion channels, have been shown to be localized in these kinds of microdomains 
[29]. For example, the TRPV1 ion channel has been suggested to be localized in 
lipid rafts from DRG [21] or TG neurons, while transiently-transfected TRPV1 in 
cell lines like HEK293, has not been shown to be present in these specialized 
membrane domains [24].

Experimental evidences show that membrane depletion of cholesterol modifies 
the activation of TRPV1 by capsaicin and protons [21]. This was determined by 
performing whole-cell patch-clamp recordings in DRG neurons pretreated with 
methyl β-cyclodextrin (MβCD, which removes membrane-bound cholesterol). In 
these experiments, this pretreatment significantly decreased the amplitude of 
capsaicin- and proton-evoked currents as compared to untreated neurons [21]. 
Additionally, TRPV1 clusters localized to the surface of DRG neurons was 
drastically decreased when neurons were depleted of cholesterol [21]. Thus, the 
integrity of cholesterol in the plasma membranes of cells determines the appropriate 
localization and function of the TRPV1 channel.

Similarly, it was demonstrated that the effects of capsaicin and resiniferatoxin 
are abrogated in neurons from trigeminal ganglia depleted of cholesterol, since Ca2+ 
influx decreased in cells pretreated with MβCD [22]. Notably, this decrease was 
also observed when the neurons were treated with compounds that disrupt other 
lipid raft components such as sphingomyelin, indicating that lipid raft disruption 
affects Ca2+ influx related to the activation of TRPV1 [22].

In addition to these observations, recently it has been shown that rat TRPV1 
channels transiently expressed in F11 (rat embryonic dorsal root ganglion) cells, 
co-localized with specific markers of lipid rafts such as flotillin [25], confirming the 
presence of TRPV1 in these specialized microdomains. Thus, lipid raft disruption 
could be a key way for the attenuation of TRPV1 activation and of the physiological 
effects linked to the function of this ion channel.

These experimental evidences show that TRPV1 localization to DMRs is depen-
dent upon the presence of cholesterol in the membranes from DRG neurons, the 
native expression system. However, under experimental conditions where there is 
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transient expression of TRPV1  in epithelial cell lines, such as HEK293 cells, 
TRPV1 has not been found in these specialized microdomains [24]. These could be 
explained by the fact that different cells exhibit varying cholesterol contents. It is 
possible that neurons are a subtype of cells that contain higher cholesterol levels in 
their plasma membranes as compared to other types of cells and that cholesterol 
depletion leads to severe changes on the localization of particular proteins.

4  The TRPV1 Channel is Regulated by Cholesterol 
Via Specific Interactions

To date, numerous ion channels whose function can be modified by cholesterol have 
been identified. However, there are few channels have been shown to be regulated 
by this sterol through direct and specific interactions [30]. Among these channels 
are some potassium (Kir, BKCa) channels [31–34], ligand-gated channels (GABA, 
nAChR, P2X) [35–37], and TRPV1 [24].

Specific interactions of cholesterol with ion channels are largely attributed to the 
presence of CRACs, which stands for Cholesterol Recognition/interaction Amino 
acid Consensus []. This short linear motif has the sequence (L/V)-X1-5-(Y)-X1-5-(K/R), 
where X represents any of one to five amino acids [38]. In addition, cholesterol can 
bind to an ion channel by interacting with an inverted CRAC motif named the 
CARC domain. This motif (K/R)-X1-5-(Y/F)-X1-5-(L/V) [39] is different from the 
CRAC sequence in its orientation and because the central amino acid can be either 
a tyrosine (Y) or a phenylalanine (F) [39]. Moreover, another cholesterol binding 
motif has been described as the Cholesterol Consensus Motif (CCM) that, unlike 
the other two motifs whose sequences are found in a continuous segment, the 
sequence of the CCM motif is bipartite, being located in two adjacent helices: the 
first sequence (W/Y)-(I/V/L)-(K/R) found on one helix and the amino acid (F/Y/R) 
on the other helix [30, 40].

Some of these cholesterol-binding motifs have only been described for two mem-
bers of the vanilloid receptors: TRPV1 and TRPV4 [24, 25, 41]; however, a direct 
interaction of the lipid and a TRP channel, as well as the consequences on the activa-
tion of the protein, has only been demonstrated experimentally for TRPV1 [24].

Previous reports using whole-cell experiments in DRG neurons depleted of cho-
lesterol yielded two possibilities to explain the reduction on capsaicin generated 
current densities: alteration of the activity of TRPV1 in the plasma membrane or 
modifications on channel trafficking to the membrane. In a study performed by our 
research group, we sought to examine the effects of cholesterol on TRPV1 channels 
using excised membranes from HEK293 cells expressing this channel. These 
experiments provided a tool to exclude the possible involvement of cholesterol on 
cell-trafficking mechanisms and to explore direct effects of the sterol on the ion 
channels. Depletion of cholesterol from these membrane patches with MβCD 
showed that TRPV1 activation by capsaicin was not affected by this treatment, as 
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assessed using inside-out patches with the patch clamp technique. However, the 
addition of cholesterol to inside-out membrane patches produced a significant 
reduction in rat TRPV1 activation by capsaicin, temperature and voltage. Since 
cholesterol enrichment did not modify parameters such as the Hill coefficient and 
the K1/2 for activation by capsaicin, we concluded that binding of this agonist to 
TRPV1 was unmodified in the presence of cholesterol and not responsible for the 
effects of this lipid on channel function [24] .

To further detail the effects of cholesterol on rat TRPV1 function, we performed 
noise analysis experiments in inside-out patches from HEK293 cells expressing 
TRPV1 before and after cholesterol depletion in these excised patches. The results 
showed that the open probability (Po) of TRPV1 remained similar before and after 
cholesterol enrichment. However, the number of functional channels (N) decreased 
considerably [24]. These results were confirmed by excised patch single channel 
recordings, where cholesterol did not alter the magnitude of the single-channel 
currents nor the open probability of the channel. Nonetheless, after a few minutes of 
membrane enrichment with cholesterol we observed that the number of capsaicin- 
responsive channels decreased during our electrophysiological recordings [24].

In order to determine whether the reduction of the number of functional TRPV1 
channels in cholesterol-enriched membranes was due to specific interactions of 
cholesterol with the channel, we searched sequences that resembled a possible 
CRAC motif and we found an inverted CRAC sequence (CARC motif) located in 
the S5 of TRPV1: R579F580M581F582V583Y584L585 [24] (Fig. 2). We next evaluated the 
effects of cholesterol on rat TRPV1 mutant versions where the amino acids 
corresponding to the CARC motif were individually substituted by other residues. 
Our experiments showed that a charge reversal of the positive amino acid R576 to 
an aspartate (D), and the change of the aromatic F582 to a polar amino acid such as 
glutamine (Q), partially inhibited the effects of cholesterol on TRPV1 function [24]. 
Moreover, when L585 was changed to an isoleucine (I), the inhibitory effects of 
cholesterol on TRPV1 activity were completely abolished.

In order to demonstrate the stereospecificity of the interaction between choles-
terol and TRPV1, we used a synthetic chiral cholesterol analogue, epicholesterol, 
which has the hydroxyl group in position 3α instead of position 3β. Membrane 

Fig. 2 Alignment sequence between the CRAC and CARC domains from rat and human. 
Consensus sequence for the CARC motif found in rat TRPV1 channel, (NP_114188) alignment 
with the from human TRPV1 isoform 1 (iso1-hTRPV1) (NP_542435) and the genetic variant from 
human TRPV1, var-hTRPV1 (ABA06605.1). The alignment also shows that  the CRAC motif 
is conserved between human and rat TRPV1 channels
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patch incubation with epicholesterol did not modify capsaicin evoked currents, indi-
cating that the effects of cholesterol on rat TRPV1 function are stereospecific [24].

The specificity of cholesterol interactions within the TRPV1 channel was simu-
lated by molecular docking using the recently reported TRPV1 cryo-EM structure 
(Fig. 3). These molecular simulations suggest that TRPV1 interactions with choles-
terol are mediated by CH-π stacking between the rings of cholesterol (α-face) and 
the aromatic ring of the tyrosine or phenylalanine residues located in the middle of 
the CARC domain in the channel; whereas leucine or valine make Van der Waals 
contacts with the aliphatic chains (methyl and isooctyl groups) located in the β-face 
of cholesterol (Fig. 3). Although the β-OH group of cholesterol on the CRAC motif 
is putatively capable of forming H-bonds with the phenol group of the tyrosine, this 
is impossible for the CARC motif (contained in the TRPV1 channel), since the aro-
matic ring of the phenylalanine lacks a hydroxyl group. However, it is possible that 
the hydroxyl group of cholesterol forms a H-bond with R585 at the inner leaflet, as 
has been recently described for other arginine residues located at the inner leaflet 
within the TRPV1 channel [25].

Finally, we also evaluated cholesterol effects on the human TRPV1 channel and 
found that the isoform 1 of human TRPV1 (iso1-hTRPV1, NP_542435) lacks the 
leucine in position 585 that is present in the rat TRPV1 sequence, Fig. 2. By further 
examining the literature on reported human TRPV1 sequences, we found a genetic 
variant (var-hTRPV1) with a single nucleotide polymorphism that contained a valine 
in this position (SNP: rs8065080) [42] (Fig. 2). This is an amino acid that actually 
forms part of the CARC motif, so we hypothesized that this variant would exhibit a 
similar behavior in response to cholesterol to the one we had observed in the rat 
TRPV1. Furthermore, isoform 1 human TRPV1 contains an isoleucine at position 
585, a residue similar to the one we had introduced in the rat TRPV1 (L585I) and that 

Fig. 3 Molecular docking simulation of cholesterol bound to TRPV1. Simulation using the cryo-
EM structure of TRPV1  in the closed state (PDB 3J5P, chain a). Docking simulation shows 
the proximity between cholesterol and amino acids F582 and L585 located in the CARC motif of 
TRPV1
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had produced channels resistant to inhibition by cholesterol. Indeed, it was not sur-
prising to find that activation of the human TRPV1 isoform 1 was not inhibited by 
cholesterol. We also found that the substitution in this isoform 1 of I585 by a valine 
(as the one  present in var-hTRPV1) rendered the channel partially susceptible to 
cholesterol [24]. Furthermore, when I585 from the iso1- hTRPV1 was mutated to 
leucine (emulating the amino acid contained in the rat TRPV1), this amino acid sub-
stitution conferred a marked susceptibility to cholesterol, producing iso1-hTRPV1-
I585L channels that were inhibited in  their activation by capsaicin when the 
membrane patches were enriched with this sterol [24].

The iso1-hTRPV1 does not contain a CARC domain at the same position where 
the rat TRPV1 CARC domain is located. So, it is possible that human or rat TRPV1 
channels contain CRAC, CARC or CCM motifs in other sequence positions. 
Consistent with this idea, it was recently reported that human TRPV1 has two CRAC 
motifs (located in aa’s 349-356 and 553-557), two CARC motifs (located in aa’s 304-
316 and 535-542) and one CCM motif (in aa’s 433-447). Of these cholesterol-bind-
ing regions, the CRAC motif located in the S4 and linker S4-S5 region (553-557 aa) 
(Fig. 2) and the CCM motif, are the most conserved between TRPV1 channels from 
several species [25]. However, until now, there are only docking simulations showing 
the interaction of cholesterol with R557 located in the conserved CRAC motif and 
the functional significances of these motifs remain unresolved [25].

5  Cholesterol Depletion Modifies TRPV1 Permeability 
to Large-Cations

Plasma membranes properties can be modified according to their lipid composition 
(i.e. by cholesterol depletion or enrichment) [43]. Two important features of ion 
channels are their gating properties and their ion selectivity and both are highly 
dependent upon the membrane lipid content.

Ion selectivity has been considered as a fixed parameter for each channel, how-
ever, it has been described that some of them have dynamic pores, leading permea-
bility to large cations, this process has been known as pore dilation [44–46]. 
Although, this concept has been reconsidered [47], there are experimental 
data  demonstrating that some ion channels, such as TRPV1, can permeate large 
molecules under specific conditions. 

In 2003 Meyers et al., provided the first evidence for the permeation of a large 
molecule, the nontoxic fluorescent cationic dye (FM1-43,) through the pore of 
TRPV1 [48]. Furthermore, Binshtok et al., demonstrated that when TRPV1 was acti-
vated by capsaicin, the permeation of a local cationic anesthetic QX-314 (a Na+ ion 
channel blocker) is allowed, producing local pain inhibition without affecting other 
sensations [49]. Additionally, Chung et al., found that sustained TRPV1 exposure to 
capsaicin or protons induced a dilated pore allowing for the uptake of YO-PRO1 and 
FM1-43 into cells [45]. All these examples show how the TRPV1 can be modified, 
rendering the channel permeable to the passage of large cationic molecules.
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Interestingly, these dynamic changes in the  TRPV1 pore are susceptible to 
changes in the cholesterol content of membranes [20]. This was demonstrated in 
CHO cells (Chinese hamster ovary cells) with inducible human TRPV1 expression. 
The cholesterol content in these cells was depleted by ~54% through the treatment 
with MβCD:cholesterol (10:1) and whole cell patch clamp recordings were used to 
evaluate the effects of cholesterol depletion on the permeability to N-methyl-D- 
Glucamine (NMDG, a large monovalent cation) [20]. Sustained TRPV1 activation 
by capsaicin, under hypocalcemic conditions in cells depleted of cholesterol, 
decreased permeability to NMDG, indicating that cholesterol reduction in membrane 
affects the ion-permeability properties of the channel [20]. In addition, it has been 
shown that sustained TRPV1 activation by capsaicin in CHO cells, leads to 
YO-PRO1 uptake and cholesterol depletion decreases the uptake of this cationic 
large dye [20]. Similar effects were observed whether the channels are activated by 
protons under sustained and hypocalcemic conditions [20]. In contrast to these 
results, the permeability to these large cationic molecules in cells depleted of 
cholesterol were unaffected if TRPV1 was activated by temperature [20], indicating 
that the properties on TRPV1 ion-permeability also depend on the type of noxious 
stimulus that activates this channel.

6  Cholesterol Effects on TRPV1 Temperature Responses

We have discussed that cholesterol has strong influences on membrane fluidity [50] 
which affect the localization or function of transmembrane proteins as ion channels 
[43] but the amount of cholesterol in membranes also modifies the sensitivity of 
certain receptors to specific stimuli. For example, TRPV3 is also a thermosensitive 
channel [51] and it was reported that TRPV3 channels are sensitized to activation by 
lower temperatures (below 30 °C) in cholesterol-enriched cells [52].

Effects of cholesterol on TRPV1’s temperature-sensitivity have been also evalu-
ated [23]. Whole-cell recordings from TRPV1-expressing HEK293 cells with cho-
lesterol enhancement showed that the temperature threshold for TRPV1 activation 
was significantly increased, since the half-activation temperature was 50 °C in com-
parison to 48  °C in untreated cells. Notably, the heat response of TRPV1 was 
unchanged in cholesterol-depleted cells. Therefore, the temperature threshold for 
TRPV1 activation is partially modified only when this sterol is increased in the 
membrane.

Thus, it is interesting to note that two structurally-related ion channels, TRPV3 
and TRPV1, show distinct responses to cholesterol concentrations in the plasma 
membrane. Although it is not clear why these channels exhibit different responses 
to cholesterol, it is not uncommon that, even closely-related ion channels, respond 
differently to the same molecule. For example, the energetic transitions coupled to 
the opening or closing of the pore of a specific ion channel are not necessarily 
altered in the same way as what occurs in another ion channel. Moreover, in the 
particular cases of TRPV1 and TRPV3, the mechanism by which cholesterol 
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modulates thermal sensitivity of TRPV3 is unknown and could very well be through 
effects on membrane rigidity and not through a direct a mechanism as the one 
described for TRPV1.

7  Conclusion

Fifty years ago, it was unimaginable to consider cholesterol as a regulator of ion 
channels, since this sterol was only considered as a key component of the lipid 
bilayer where it maintains direct interaction with phospholipids. There is no doubt 
that cholesterol content modifies the properties of the membranes, having a strong 
influence in the regulation on ion channel function.

Furthermore, this sterol can regulate the function of these integral membrane 
proteins in a direct and specific fashion: through the interaction with specific amino 
acids within the sequence of these proteins.

This chapter has described the molecular mechanisms underlying the regulation 
of TRPV1 function by changes of cholesterol content in the cell plasma membrane 
or by direct interaction between the channel and the sterol.

Since cholesterol depletion modifies TRPV1 localization in the plasma mem-
branes from sensory neurons affecting the calcium influx [21, 22], it has been con-
cluded that TRPV1 is confined to specialized microdomains of the membrane: lipid 
rafts. The discrepancies observed in some cell lines where TRPV1 channels has not 
been identified in these detergent resistant domains [22, 24] could be attributed to 
differences in the amount of cholesterol between cell types. Moreover, cholesterol 
depletion from cells also modulates TRPV1 ion-permeability [20], indicating that 
the enlargement of the TRPV1 pore is strongly dependent upon cholesterol content. 
This differs from the idea that cholesterol only promotes stiffness of cellular mem-
branes, since for the case of TRPV1, cholesterol has an important role on the elastic-
ity of its pore. In addition, we have also discussed that cholesterol enrichment 
causes changes in TRPV1’s threshold to heat [23]. Together, these experimental 
demonstrations, show that TRPV1 is highly susceptible to be regulated by changes 
on the amount of cholesterol in the membranes where it is expressed.

We have also detailed on how cholesterol directly inhibits TRPV1 activation by 
capsaicin, temperature and voltage through the specific interaction of cholesterol in 
a CARC motif located on the S4 from TRPV1 [24] and on the different TRPV1 
susceptibilities to cholesterol of different species (rat and human isoform or variants) 
[36]. Data from our work group and further examination of the literature, has led us 
to conclude that cholesterol can inhibit human TRPV1 activation by interacting 
with other cholesterol binding domains recently described [25].

Now, cholesterol is considered as a molecule key in regulating TRPV1 function; 
however, the physiological consequences of this regulation have still to be explored.
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INTRODUCTION 
 
Aging is accompanied by a wide range of symptoms 
that reduce health span, such as cardiovascular 
dysfunction, osteoporosis, neurodegeneration and 
cancer, among other diseases. Amelioration of those 
symptoms has been achieved after pharmacological 
interventions using a novel class of drugs termed 
senolytics. These compounds clear senescent cells that 

accumulate late in life both in normal tissues and 
especially in those affected by age-related pathologies 
[1]. Nevertheless, senescent cells are harmful only when 
they persist, since transient senescent cells, which are 
eliminated by effector immune cells, contribute to 
wound healing, regeneration, immunity and even 
morphogenesis during development [2]. Therefore, it is 
fundamental to understand the molecular mechanisms 
of senescence establishment and maintenance.  

Cortical neurons develop a senescence-like phenotype promoted by 
dysfunctional autophagy 
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ABSTRACT 
 
Senescent cells accumulate in various tissues and organs with aging altering surrounding tissue due to an active 
secretome, and at least in mice their elimination extends healthy lifespan and ameliorates several chronic 
diseases. Whether all cell types senesce, including post-mitotic cells, has been poorly described mainly because 
cellular senescence was defined as a permanent cell cycle arrest. Nevertheless, neurons with features of 
senescence have been described in old rodent and human brains. In this study we characterized an in vitro 
model useful to study the molecular basis of senescence of primary rat cortical cells that recapitulates 
senescent features described in brain aging. We found that in long-term cultures, rat primary cortical neurons 
displayed features of cellular senescence before glial cells did, and developed a functional senescence-
associated secretory phenotype able to induce paracrine premature senescence of mouse embryonic 
fibroblasts but proliferation of rat glial cells. Functional autophagy seems to prevent neuronal senescence, as 
we observed an autophagic flux reduction in senescent neurons both in vitro and in vivo, and autophagy 
impairment induced cortical cell senescence while autophagy stimulation inhibited it. Our findings suggest that 
aging-associated dysfunctional autophagy contributes to senescence transition also in neuronal cells. 
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Cellular senescence is a phenotype characterized by a 
durable cell cycle arrest (i.e. cells do not respond to 
mitogens) and a flattened and vacuolated morphology 
with stress granules collection. Even though there is no 
single marker of senescence, some of the most 
common features observed are: activation of the 
lysosomal enzyme senescence-associated β-
galactosidase (SA-β-gal); persistent DNA damage 
response detected by γH2AX foci; expression of tumor 
suppressors p21CIP1/WAF1 (encoded by Cdkn1a) and/or 
p16INK4A (encoded by Cdkn2a); lipofuscin 
accumulation [3]; and nuclear deformation associated 
with nuclear envelop proteins degradation [4]. The 
most important activity of senescent cells is the 
secretion of a set of molecules, known as the 
senescence-associated secretory phenotype (SASP) 
that, depending on the physiological context, can be 
either beneficial or harmful. In early stages senescent 
cells secrete cytokines that promote the migration and 
infiltration of effector immune cells, as well as growth 
factors and proteases that facilitate tissue repair and 
remodeling. Yet, persisting signaling contributes to 
chronic inflammation, a hallmark of aging and a major 
contributor to age-related dysfunctions. SASP 
molecules also have an autocrine role, fostering the 
senescent phenotype, and a paracrine role inducing 
senescence in surrounding cells [5], inflammation and 
tumorigenesis [6, 7].  
 
Autophagy is a catabolic process that degrades 
intracellular components, like proteins and damaged 
organelles, including mitochondria, through 
lysosomes. Similar to senescence, it is induced in 
response to stressful stimuli, therefore both senescence 
and autophagy are often observed simultaneously. The 
interplay between autophagy and senescence requires 
further investigation, since autophagy has been 
implicated in both promoting and inhibiting cellular 
senescence. While autophagy inhibition promotes 
senescence in normal proliferating cells [8], autophagy 
inhibition delays oncogene-induced senescence and 
the synthesis of SASP components [9]. A possible 
explanation for the opposing role of autophagy over 
senescence is that it could engulf alternative targets 
that regulate cellular senescence in opposite manners. 
For example, the stability of the transcription factor 
GATA4, a key activator of SASP genes, is regulated 
by autophagy. Upon senescence induction, GATA4 
escapes autophagic degradation because its interaction 
with p62/SQSTM1 (an autophagy cargo receptor) 
decreases, leading to GATA4 accumulation [10]. On 
the other hand, during oncogene-induced senescence, 
autophagy fosters the SASP through a specialized 
compartment known as the TOR-autophagy spatial 
coupling compartment (TASCC), where mTOR 
localizes at the surface of autolysosomes, which are 

surrounded by endoplasmic reticulum; a flux of 
recycled amino acids and metabolites released from 
the autolysosomes are used by mTORC1 for 
supporting the synthesis of SASP factors, hence 
facilitating senescence [11]. Therefore, selective 
autophagy actively suppresses cellular senescence 
through the degradation of GATA4, whereas 
autophagic degradation of other proteins (perhaps 
long-lived proteins), facilitates the SASP [12].  
 
The traditional view of senescence as a specific 
phenomenon where a proliferation-competent cell 
undergoes permanent growth arrest, has limited the 
study of senescence of post-mitotic cells. Accordingly, 
the limited studies on cellular senescence in the brain 
have mostly focused on glial cells [13]. Nonetheless, 
some senescent markers have been described in several 
studies of both physiological aging and neurodegen-
erative diseases [14]. For example, cortical and Purkinje 
neurons show several senescence features like SA-β-gal 
activity, lipofuscin accumulation, γH2AX and macro-
H2A foci, and IL6 expression, all in a p21CIP1/WAF1-
dependent manner [15]. Interestingly, human neurons 
might also senesce, since there is expression of 
p16/Cdkn2a in pyramidal neurons in the prefrontal 
cortex from human brains of people over 77 years old 
[10]. We are interested in understanding the molecular 
basis for neuronal senescence, because we hypothesize 
that when senescent neurons persist in the brain, they 
contribute to cognitive decline by impairing synaptic 
function, inducing paracrine senescence and chronic 
inflammation. 
 
While cellular senescence of mitotic cells is induced 
mainly by stressful stimuli (most of them inducing 
DNA damage), telomere attrition during cell division, 
oncogene activation or developmental cues [2], the 
molecular mechanisms that induce post-mitotic cells 
senescence are less understood. Also, whether 
autophagy regulates senescence in any direction in post-
mitotic cells is completely unknown. Several groups 
have observed that neuronal cells acquire some 
senescent features in vitro, providing a very helpful 
system to study the molecular basis of neuronal 
senescence. For example, primary cortical, hippocampal 
and cerebellar granule neurons become SA-β-gal-
positive over time [16-20]. However, these studies were 
limited to the detection of SA-β-gal activity, which 
could be misleading [21]. Recent in vitro studies 
confirmed the presence of additional senescent features, 
including γH2AX foci in neurons from mouse neuro-
glial co-cultures maintained up to 27 days in vitro (DIV) 
[22]. Taken together, these reports support the notion 
that cultured neurons in vitro are capable of undergoing 
cellular senescence with the same features that occur in 
vivo.  
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For senescent neurons to contribute to chronic 
inflammation and paracrine senescence, they must 
establish a senescent phenotype including the SASP. 
Paracrine senescence has been demonstrated to occur in 
mouse embryonic fibroblast exposed to conditioned 
media from senescent fibroblasts [5]. In this work we 
developed an in vitro model of neuronal senescence that 
recapitulates in vivo senescence markers, and secreted 
molecules able to induce paracrine glial proliferation as 
well as premature senescence in mouse embryonic 
fibroblasts, pointing towards a neuronal SASP. We 
found that senescent cortical cells secrete C-C motif 
chemokine 2, also known as monocyte chemotactic 
protein 1 (MCP-1), a known SASP factor able to induce 
paracrine senescence [23]. Interestingly, we found that 
rat primary cortical neurons displayed features of 
cellular senescence before glial cells did. As reported 
for proliferating cells, functional autophagy, perhaps 
selective, seems to prevent neuronal senescence, as we 
observed autophagic flux impairment. Accordingly, we 
observed more senescent cortical cells when autophagy 
was impaired and less when it was stimulated. Our 
findings suggest that a dysfunctional autophagy 
contributes to senescence transition also in post-mitotic 
cells. 
 
RESULTS 
 
Primary cortical neurons acquire several senescent 
features after long-term culture. 
 
To establish an in vitro model to study the transition of 
neurons from a non-dividing terminal differentiation 
state into senescence in vitro, prenatal rat cortical cells 
were cultured for up to 40 days in vitro (DIV). Since 
several reports indicate the presence of senescent glial 
cells in old brains [13], we considered that glial cells 
could become senescent and then promote paracrine 
neuronal senescence; hence, we allowed the 
proliferation of glial cells during the culture of primary 
cortical cells. During the first days of culture (6 DIV), 
neurons (expressing βIII-TUBULIN) represented 96.8% 
(SD 2.2) of the cells with very few glial cells 
(expressing GFAP); due to proliferation of glial cells 
and some loss of neurons, by 26 DIV there were 51% 
(SD 6.9) neurons and 31% (SD 11.5) glial cells; and by 
40 DIV 73% (SD 6.9) of the surviving cells were glial. 
The cells expressing βIII-TUBULIN did not expressed 
GFAP. On average, the total number of cells along the 
culture remained similar (Supplementary Figure 1S). 
Without any further stressful stimuli, cortical cells 
became SA-β-gal-positive over time and accumulated 
lipofuscin detected by autofluorescence and by Sudan 
Black B staining, a lipophilic dye [24] (Figures 1A-B). 
SBB staining seems to be more sensitive than SA-β-gal 
activity. An increment in both SA-β-gal-positive and 

lipofuscin accumulation was also confirmed in the 
cortex of old rat brains (Figures 1C-E). 
 
Since different inducers of senescence in mitotic cells 
converge on the activation of the tumor suppressor 
p21CIP1/WAF1, and indeed p21CIP1/WAF1 has been 
suggested to mediate neuronal senescence in old brains 
[15], we reasoned that even though post-mitotic cells 
already express some CDK inhibitors to exit the cell 
cycle, they could still need to induce its expression for a 
pro-senescent activity from this protein. Therefore, we 
analyzed its expression on neurons or glial cells at 
different times of culture. As shown in Figure 2, in 
primary culture of cortical cells incubated 26 DIV, 
neurons but not yet glial cells expressed higher levels of 
p21CIP1/WAF1. The number of glial cells with elevated 
expression of p21CIP1/WAF1 increased until 40 DIV. This 
observation suggests that neurons acquire senescent 
features before glial cells. Interestingly, at 26 DIV 
p21CIP1/WAF1 is slightly enriched at the nuclear 
periphery. This could be related to the recent finding 
that altered nuclear export is a common hallmark of 
aging [25]. We confirmed p21CIP1/WAF1 expression is 
induced at transcriptional level in cortical cells at 26 
DIV by qRT-PCR (Figure 2C). 
 
Another hallmark of senescence is a persistent DNA 
damage response, commonly detected by the presence 
of γH2AX foci. As shown in Figure 3A, neuronal cells 
accumulated γH2AX foci at 26 DIV, accompanied by 
ruptures of DNA detected by Comet assay (Figure 3B). 
Even though we are not able to distinguish neurons 
from glial cells with this assay, it is conceivable that the 
nuclei with broken DNA come from neurons, since we 
observed that mainly neurons had γH2AX foci; these 
observations suggest that neurons accumulate DNA 
damage leading to a persistent DNA damage response. 
At both 26 and 40 DIV, only a small proportion of 
GFAP expressing cells had γH2AX foci. As expected, 
cortical neurons from old rat brains also contained more 
γH2AX foci (Figure 3C). 
 
Finally, since during oncogene-induced senescence, 
replicative senescence and senescence induced by DNA 
damaging drugs occur nuclear morphology 
abnormalities associated with nuclear envelope proteins 
loss [26], and depletion of Lamin-B1 or Lamin-A/C is 
sufficient to induce senescent features [4], we wondered 
whether also senescent post-mitotic cells, such as 
neurons, would manifest nuclear morphology 
deformations. As shown in Figure 4, indeed both in 
vitro and in vivo senescent neurons had irregular nuclear 
morphology with folds of the nuclear envelope forming 
intra-nuclear Lamin-A/C structures that protrude into 
the nucleoplasm. Very few astrocytes showed abnormal 
distribution of Lamin-A/C at 26 DIV, strengthening the  
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Figure 1. Cortical cells in long-term culture and in old rat brains had higher SA-β-gal activity and accumulated 
lipofuscin. (A) SA-β-gal activity or lipofuscin accumulation detected by autofluorescence or by Sudan Black B (SBB) staining were 
detected in primary rat cortical cells cultured for the indicated DIV. Notice that cortical cells have higher SA-β-gal activity and 
lipofuscin from 26 DIV. Images are representative of at least three independent experiments. Scales bar represent 100 µm. (B) 
Percentage of SA-β-gal or SBB positive cells in the cultures incubated at the indicated DIV. Quantification was made using NIS 
Elements software. The mean of three independent experiments, each done by quintupled replicas, is graphed. Bars in graphs 
represent SEM. Two-way RM ANOVA analysis, with Dunnett´s multiple comparison test. **** p< 0.0001 in comparison with 6 DIV. (C) 
Cortical neurons in old brains had higher SA-β-gal activity (scale bars represent 500 µm) and accumulated lipofuscin. Scale bar 
represents 15 µm. (D) The percentage of SA-β-gal positive area within each brain section is plot. The average of three brains per age 
is graphed; 15 sections from each brain were quantified. Bars in graphs represent SEM. Unpaired t Test,  ** p< 0.01. (E) Quantification 
of autofluorescence intensity per section (arbitrary units). Bars in graphs represent SD. The average of three brains per age is 
graphed; 15 sections from each brain were quantified. Even though there was an evident increase in autofluorescence, no statistical 
significance was obtained.  
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Figure 2. Neuronal cells in cortical long-term culture showed increased expression of p21CIP1/WAF1. (A) 
Immunofluorescence to detect p21CIP1/WAF1 (p21) in neurons (expressing βIII-TUBULIN) or astrocytes (expressing GFAP) in primary 
culture of cortical cells incubated during the indicated DIV. Notice that mostly neurons increased the abundance of p21CIP1/WAF1 at 26 
DIV, indicating that neurons acquired senescent features before glial cells. Scale bar represents 25 µm. Arrows indicate examples of 
cells with healthy nuclei counted (not all the healthy cells are indicated). (B) Percentage of neurons or glial cells expressing 
p21CIP1/WAF1 over all cells. The mean of three independent experiments, each done by duplicate, is plotted. Bars represent standard 
deviation. Two-way RM ANOVA analysis, with Tukey´s multiple comparison test. **** p<0.0001. (C) qRT-PCR from total RNA purified 
from cortical primary cultures during the indicated days. The relative expression of Cdkn1a mRNA was normalized with Gapdh mRNA. 
Bars represent SD. * p=0.039 by unpaired t test two tailed. n=4.  
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Figure 3. Neuronal cells in cortical long-term culture and in the cortex from old rat brains had a sustained DNA 
damage response (DDR). (A) Immunofluorescence to detect γH2AX foci in neurons (expressing βIII-TUBULIN) or astrocytes 
(expressing GFAP) in primary culture of cortical cells incubated during the indicated DIV. Notice that mostly neurons have γH2AX foci 
at 26 DIV. Scale bar represents 25 µm. Right, quantification of the percentage of neurons or glial cells with γH2AX foci over all cells. 
The mean of three independent experiments, each done by duplicate, is plotted. Bars represent SEM. Two-way RM ANOVA analysis, 
with Dunnett´s multiple comparison test. **** p< 0.0001 26 DIV vs. 6 DIV; * p<0.05 40 DIV vs. 6 DIV. Arrows indicate examples of 
cells with healthy nuclei counted (not all the healthy cells are indicated). (B) Comet assay to detect double strand breaks in genomic 
DNA from cells collected at the indicated days. Scale bars represent 100 µm. Right, the length of the tail of the comets, indicative of 
level of DNA damage, is plotted. 50 nuclei from each treatment, from two independent experiments, were analyzed by RM one-way 
ANOVA with Dennett’s´ multiple comparison. **** p< 0.0001 between 26 DIV or 40 DIV in comparison with 6 DIV. (C) 
Immunofluorescence to detect γH2AX foci in cortical neurons (expressing MAP2) in rat brains from the indicated age. Nuclei were 
stained with DAPI. Scale bars represent 30 µm. Right, percentage of neurons with more than 18 foci per nucleus. More than 100 
neurons were counted from 3 different brains of each age. Bars represent standard deviation. Unpaired t Test * p<0.01.  
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Figure 4. Cortical cells in long-term culture and in old rat brains had nuclear morphology abnormalities. (A) 
Immunofluorescence to detect Lamin-A/C in neurons (expressing βIII-TUBULIN) or astrocytes (expressing GFAP), in primary culture of 
cortical cells incubated during the indicated days in vitro. Squares indicate the magnified area shown in insets. Representative images 
of three independent experiments are shown. Scale bars represent 25 µm. Right, percentage of neurons or astrocytes with aberrant 
nuclear morphology over total cells. Bars represent SEM; two-way RM ANOVA analysis, *** p< 0.001 in comparison with 6 DIV. (B) 
Simultaneous detection of SA-β-gal activity (by confocal microscopy) and Lamina-A/C (by immunofluorescence) in neurons 
(expressing βIII-TUBULIN) in primary culture of cortical cells incubated during the indicated days in vitro. Representative images of 
three independent experiments are shown. Scale bars represent 25 µm. Right, percentage of neurons with visible SA-β-gal activity, 
and with both visible SA-β-gal activity and aberrant intranuclear Lamin-A/C over total cells. Five fields from three independent 
experiments were quantified. Bars represent SEM. Two-way RM ANOVA analysis, followed by Sidak´s multiple comparison test. **** 
p< 0.0001 in comparison with 6 DIV. C. Immunofluorescence to detect Lamin-A/C in cortical neurons in the internal pyramidal layer 5 
from brain slices of the indicated age. Notice that also in vivo, neurons in old brains had nuclear deformations. Squares indicate the 
magnified area shown in insets. Scale bars represent 30 µm. Right, percentage of neurons in with aberrant nuclear morphology in 
cortical brain slices of the indicated age, as shown in (C). (n=3). Bars represent SD; unpaired t Test Student * p< 0.01.  
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notion that neurons become senescent before glial 
cells in this model. Since every senescent feature, 
alone, is not sufficient to confirm a senescent state, 
we simultaneously detected SA-β-gal activity and 
Lamin-A/C in neurons. As shown in Figure 4B, 
around half of the neurons with high SA-β-gal 
activity at 26 DIV also had an aberrant nuclear 
morphology, supporting the notion that neurons in 
long-term culture acquire senescent features. The 

observation that some neurons with high SA-β-gal 
show a normal nuclear morphology, is in agreement 
with previous observation that SA-β-gal activity 
alone is not a reliable marker of senescence [21]. We 
propose that nuclear deformations could be a more 
reliable marker for neuronal senescence. Since 
differentiated neurons express low levels of Lamin-
B1 [27], we were unable to detect loss of Lamin-B1 
in senescent neurons. 

 
 

Figure 5. Senescent neurons increased the expression of GATA4 and cortical cells secreted MCP-1. (A) 
Immunofluorescence to detect GATA4 in neurons (expressing βIII-TUBULIN) in primary culture of cortical cells either incubated during 
the indicated days in vitro or in rat brains of the indicated age. Scale bars represent 25 µm. The number of cells with increased GATA4 
abundance from three independent experiments, each performed in duplicate, is graphed. The mean of each experiment is 
represented by horizontal bars. (B) Quantification by multiplex immunoassay of the indicated cytokines, from conditioned media 
from cultures of the indicated days from three independent experiments. The maximum and minimum values are graphed. Bars 
indicate the mean of the three independent experiments. Data were analyzed by two-way ANOVA followed by Tukey´s multiple 
comparisons test analysis, only MCP-1 was significant. **** p<0.0001 relative to 6 DIV. (C) qRT-PCR from total RNA purified from 
cortical primary cultures during the indicated days. The relative expression of Ccl2 mRNA was normalized with Gapdh mRNA. Bars 
represent SD. * p=0.0106 by unpaired t test two tailed. n=4. 
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Senescent cortical cells secrete molecules that induce 
premature paracrine senescence and glial 
proliferation, suggesting a neuronal SASP 
 
We hypothesize that persistent senescent neurons, 
through the SASP, contribute to induce paracrine 
senescence and chronic inflammation in old brains. 
Therefore, we studied whether neurons would express 
GATA4, a transcription factor that promotes the 
expression of SASP factors [10]. As shown in Figure 
5A, GATA4 accumulated in neuronal cells cultured for 
26 DIV, as well in cortical neurons from old brains. To 
get an insight about the cytokines that senescent cortical 
cells could be secreting, we analyzed the presence of G-
CSF, GM-CSF, IFNγ, IL-1α, IL-1β, IL-10, IL-12p70, 
IL-13, IL-17A, IL-2, IL-4, IL-5, IL-6, TNFα, 
EOTAXIN, GRO-α, IP-10, MCP-1, MCP-3, MIP-1α, 
MIP-2 and RANTES by a multiplex immunoassay. As 
shown in Figure 5B, MCP-1, RANTES, MIP-2, GRO-1, 
MCP-3 and EOTAXIN were more abundant in 
conditioned media from senescent cortical cultures, 
although only MCP-1 content showed a statistically 
significant difference at 26 and 40 DIV relative to 6 DIV 
cortical cultures; MIP-1a secretion was reduced in older 
cultures. To our surprise, IL6, a common SASP 
component, was barely detected and did not increase in 
conditioned media from senescent cells. Also, IL-12p70 
and IFNγ secretion did not change along the time in 
culture and were secreted in a very small amount, at the 
threshold limit of detection. G-CSF, GM-CSF, IL-1α, 
IL-1β, IL-10, IL-13, IL-17A, IL-2, IL-4, IL-5, TNFα, 
GRO-α, IP-10 and MIP-1α were not detected at any 
time point. We further confirmed the induction of 
expression of Ccl2 (gen coding for MCP-1) by qRT-
PCR (Figre 5C). 
 
Since MCP-1 has been shown to induce paracrine 
senescence [23], and GATA 4 is a mediator regulating 
MCP-1 expression during senescence induced by 
Lamin-A defects [28], we reasoned that senescent 
cortical cells could indeed acquire a functional SASP. 
To test this hypothesis, we analyzed whether 
conditioned media from senescent cortical cells could 
induce premature paracrine senescence (a schematic 
experimental design is shown in Figure 6A). To obtain 
conditioned media with accumulated secreted factors, 
the media was left for intervals of about a week in 
between fresh media changes over the cells, and it was 
collected at 6, 26 or 40 days of culture. Conditioned 
media was then added to young (1 DIV) prenatal 
cortical cells and after 6 DIV of treatment all the 
senescent markers described above were evaluated. 
Interestingly, conditioned media from cortical cells 
cultured for 26 DIV or 40 DIV induced abundant 
proliferation of glial cells (Figure 6B), suggesting that 
senescent cortical cells, potentially neurons, could 

indeed affect tissue organization. Nevertheless, we did 
not observe significant expression of senescent markers 
on young neurons (not shown). We reasoned that young 
neurons could be more resistant to paracrine senescence 
than mitotic cells; therefore, we tested whether the 
conditioned media from cortical cells cultured for 26 
DIV, time at which most of the senescent cells are 
neurons, would induce paracrine senescence in mouse 
embryonic fibroblast (MEFs). Indeed, conditioned 
media from cortical cells cultured for 26 DIV induced 
key senescent features in MEFs, such as increased SA-
β-gal activity; inhibition of proliferation (detected by 
Ki67 expression); DNA damage response identified by 
γH2AX foci; and increased expression of IL6, although 
this latter was not statistical different (Figure 6C).  In 
summary, prenatal cortical cells exposed for 6 days to 
conditioned media from cortical cells cultured for 26 
DIV or 40 DIV did not show senescent features, whereas 
MEFs did.  
 
Taken together, our results confirm that neurons acquire 
senescent features potentially including the SASP, 
interestingly before glial cells. This observation 
suggests that senescent neurons could affect the 
function of surrounding cells, such as astrocytes. 
Intriguingly, young neurons were unresponsive to the 
SASP produced by senescent cortical cells, since they 
did not show senescent markers when exposed to the 
conditioned media from cortical cultures of 26 or 40 
DIV (not shown). 
 
Dysfunctional autophagy contributes to neuronal 
senescence 
 
Abundant reports indicate that dysfunctional autophagy 
accompanies aging, and in the brain it causes 
neurodegeneration [29]. Accordingly, induction of 
autophagy ameliorates age-related cognition deficits 
[30]. Therefore, we evaluated whether dysfunctional 
autophagy would contribute to neuronal senescence 
establishment, with a similar mechanism as described 
for senescence transition of mitotic cells. First, we 
analyzed in senescent neurons whether autophagic flux 
is reduced, reflected by accumulation of 
autophagosomes and proteins associated to them like 
LC3 and p62/SQSTM1. As shown in Figure 7A, 
cortical cells at 26 DIV, a time point when neurons 
showed senescent features, had more autophagosomes 
detected with the specific dye CytoID® and by 
immunofluorescent detection of LC3. We confirmed the 
abundance of autophagosomes in senescent neurons by 
electron microscopy, labeling them with immunogold 
localization of LC3. As the autophagic receptor 
p62/SQSTM1 is degraded together with the cargo, it 
accumulates when the autophagic flux is interrupted. 
We   analyzed   the   abundance   of   p62/SQSTM1   by  
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Figure 6. Senescent cortical cells develop a functional SASP. (A) Experimental design to evaluate the presence of secreted 
molecules with SASP activity from senescent cortical cells. Conditioned media was collected from cortical cells that had been 
incubated from 1-6 (6), 19-26 (26) or 32-40 (40) DIV. Either primary prenatal cortical cells or MEFs were cultured for 24 hr (1 DIV) 
before adding conditioned media; senescence markers were evaluated 6 days later. (B) Conditioned media from senescent cortical 
cells induced paracrine proliferation of glial cells in primary culture of prenatal cortical cells. Representative immunofluorescences to 
detect GFAP in cortical cells are shown. Cells were incubated with conditioned media collected from cortical cells that had been 
incubated during the indicated DIV. FM stands for fresh medium. Notice that conditioned media from 26 DIV and 40 DIV induced high 
proliferation of glial cells. Scale bars represent 500 µm. The bottom graph is a quantification of the number of GFAP expressing cells 
in three independent experiments, each done in duplicate. Data were analyzed by one-way ANOVA, with Dunnett´s multiple 
comparison test. ** p<0.01;  ****p<0.0001 compared to FM. (C) Conditioned media from senescent cortical cells induced paracrine 
premature senescence in MEFs. MEFs were incubated with conditioned media collected from cortical cells that had been incubated 
during the indicated DIV. FM stands for fresh medium. Notice that senescent markers were higher in cells incubated with conditioned 
media from cortical cells cultured for 26 days. The bottom graphs are quantifications of the percentage of cells with blue or 
fluorescent signals. The signal (either blue or fluorescent) from cells incubated with 6 DIV conditioned media plus one standard 
deviation was deducted from the signal obtained from the cells treated with 26 DIV conditioned media. Three independent 
experiments, each performed in duplicate were quantified. Data were analyzed by unpaired T test. a, p=0.0175; b, p=.0.0327; c, 
p=0.0191. 
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Figure 7. Autophagosomes accumulate during neuronal senescence. (A) Top row, autophagosomes were stained with 
CytoID® and nuclei with Hoechst in primary culture of cortical cells incubated during the indicated DIV; scale bars represent 15 µm. 
Middle rows, immunofluorescence to detect LC3 in neurons (expressing βIII-TUBULIN) of primary cortical cells cultivated during the 
indicated DIV. Scale bars represent 5 µm. Bottom rows, electron micrographs showing accumulation of autophagosomes in 26 DIV 
cortical cells, detected by immunogold localization of LC3 (arrow heads). Squares indicate the amplified area below. (B) 
Immunofluorescence to detect p62/SQSTM1 in cortical cells cultured during the indicated DIV. Nuclei were stained with DAPI. Notice 
that p62/SQSTM1 in neurons (expressing βIII-TUBULIN) accumulated at 26 DIV. Scale bars represent 5 µm. (C) Immunofluorescence 
to simultaneously detect LC3 and Lamin-A/C to observe intranuclear folds as a senescence marker, in cortical cells cultured during the 
indicated DIV. Scale bars represent 25 µm. (D) LC3 and p62/SQSTM1 also accumulate in cortical neurons (expressing βIII-TUBULIN or 
MAP2) form old rat brains. Scale bars represent 30 µm. 
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immunofluorescence (Figure 7B) and Western blot 
(Figure 8B), and we found that it was also accumulated 
in neurons at 26 DIV. To determine whether indeed 
senescent cells had more autophagosomes, we 
simultaneously detected LC3 and Lamin-A/C. As 
shown in Figure 7C, the same cells that had intranuclear 
folds of the nuclear envelop with Lamin-A/C at 26 DIV 
had LC3 accumulation (Figure 7C). Importantly, both 
LC3 and p62/SQSTM1 also accumulated in cortical 
neurons of old rat brains (Figure 7D). The accumulation 
of both autophagosomes and p62/SQSTM1 suggests 
dysfunctional lysosomes or impairment of the fusion of 
autophagosomes with lysosomes. We stained lysosomes 
with Lysotracker® and observed an accumulation of 

enlarged lysosomes in senescent cortical cells (Figure 
8A), as it has been described in another model of 
neuronal senescence [21]. We confirmed altered 
lysosomal morphology by localizing the lysosomal 
protein LAMP1; we noticed that abundant 
p62/SQSTM1 puncta did not co-localize with LAMP1 
at 26 DIV (Figure 8A), suggesting limited autolysosome 
maturation (i.e. reduced autophagosome-lysosome 
fusion), although further studies are needed to 
corroborate it.  
 
p62/SQSTM1 accumulates when autophagy promotes 
the SASP through a compartmentalized structure coined 
TASCC (Tor-autophagy spatial coupling compartment), 

 
 

Figure 8. Dysfunctional autophagy contributes to neuronal senescence. (A) There was an accumulation of enlarged 
lysosomes and undigested p62/SQSTM1 in senescent neurons. Top row, lysosomes were detected with Lysotracker® and nuclei with 
Hoechst in primary culture of cortical cells incubated during the indicated DIV. Bottom rows, immunofluorescence to detect the 
indicated proteins in cortical cells cultured during 6 or 26 days. Nuclei were stained with DAPI. Notice that even though lysosomes 
and p62/SQSTM1 accumulated at 26 DIV, their intracellular distribution did not overlap. mTOR distribution did not change. Scale bars 
represent 25 µm. (B) The autophagic flux was impaired in senescent neurons. Western blot of total protein extracts from cortical cells 
cultured at 6 or 26 days, without (C) or with (CQ) 20 µM Chloroquine for 4 hr. Graphs represent the mean of densitometry analysis of 
four independent experiments. Bars represent SEM. Two-way RM ANOVA followed by Sidak´s multiple comparison test. *p<0.001.  
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which is where amino acids released by autolysosomes 
locally activate mTORC1, facilitating the synthesis of 
SASP proteins. The TASCC can be distinguished by the 
polarized co-localization of p62/SQSTM1, mTOR and 
LAMP2 [11]. Therefore, we analyzed whether during 
neuronal senescence these proteins were also distributed 
in a similar polarized intracellular localization (we 
observed LAMP1 instead of LAMP2). As can be seen 
in Figure 8A, neither the distribution of p62/SQSTM1 
nor mTOR indicated a compartmentalized distribution. 
Even though lysosomes seemed to be mainly located on 
one side of the cells, it might reflect only the particular 
morphology of this type of cells, which have the 
cytoplasm mostly on one side of the cell. Therefore, we 
found no evidence of a TASCC during neuronal 
senescence, indicating that autophagy dysfunction, 
rather than function, accompanies neuronal senescence. 
To verify that the observed accumulation of 
autophagosomes was due to an impaired autophagic 
flux, instead of an enhanced activation of autophagy, 
cortical cells were incubated in the presence of 
Chloroquine, an agent that neutralizes lysosomes pH 
and impairs autophagosomes fusion with lysosomes. As 
shown in Figure 8B, the presence of Chloroquine did 
not increase the amount of LC3-II or p62/SQSTM1 
accumulation at 26 DIV, indicating that the autophagic 
flux was already diminished in senescent neurons.  
 
If a limited autophagic flux contributes to neuronal 
senescence, we would expect more senescent cells when 
autophagy is inhibited. Since basal autophagy is 
essential for survival, inhibition of autophagy by genetic 
means along the time of culture kills the neurons. 
Therefore, we inhibited autophagy only at distinct time 
windows (7 days long each) by adding Spautin-1, a 
molecule that indirectly induces BECN1 and PtdIns-3-
kinase type 3/VPS34 (PI3KC3) degradation [31]. As 
shown in Figure 9B, we found that the number of cells 
with SA-β-gal activity increased when autophagy was 
inhibited during the second or third weeks of culture. 
When Spautin-1 was added at the fourth week of culture 
or later, it had no effect increasing the number of cells 
with SA-β-gal activity, suggesting that autophagy was 
already dysfunctional at this time. On the other hand, 
stimulating autophagy with trehalose, a disaccharide 
that mimics caloric restriction by preventing glucose 
uptake [32], reduced the number of cortical cells with 
SA-β-gal activity regardless of the time window of 
exposure, although a more noticeable protection was 
observed during the second and third weeks of culture.  
As a control to verify the function of Spautin-1 in 
neurons, we verified the reduction in the number of 
autophagosomes in cortical cells at 26 DIV, when we 
had previously observed abundant autophagosomes. We 
also tested that trehalose stimulates autophagy in 
neurons by detecting more autophagosomes in cortical 

cells at 6 DIV, which time we had observed neurons 
have a reduced amount of autophagosomes 
(Supplementary Figure 2S). To confirm that trehalose 
induction of autophagy indeed reduced the senescent 
phenotype and not just SA-β-gal activity, we repeated 
the experiment now immunodetecting Lamin-A/C to 
evaluate whether the intranuclear folds were reduced. 
As shown in Figure 9C, adding trehalose during one 
week windows statistical significantly reduced the 
degree of intranuclear Lamin-A/C folds. These results 
suggest that autophagy induction prevents senescence 
conversion and potentially reverts the senescent 
phenotype, although further experiments will be needed 
to address the latter. 
 
DISCUSSION 
 
Accumulating evidence shows the presence of senescent 
cells in brains from both physiologically aged subjects 
and with neurodegeneration [14]. In this work we have 
characterized an in vitro model useful to study the 
molecular basis for neuronal senescence transition and 
maintenance, as well as SASP components. We 
demonstrate that neurons, in spite of being post-mitotic 
cells, acquire multiple senescent features and notably 
they do so before glial cells. Every senescent marker we 
looked at in primary culture of senescent neurons was 
confirmed in old rat brains (25 months old), validating 
this in vitro neuronal senescence model. We 
demonstrated, to our knowledge for the first time, that 
senescent cortical cells develop a functional SASP, 
secreting components able to induced paracrine 
senescence in MEFs and glial proliferation. Since most 
of the senescent cells at 26 DIV are neurons, we suggest 
the existence of a neuronal SASP, although it is still 
possible that the few senescent astrocytes present in the 
culture secrete a very potent SASP. Nevertheless, a 
neuronal SASP is supported by other observations, such 
as the induction of expression of pro-inflammatory 
cytokines like TNF-α and CCL2 [33]. Interestingly, 
dopaminergic neurons with senescent phenotype due to 
lack of expression of SATB1, a DNA binding protein 
reduced in the vulnerable region of Parkinson´s Disease 
patients, express several SASP components, including 
MCP-1 [34], the cytokine we found significantly 
secreted by senescent cortical cells. MCP-1 is also 
secreted by senescent human mesenchymal stem cells 
and induces paracrine senescence; according to our 
findings, MCP-1 expression is mediated by GATA4 
[28], a transcription factor we found increased in 
senescent cortical neurons. Further experiments are 
necessary to demonstrate that indeed MCP-1 secreted 
by senescent cortical neurons is the molecule 
responsible for the induction of paracrine senescence in 
MEFs. To our surprise, we did no detect secretions of 
IL6,  as  it  is a very common SASP component and has  
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Figure 9. Autophagy modulation alters cortical cells senescence. (A) Experimental design. (B) Early inhibition of autophagy with 
Spautin1 increased the number of cells with SA-β-gal activity, while early induction of autophagy by adding trehalose reduced them. 
Spautin1 or trehalose were added during periods of several days, at the indicated time intervals in days of culture (DIV); after 26 DIV all 
cultures (including control with no treatment) were fixed to quantify the percentage of cells showing high SA-β-gal activity. Scale bars 
represent 500 µm. The bars in graphs represent the mean of each independent experiment, each done by triplicates. Three fields from 
each replica were scored (9 fields per experiment), each dot represent the percentage of SA-β-gal positive cells per field. Data were 
analyzed by two-way RM ANOVA, followed by Dunnett´s multiple comparison test. ***p<0.001 Spautin1 added during 6-13 DIV in 
comparison with control; **** p< 0.0001 Spautin1 added during 13-19 DIV in comparison with control, and Trehalose treatments in 
comparison with control. (C) Autophagy induction with trehalose reduced the abundance of intranuclear fold with Lamin-A/C. 
Trehalose were added during periods of several days, at the indicated time intervals in days of culture (DIV); after 26 DIV all cultures 
(including control with no treatment) were fixed to detect Lamin-A/C by immunofluorescence. Scale bar represents 5 µm. 
Representative images of three independent experiments are shown. At least 60 cells per treatment were quantified as described in 
Methods. Bars in the bottom graph represents mean. Data were analyzed by two-way RM ANOVA, followed by Dunnett´s multiple 
comparison test. ***p<0.001; **** p< 0.0001 with respect to control. 
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been found to be secreted in senescent neurons by 
others [22]. It is worth to note that the paracrine 
senescence signaling components seem to be conserved 
between rat and mouse, as the rat neuronal SASP was 
able to induce premature paracrine senescence in mouse 
fibroblasts (MEFs).  
 
The finding that conditioned media from senescent 
cortical cells induced glial cell proliferation, suggests 
that persistent neuronal senescent cells could alter tissue 
organization. As opposed to replicative senescence, 
which is caused by critically short telomeres, premature 
senescence induced by oncogene activation initiates 
with hyper-proliferation, followed by a “transition 
phase” that signals to induce the senescent phenotype 
[35]. Further experiments are in progress to evaluate 
whether the increased proliferation of astrocytes we 
observed reflects a mitotic phase preceding senescence 
in response to the cortical SASP. Also, the finding that 
young neurons are resistant to undergo premature 
paracrine senescence in response to the SASP produced 
by senescent cortical cells deserves further investiga-
tion. It will be interesting to understand the molecular 
differences that render MEFs susceptible and prenatal 
cortical neurons resistant to paracrine senescence in 
response to the cortical SASP. Although we ought to 
mention that we observed in one out of six experiments 
an increase of young neurons with high SA-β−gal 
activity in response to conditioned media from 
senescent neurons, therefore, it is yet possible that 
senescent cortical cell secretes molecules able to induce 
neuronal paracrine senescence, but which are rather 
labile. We propose that persistent senescent cells in the 
brain would secrete molecules that induce chronic 
inflammation and propagate further paracrine 
senescence to nearby healthy cells within the brain, like 
astrocytes, microglia or endothelial cells, thereby 
spreading the senescent phenotype and thus contributing 
to brain aging and exacerbating neurodegeneration. In 
fact, chronic and low-grade inflammation (inflam-
maging) have been associated with neurodegeneration 
in aging [36, 37] and cellular senescence markers have 
been observed in brain tissues from Alzheimer's disease 
patients, such as p16INK4A expression, increased 
p38MAPK activity, and IL6 and TGFβ mRNA 
expression [38-41]. Actually, brain overexpression of 
IL6 in mice induces neurodegeneration [42]. Promising, 
two recent works demonstrate that eliminating 
senescent cells in the brain ameliorate Tau-dependent 
neuropathology in mice transgenic models. Bussian TJ, 
et al. did not find neurons with senescent features 
(looking for SA-β-gal activity and the mRNA 
expression of p16, p19, p21, pai1 and Il6 in an enriched 
population of cells expressing Cd56), and propose that 
senescent microglia and astrocytes induce Tau-
containing neurofibrillary tangles (NFT) in neurons by 

an unknown mechanism [43]. Interestingly, Musi N et 
al. analyzed laser-captured microdissected cortical 
neurons from human brains with Alzheimer disease and 
compared their transcriptome signature with adjacent 
histopathologically normal neurons. NFT-containing 
neurons had a senescent gene expression profile. The 
same was observed in NFT-containing neurons in a Tau 
transgenic mouse line [44]. Therefore, it seems that all 
cell types in the brain are able to become senescent, but 
the timing of geroconversion could vary in different 
contexts. Since in both works senolytics ameliorated 
Tau-dependent neuropathology, to discover which cell 
type becomes senescent and how similar are senescent 
cells from different cell types, will be useful to design 
targeted therapies. 
 
Considering that it has been widely documented that 
during aging autophagy becomes dysfunctional [45], 
that most of the interventions that improve health span 
and/or lifespan stimulate autophagy [46, 47], and our 
finding that Spautin-1 treatment increased the number 
of senescent cortical cells, we propose that 
dysfunctional autophagy during aging also contributes 
to cellular senescence in the brain, including neurons, 
which in turn contributes to synaptic dysfunction. It is 
fundamental, therefore, to understand the mechanisms 
of autophagy dysfunction with ageing in the brain. 
Perhaps the tubular morphology of lysosomes we 
observed in senescent cortical neurons interferes with 
lysosomes fusion with autophagosomes. Therefore, 
treatments that promote autolysosome maturation or 
prevent lysosomal dysfunction could solve or prevent 
the onset of neuronal senescence. Interestingly, our 
observation that trehalose reduced the number of 
senescent cortical cells suggests that the neuronal 
senescent phenotype is reversible. Supporting this 
notion, addition of resveratrol, an autophagy-inducer 
compound, also decreases senescent hallmarks of long-
term neuroglial cocultures [22]. Further experiments are 
necessary to test the possible reversion of the neuronal 
senescent phenotype.  
 
Having a molecular understanding of neuronal 
senescence, new targets for pharmacological 
intervention could be proposed, with potential impact to 
prevent or reduce both physiological brain aging and 
neurodegeneration. 
 
MATERIALS AND METHODS 
 
Animals 
 
Wistar rats of the indicated age in each experiment were 
obtained from the animal house of the Institute of Cell 
Physiology at the National University of Mexico 
(UNAM) and were housed at 22 0C in 12h light/12h 
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dark cycle. All procedures were approved by the 
Internal Committee of Care and Use of Laboratory 
Animals of the Institute (IFC-SCO51-18). Rats had ad 
libitum access to water and food. 
 
Cell Culture 
 
Cortical primary cultures 
Cortical primary cultures were prepared as described 
before [48], from Wistar rat embryos of 17 days of 
gestation. Cerebral cortices were isolated and 
dissociated by 1:1400 Trypsin-EDTA (15400054, 
INVITROGEN/GIBCO, Grand Island, NY, USA) 
digestion and trituration with a Pasteur pipette. Cells 
were suspended in Neurobasal medium (21103049, 
INVITROGEN/GIBCO, Grand Island, NY, USA) 
supplemented with 2% B27 (17504044, INVITROGEN/ 
GIBCO, Grand Island, NY, USA), 200 mM 
GlutaMAX™ Supplement (35050061, GIBCO Life 
Technologies, Grand Island, NY, USA) and 0.02 mg/ml 
Gentamicin (15710064, INVITROGEN/GIBCO, Grand 
Island, NY, USA). Cells were plated at a density of 1.05 
x 105/cm2 in 12-well plates precoated with Poly-L-
Lysine (P1524, SIGMA-ALDRICH St. Louis, MO, 
USA) (0.01 mg/ml). Cells were cultured up to 40 days 
in vitro (40 DIV) at 37oC in a humidified, 5% CO2 
atmosphere. Half the medium was changed every 6 
days.  
 
Cell viability 
Cell viability was estimated by staining with 
LIVE/DEAD viability/cytotoxicity kit 
(INVITROGEN/GIBCO, Grand Island, NY, USA). 
Alive cells were stained with Calcein, while dead cells 
were stained with Ethidium homodimer-1, following 
manufacturer´s instructions. For every experiment, only 
cells with healthy nuclear morphology (non apoptotic) 
were quantified. 
 
MEFs culture 
Mouse embryonic fibroblasts were isolated from CD1 
mouse embryos at E13.5 following the standard 
protocol [49]. MEFs were seeded at a density of 2.6x103 
cells/cm2 with Dulbecco´s Modified Eagle Medium + 
GlutaMAXTM, 10% FBS and Penicillin/Streptomycin 
100 U/ml. Each experiment was performed with MEFs 
at cell passage 4 to avoid replicative senescence. For 
conditioned media experiments, one day after seeding, 
cells were cultured with 25% OptiMEM supplemented 
with GlutaMAX and 75% of conditioned media. Media 
and supplements were from GIBCO® Life 
TechnologiesTM, Grand Island, NY, USA. 
 
SA–β-galactosidase staining 
The β-galactosidase activity was analyzed following the 
protocols described previously [50, 51]. Cells were 

fixed with 2% formaldehyde + 0.2% glutaraldehyde for 
5 min, washed with PBS and stained with the staining 
solution containing: 20 mg/ml of X-gal (IB02260, IBI 
SCIENTIFIC, Peosta, IA, USA) in dimethylformamide, 
0.2 M citric acid/sodium phosphate buffer pH=6, 100 
mM potassium ferrocyanide, 5 M sodium chloride and 1 
M magnesium chloride. Cells were incubated for 16 h at 
37 °C. For colorimetric analysis, samples were observed 
in an inverted Nikon ECLIPSE Ti-U microscope, the 
number of positive cells was counted of at least 500 
cells. For SA–β-galactosidase staining and 
immunofluorescence in the same samples, cells were 
stained for SA-β-gal as described above and then 
immunostained. Confocal detection of X-gal was 
performed as previously described [52]. 
 
Lipofuscin accumulation 
 
Autofluorescence Detection  
Lipofuscin auto-fluorescence was evidenced by 
excitation at 450-490 nm of unstained cortical cells 
using an inverted Nikon ECLIPSE Ti-U microscope. 
 
Sudan Black B (SBB) staining 
SBB staining was performed as described [24]. 0.7 g of 
SBB (199664, SIGMA-ALDRICH, St. Louis, MO, 
USA) were dissolved in 70% ethanol, covered with 
Parafilm® and thoroughly stirred overnight at room 
temperature. Afterwards the solution was filtered (paper 
filter WhatmanTM 1001-110). Cells seeded on coverslips 
were fixed in 4% (wt/vol) formaldehyde/PBS for 30 
min at room temperature and then washed three times at 
room temperature with PBS. Coverslips with fixed cells 
were incubated for 2 min in 70% ethanol. A drop of 
freshly prepared SBB was dropped on a clean slide. The 
coverslip with the cells was held facing down on the 
drop of SBB on the slide and was incubated for 10 
seconds. The coverslip was carefully lifted and the SBB 
on the edges of the coverslip was wiped off manually 
from the back and along the edges of the coverslip with 
the help of an absorbent paper. The cells were then 
embedded into 50% ethanol for 1 min, transferred and 
washed with distilled water. The staining was observed 
under an inverted Nikon ECLIPSE Ti-U microscope 
and SBB staining was considered positive when 
cytoplasmic aggregates of blue-black granules were 
evident inside the cells. Three independent experiments, 
each done by quintupled replicas, were analyzed. 
 
Immunofluorescence 
 
Primary culture 
Cells were fixed with 4% paraformaldehyde for 30 min, 
permeabilized with PBS / 0.5% Triton for 5 min, 
blocked with PBS/5% BSA and incubated at 4 °C with 
primary antibody overnight. AlexaFluor-conjugated 
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secondary antibodies were diluted in PBS/2%BSA 
(1:500, LIFE TECHNOLOGIES, Oregon, USA) and 
incubated for 1 h at room temperature. Nuclei were 
stained for 2 min with DAPI (1 μg/ml). Only cells with 
healthy nuclear morphology (non-apoptotic) were 
quantified. 
 
Brain section 
Wistar rat male brains 4 or 25 months old were isolated 
following IACUC guidelines. Rats were perfused 
transcardially with PBS, then with 4% 
paraformaldehyde. Brains were drop-fixed in 4% 
paraformaldehyde for 24h; for cryoprotection brains 
were immersed in PBS/30% sucrose for 24 h. Brain 
coronal sections (50 μm) from frontal cortex were 
mounted serially. The sections were permeabilized with 
PBS/ 0.3% Triton for 15 min, blocked with PBS/5% 
BSA for 1 hour at room temperature and incubated with 
primary antibody at 4 °C overnight in PBS/1% BSA. 
Next, sections were incubated with AlexaFluor-
conjugated secondary antibodies (1:350, LIFE 
TECHNOLOGIES, Oregon, USA) in PBS / 2% BSA 1 
h at room temperature; nuclei were stained with DAPI 
(1 μg/ml). To avoid lipofuscin autofluorescence slices 
were incubated with Sudan Black B.  
 
The following primary antibodies were used: mouse 
anti class III β-TUBULIN (1:1000, ABCAM 14545, 
Cambridge, MA, USA), rabbit anti class III β-
TUBULIN (1:1000, ABCAM 18207, Cambridge, MA, 
USA), rabbit anti- class III β-TUBULIN (1:500, 
BIOLEGEND, MRB435P-100, San Diego, CA, USA), 
rabbit anti-GFAP (1:1000, DAKO Z0334, Santa Clara, 
CA, USA), rat anti-GFAP (1:1000, INVITROGEN 13-
0300, Camarillo, CA, USA), rabbit anti-p21 (1:25, 
ABCAM 7960 or 1:100 ABCAM 109199, Cambridge, 
MA, USA), mouse anti-γH2AX (1:500, ABCAM 
26350, Cambridge, MA, USA), rabbit anti-LC3 (1:500, 
MBL PD014, Nagoya, Japan), mouse anti-p62 (1:300, 
ABCAM 56416, Cambridge, MA, USA), rabbit anti-
LAMP1 (1:1000, SIGMA-ALDRICH L1418, St. Louis, 
MO, USA), rabbit anti-mTOR (1:200, CELL 
SIGNALING 2983, Beverly, MA, USA), rabbit anti-
GATA4 (1:500, ABCAM 84593, Cambridge, MA, 
USA). 
 
Images were acquired using a NIKON ECLIPSE Ti-U 
microscope or a confocal microscope Zeiss LSM 800. 
Images were processed using NIS Elements, Basic 
Research (NIKON INSTRUMENTS Inc ®, NY, USA) 
software, Version 3.13 or Fiji software. 
 
Immunoelectron microscopy 
 
Cortical cells were fixed with 3% glutaraldehyde. 
Following fixation, dehydration was performed in an 

ethanol gradient: 30-40-50-60-70-80-90-100 % ethanol 
at 4°C. Then, the cells were embedded in a LR White 
resin and polymerization was carried out at 50 °C. 
Ultrathin sections of 70-80 nm were cut from the 
polymer using an Ultracut-Recheirt-Jung and placed on 
nickel grids for immunogold assay. 
 
The thin sections were washed twice for 2 min with 
deionized water and two times with PBS with 0.005 % 
Tween20. Sections were then incubated for 30 min with 
the blocking solution (50 mM glycine, 0.005 % 
Tween20, 0.01 % Triton X-100 and 0.1 % BSA in PBS) 
[53]. After blocking, sections were incubated with the 
primary antibody: rabbit anti-LC3 (1:500, MBL PD014, 
Nagoya, Japan). After rinsing three times in PBS with 
0.005 % Tween20, the sections were incubated 
overnight at 4 °C with the secondary antibody: donkey 
anti-rabbit 25-nm gold conjugate (Electron Microscopy 
Science Aurion #25708). Samples were washed three 
times with PBS, 0.005 % Tween20 and post-fixed in 2 
% glutaraldehyde in PBS for 10 min. The sections were 
then rinsed with distilled water twice for 5 min and 
contrasted with 2 % uranyl acetate, rinsed with water, 
dried and observed under a JEOL JEM 1200 EXII 
electron microscope. 
 
Immunoblotting analysis 
 
Cells grown in the presence or absence of 20 M 
Chloroquine (C-6628 SIGMA-ALDRICH, St. Louis, 
MO, USA) for 4 hrs were lysed in an extraction buffer 
consisting of 25 mM Tris, 50 mM NaCl, 2% Igepal, 
0.2% SDS and 2 mg/ml protease inhibitor 18 
(Complete, Roche Molecular Diagnostics, pH 7.4). 
Thirty micrograms of total protein were separated by 
SDS-PAGE and electroblotted onto polyvinylidene 
fluoride (PVDF-FL) membranes (Millipore). 
Membranes were incubated overnight with the primary 
antibody at 4 °C, rabbit anti-LC3 (1:1000, MBL PD014, 
Nagoya, Japan), rabbit anti-p62 (1:500, CELL 
SIGNALING 5114S, Beverly, MA, USA), mouse anti-
TUBULIN (1:10000, CELL SIGNALING 3873, 
Beverly, MA, USA). Following three washes with 
TTBS secondary antibody IRDye® 680RD goat anti-
rabbit (925-68071, LI-COR) or IRDye® 800CW goat 
anti-mouse (925-32210, LI-COR) was applied at 
1:10,000 dilution in TTBS. Membranes were scanned 
and analyzed using an Odyssey® IR scanner and 
Odyssey® Image Studio software 5.2.5. 
 
Gene expression analysis 
 
Total RNA was isolated using TRIzol™ reagent (Life 
Technologies), and cDNA was synthesized from 1 µg of 
RNA using the High Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific #4368814). 
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The quantitative PCR (qPCR) reaction was performed 
with the SYBR Green mix (Kapa SYBR® Fast 
Universal #KK4602) in the Rotor-Gene Qthermocycler 
(Qiagene, Germantown, MD, USA). All reactions were 
performed in quadruplicate, and the expression was 
normalized using the glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) mRNA. The sequences of the 
primers used are as follows: 
 
Cdkn1a F 5′-CCGAGAACGGTGGAACTTTGAC-3′; 
Cdkn1a R 5′-GAACACGCTCCCAGACGTAGTTG-3′ 
Ccl2 (Mcp-1) F, 5′- ATGCAGTTAATGCCCCACTC; 
Ccl2 (Mcp-1) R, 5′-TTCCTTATTGGGGTCAGCAC-3′ 
Gapdh F, 5′-CTCATGACCACAGTCCATGC-3′ 
Gapdh R, 5′-TTCAGCTCTGGGATGACCTT-3′. 
 
Neutral Comet assay 
 
Cells were resuspended in cold PBS at 103 cells/µL 
density. This suspension was mixed at a 1:5 ratio with 
0.75% low-melting point agarose (BIO RAD 
Certified™ Low Melt Agarose #1613111, Hercules, 
California, USA) at 37°C. About 50 to 100 µL of the 
mix were placed on microscope slides pre-coated with 
1% normal-melting point agarose (BIO RAD 
Certified™ PCR Agarose #1613103, Hercules, 
California, USA), spread with coverslips and incubated 
at 4° C for 2 min and 10 min more at room temperature. 
The coverslips were removed and slides were covered 
with pre-chilled lysis solution (0.03 M EDTA, 1% SDS) 
for 60 min at 4°C. After that, slides were washed and 
covered with unwinding/electrophoresis buffer (Tris 60 
mM, Acetic acid 90 mM, EDTA 2.5 mM, pH 9.0) for 
60 min. Electrophoresis was performed at 25 V for 20 
min. Immediately, slides were rinsed and incubated for 
10 min in neutralization buffer (Tris-HCl 500 mM, pH 
7.5) 3 times. Finally, DNA was stained with SYBR 
green (SYBRTM green I Nucleic Acid Gel Stain, 
INVITROGENTM, Eugene, Oregon, USA) 1:10000 in 
PBS. For each sample 50 comet images were measured, 
using a Nikon ECLIPSE Ti-U fluorescence microscope. 
The length and area of the broken DNA were measured 
with NIS Elements Basic Research software (NIKON 
INSTRUMENTS Inc ®, NY, USA)-  
 
SASP analysis of cortical cells  
 
Conditioned medium was collected from neuronal 
cultures at 6, 26 and 40 days in vitro (DIV) and was 
frozen at -20 ᵒC until use. Concentrations (pg/mL) of G-
CSF, GM-CSF, IFN gamma, IL-1α, IL-1β, IL-10, IL-
12p70, IL-13, IL-17A, IL-2, IL-4, IL-5, IL-6, TNF 
alpha, Eotaxin, Gro α, IP-10, MCP-1, MCP-3, MIP-1α, 
MIP-2 and RANTES in media conditioned by cortical 
cells were measured by ProcartaPlex® Multiplex 
Immunoassay (BIO RAD # 171K1002M). The 

conditioned medium was previously concentrated using 
centrifugal filter units Amicon Ultracel-3 kDa 
(Millipore # UFC800324) and a total of 50 μL of 
concentrated conditioned medium were examined 
following manufacturer’s instructions. Data were 
obtained in a Luminex Instrument and the analytes 
concentration was measured calibrating with a standard 
curve for each cytokine provided by the manufacturer. 
 
Cyto-ID autophagosomes detection and Lysotracker 
staining  
 
The Cyto-ID (ENZO LIFE SCIENCES ENZ-51031-
K200, Farmingdale, NY, USA) is an 488 nm-excitable 
green fluorescent reagent that specifically accumulates 
in autophagic vesicles. Cells were incubated in Cyto-ID 
(1 μl Cyto-ID/1ml cell culture medium) for 30 minutes 
at 37 oC, 5 % CO2 and washed prior to analysis. 
Lysotracker dye (DND-99 LIFE TECHNOLOGIES, 
Oregon, USA) was incubated for 20 min at 37ºC. Cells 
were analyzed by Fluorescence Nikon ECLIPSE Ti-U 
microscope. 
 
Cortical cells-derived conditioned medium collection 
and treatment 
 
Conditioned medium was prepared by collecting half 
the medium from neuronal cultures at 6, 26 and 40 days 
in vitro (DIV) and freezing it at -200C until use. 
Conditioned media were diluted 3:1 with fresh medium 
and added to cells at 1 DIV in 12-well plates (4x105 
cortical neurons cells/well; 1x104 MEFs/well). For 
MEFs, to avoid adding unknown factors from serum, 
conditioned media were diluted with OptiMEM 
(GIBCO Life Technologies, Grand Island, NY, USA). 
Cells were incubated further for 6 days at 37°C and 5 % 
CO2. At the end of incubation, the senescent markers 
were analyzed.  
 
Quantification 
 
The quantifications of cells with a particular phenotype 
were done using NIS Elements, Basic Research 
(NIKON INSTRUMENTS Inc ®, NY, USA) Version 
3.13 software or Fiji software. The size of the samples 
analyzed is indicated in every figure legend. We 
counted at least 100 cells in each graph shown. To 
quantify data that corresponds to nuclear Lamin A/C 
invagination (Figure 4), we exploited the observation 
that internal Lamin A/C invaginations increase the 
signal intensity of intranuclear Lamin A/C that would 
otherwise be in the nuclear envelope as follows: Z-
Stacked maximum intensity confocal images were 
utilized. Border ROIs were manually selected with the 
brush selection tool of FIJI, the brush size corresponded 
to the pixel number length closest to 500 nm, roughly 
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the nuclear envelope size (i.e. 101.41 μm  x 101.41 μm 
1024 pixels x 1024 pixels images required a brush of 
pixel size 5 and 1437 pixels x 1437 pixels images of the 
same metric size required a brush of pixel size 7). 
Border ROIs were selected manually including the most 
distal from the center of the nucleus signal of DAPI 
stained nuclei forming ring like ROIs. Central ROIs 
were selected to be exactly the internal part of the ring 
excluded from the border ROIs by using the clear 
outside function on the edit menu followed clicking on 
the internal part with the wand (tracing) tool of FIJI. 
The mean fluorescence intensity of these ROIs in Lamin 
A/C images was measured and the signal of the center 
was divided by the signal of the border so as to 
normalize for different Lamin A/C expression. Higher 
values correspond to more invagination. 
 
Statistical Analysis. 
All data were analyzed and graphed with Prism 6 
(GraphPad Software Inc. La Jolla, CA, USA). Specific 
tests were performed according to each experimental 
design, and are indicated in each figure. 
 
Abbreviations 
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medium; GFAP: Glial fibrillary acidic protein; IL6: 
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Phosphatidylinositol 3-kinase class 3; p38MAPK: p38 
mitogen-activated protein kinase; SA-β-gal: 
Senescence-Associated β-galactosidase; SAHF: 
Senescence-associated heterochromatin foci; SAMP8: 
senescence-accelerated mice prone; SASP: Senescence-
associated secretory phenotype; SBB: Sudan Black B; 
Spautin-1: Specific and potent autophagy inhibitor 1; 
SQSTM1: Sequestosome 1; TASCC: TOR-autophagy 
spatial coupling compartment; TGFβ: Transforming 
growth factor-beta; Tre: Trehalose; 53BP1: p53-binding 
protein 1; MCP-1: monocyte chemotactic protein 1; 
official name C-C motif chemokine 2; GATA4: GATA 
binding protein 4. 
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SUPPLEMENTARY MATERIAL 
 
 
Supplementary Figures 
  

 
 

Supplementary Figure 1S. Rat prenatal cortex primary culture is viable up to 40 days in vitro (DIV). (A) Representative 
immunofluorescence used to quantify neurons (βIII-TUBULIN) and glial cells (GFAP) at 6, 26 or 40 DIV as indicated. Nuclei were 
stained with DAPI. Scale bars represent 25 μm. (B) The percentage of neurons or glial cells along the culture is graphed. It changes 
along the time of culture due to both neuronal death and glial proliferation. Bars represent SEM, n=3. (C) Cell viability was estimated 
by staining with LIVE/DEAD viability/cytotoxicity kit. Alive cells were stained with Calcein, while dead cells were stained with Ethidium 
homodimer-1 (EthD-1). Scale bars represent 500 μm. (D) The total number of cells per square cm remained similar along the culture. 
Each dot represents the average of three wells per experiment. Bars represent the average of three independent experiments. 
Although there was an increment in the average number of cells at 26 DIV, it was not statistically significant analyzed by two-way RM 
ANOVA, with Dunnett´s multiple comparison test.  
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Supplementary Figure 2S. Spautin-1 inhibited autophagy and Trehalose induced autophagy on cortical primary cells. 
(A) Autophagosomes were stained with CytoID® to verify Spautin1 inhibition of autophagy on cortical cells cultured for 26 DIV, since 
at this time cells have abundant autophagosomes. Controls were treated with vehicle only. (B) Trehalose induction of autophagy was 
verified by adding it to cortical cells cultured for 6 DIV, since at this time cortical cells have only few autophagosomes. Controls were 
treated with vehicle only. Nuclei were stained with Hoechst. Scale bars represent 500 µm.  
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The spatial organization of nucleic acids in cell nuclei is critical 
for gene expression and ultimately cell physiology1. Different 
scales of the spatial organization of DNA and chromatin have 

been analysed; from promoter–enhancer interactions to megabase-
sized topological association domains (TADs) and large-scale, 
higher-order folding of chromosomes into distinct compart-
ments composed of transcriptionally active or inactive regions2–4. 
However, there is little understanding of where specific transcripts 
are synthesized, processed and/or sequestered in relation to nuclear 
landmarks. Large parts of transcriptomes have been spatially 
resolved in tissues5 and single cells6–8 with imaging techniques, 
but these methods do not infer colocalization or spatial associa-
tions between different RNA molecules. Pairwise probing of RNA–
RNA interactions has thus far been limited to direct base-paired 
contacts9 or to short-range distances between RNA ends allowing 
enzymatic ligations10–13. We therefore devised a widely applicable, 
massive-throughput method that determines spatial associations 
between pairs or groups of transcripts irrespective of the nature of 
their interaction to provide a functional readout of transcriptional 
genome activity in the nucleus.

Proximity RNA-seq uniquely barcodes RNAs in millions of 
subnuclear particles in parallel by a simple, rapid vortexing step 
combining fragmented nuclear particles with barcoded beads in a 
water-in-oil emulsion (Fig. 1a and Supplementary Fig. 1). Barcoded 
complementary DNAs are then sequenced to enable the reconstruc-
tion of proximities between chromatin-associated, nascent RNAs 
and non-coding RNAs in nuclei. We use Proximity RNA-seq to 
identify, characterize and map specific transcript families in relation 
to a major recognizable nuclear landmark, providing a cytological 
spatial map of RNAs in cells.

Results
Massive-throughput barcoding in emulsion. We first developed 
an on-bead PCR protocol in emulsion to uniquely barcode up to  
1 billion beads individually for an experiment. We used conditions 
that favor the amplification of a single synthesized DNA template 
containing a 26-base-long random barcode on each bead in the 
emulsion14,15 (Fig. 1b). The encapsulation of a single barcode with 
one bead can be approximated by diluting templates and beads suf-
ficiently before emulsification. To estimate the fraction of singly 
barcoded beads, we first used two barcode templates of defined 
sequences (Supplementary Table 1) for PCR amplification on 
beads. Fluorescent probes were then hybridized to the amplified 
barcodes on beads before flow cytometry analysis and compari-
son with expected Poisson distributions (Fig. 1c,d). To optimize 
the yield of beads with individual random barcodes, we chose 
encapsulation conditions and template amounts according to a 
Poisson model that aimed at 50% barcoded beads, of which around 
70% were covered with copies of a single barcode and 30% had 
copies of multiple barcodes. After PCR, barcode copies on beads 
were extended with 15 random bases to generate reverse transcrip-
tion (RT) primers (Fig. 1b,e). Subnuclear particles from SH-SY5Y 
human neuroblastoma cells were obtained by minimal sonication 
to disrupt nuclei isolated from chemically crosslinked cells. After 
each sonication cycle, disruption of nuclei was examined by micros-
copy. We used ethylene glycol-bis(succinimidylsuccinate) (EGS), 
with a 16 Å spacer between reactive groups, in combination with 
formaldehyde for crosslinking, with the aim to increase the frac-
tion of particles containing multiple RNA molecules. After sonica-
tion of nuclei, all the homogenate was encapsulated into droplets 
without prior centrifugation. In-droplet reverse transcription of 
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RNAs in crosslinked particles with barcoded beads followed by 
cDNA library amplification (Supplementary Fig. 1) resulted in a 
fragment length suitable for Illumina sequencing.

Proximity RNA-seq characterization and validation. Sequencing 
and mapping of RNAs in nuclear-enriched particles resulted in a 
fourfold increase in intron-to-exon read ratio compared with ribo-
somal RNA-depleted RNA-seq. In addition, the characteristic over-
representation of reads at the 5   ′ ends in introns compared with the 
3′ ends16 demonstrated a clear enrichment for nascent transcripts 
(Fig. 2a,b). We trimmed three bases on either end of the barcode to 
account for offsets by a few bases of otherwise identical barcodes. 
The resulting barcode length of 20 random bases corresponds to 
a theoretical barcode complexity of 1012, which exceeded an esti-
mated 109 nascent RNA molecules in the input material. Multiple 

reads with the same barcode and mapping to the same transcript 
were dubbed a proxy read and counted as one transcript obser-
vation (Supplementary Fig. 2). Up to 25% of proxy reads were 
cobarcoded with proxy reads mapping to other transcripts identi-
fying spatial RNA associations (Supplementary Fig. 3). Proximity 
RNA-seq benefits from sequencing into saturation to increase the 
number of RNAs identified on beads and cobarcoded proxy reads 
(Supplementary Fig. 4).

To validate spatial associations, we first analysed cobarcoding 
events of the abundant small RNA U3, which resides in the nucleolus 
together with hundreds of other small non-coding, nucleolar RNAs 
(snoRNAs)17. We found overwhelmingly significant cobarcoding 
of snoRNAs with U3 compared with the non-snoRNA transcrip-
tome (Mann–Whitney U-test: P = 4 × 10−56; Cliff ’s delta effect size: 
0.9; Fig. 2c). In contrast, control experiments using multi-barcoded  
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beads produced by PCR amplification in a droplet-free solution showed 
essentially no cobarcoding between U3 and snoRNAs. Similarly, 
using crosslink-reversed and purified RNA and uniquely barcoded 

beads also showed no cobarcoding between U3 and snoRNAs.  
We next compared the crosslink-reversed control, the standard 
crosslinked condition used throughout the manuscript and a 
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prolonged crosslinked sample to assess the effects of sample prepa-
ration on particle encapsulation, RNA read counts and nuclear 
proximities. Global correlation in transcript abundance as measured 
by Proximity RNA-seq between standard crosslinked and crosslink-
reversed samples (Spearman’s rank correlation coefficient: 0.8) was 
found to be similarly high to that between replicates of crosslinked 
samples (Supplementary Fig. 3). Equal transcript abundances in 
both datasets suggested unbiased encapsulation of crosslinked 
RNA particles into droplets. As exemplified by U3 (Fig. 2c), the 
crosslink-reversed sample lacked information on RNA proximities, 
and global correlation in pairwise transcript cobarcoding between 
crosslinked and crosslink-reversed samples was poor (Spearman’s 
rank correlation coefficient: 0.29). We then compared the sample 
with prolonged fixation with the standard sample preparation. The 
same number of sonication cycles was used for both samples to 
disrupt nuclei. We found that the fraction of ribosomal RNA reads 
increased from 43% in standard conditions to 87% with prolonged 
crosslinking. Of note, nuclei contribute less than the cytoplasm 
to a total of around 90% rRNA in whole cells18,19. Intronic reads 
decreased from 74% to 47% and exonic reads increased from 18% 
to 47% with prolonged crosslinking compared with standard con-
ditions (Supplementary Fig. 5). We conclude that prolonged cross-
linking copurified larger amounts of cytoplasmic RNA compared 
with standard crosslinking, which hampers the analysis of nuclear 
RNA organization. Nuclear particle preparation is therefore likely a 
trade-off between a high crosslinking efficiency, to increase cobar-
coding of transcripts at the cost of cytoplasmic RNA contamination, 
and aiming for a cleaner preparation of nuclei with less crosslink-
ing and less frequent cobarcoding of transcripts. Using our stan-
dard sample preparation in SH-SY5Y cells, high intron and modest 
rRNA contents suggested that the conditions were suitable to probe 
nuclear RNA proximities. Furthermore, correlations in pairwise 
transcript cobarcoding between different standard crosslinked rep-
licates ranged between 0.71 and 0.83 (Spearman’s rank correlation 
coefficient, Supplementary Fig. 3). These results demonstrate that 
our method reproducibly detects RNAs present in individual sub-
nuclear particles. However, we cannot rule out the possibility that 
other conditions may be more suitable.

To calculate the significance of spatial associations between 
transcripts while taking their vastly different abundances into 
account, we randomized pairings of proxy reads and their barcodes 
100,000 times to obtain simulated cobarcoding counts for pairs of 
transcripts (see Methods, Supplementary Fig. 3). Observed cobar-
coded pairwise RNA proximities were compared with simulated 
counts to determine statistical significance (Supplementary Tables 
2,3). These analyses verified known contacts between 18S and 28S 
rRNAs, MALAT1 and U1 (ref. 20) and between spliceosomal RNAs, 
respectively (q < 0.002). To further test the analysis pipeline, we per-
formed Proximity RNA-seq using a mixture of particles from dif-
ferent species. To a standard input of human particles equivalent to 
50 ng RNA we added the same amount of fruit fly particles to obtain 
a conservative estimate of false positive RNA proximities. We first 
selected barcode groups with exactly two transcripts and found that 
20% of all two-transcript barcode groups consisted of a fly and a 
human transcript (Supplementary Fig. 6). We then compared the 
whole dataset with randomizations and estimated the false positive 
rates of pairwise, inter-species RNA proximities. P-value cutoffs for 
pairwise RNA proximities at 0.01, 0.05 and 0.1 resulted in 0%, 2% 
and 6.4% false positive rates, respectively. This shows that Proximity 
RNA-seq and the analysis pipeline produce few false positives even 
in conditions with considerable species mixing in droplets.

Main RNA compartments and transcript positioning in nuclei. 
Next, we analysed the number of unique transcripts cobarcoded 
once or multiple times and irrespective of the significance of pair-
wise associations, with a given RNA molecule of the 1,000 highest 

expressed transcripts. We found that RNAs present at higher levels 
had higher cobarcoded transcript counts (Fig. 2d and Supplementary 
Table 4). Two factors likely underlie this trend. First, in cells, highly 
expressed RNAs have more opportunities to encounter other tran-
scripts, and second, in droplets, abundant RNAs are more often 
cobarcoded with transcripts from distinct particles, according to 
the Poisson distribution of particles into droplets, thereby further 
increasing the number of unique cobarcoded transcripts. Notably, 
we identified RNAs cobarcoded with more unique transcripts than 
would be expected by their abundance. Such RNAs were often non-
coding, rather than protein-coding, and included spliceosomal (U1, 
U2, U4 and U5), paraspeckle (NEAT1) and nucleolar (snoRNAs) 
transcripts (Fig. 2d,e). The more complex compositions of cobar-
coded transcripts likely reflected transcriptome-wide functions in 
intron excision and exon splicing in the case of spliceosomal RNAs 
and supported the notion of some non-coding RNAs as spatial orga-
nizers or markers of larger RNA groups in nuclei.

In DNA contact assays, close distance on the linear genome largely 
increases contact strength between genomic regions. Significant but 
lower contact strength between regions further apart is indicative 
of higher-order chromatin folding. We therefore assumed that pairs 
of nascent RNAs, although not physically linked like DNA of the 
same chromosome, would show increased spatial association when 
the distance between their genes was small. Using randomization-
derived P values for RNA pairs, we found higher levels of associa-
tions between transcripts encoded by genes located nearby in the 
linear genome than between transcripts from genes further apart or 
on different chromosomes (Supplementary Fig. 7). This shows that 
one factor that specifies spatial associations of a nascent transcript 
with other RNAs is linear genome proximity of the respective genes.

We then asked whether larger groups of nuclear-retained, non-
coding and nascent coding transcripts preferentially associate 
with each other and thereby partition the nuclear transcriptome. 
Principal component analysis (PCA) on P values of pairwise asso-
ciations between any RNA and the top 100 connected transcripts 
identified two main compartments for RNA in nuclei. Principal 
component 2 (PC2) separated snoRNAs as well as a set of protein-
coding transcripts from the bulk of mostly protein-coding tran-
scripts (Fig. 3a, Supplementary Table 5). We dubbed this transcript 
group, which is highly enriched for nucleolar transcripts, com-
partment I, based on the prevalent RNA polymerase I activity for 
rRNA synthesis within the nucleolus. Accordingly, compartment II  
was named after RNA polymerase II, which is predominant in the 
nucleoplasm (Fig. 3b). We then performed dual RNA fluorescence 
in  situ hybridization (FISH) using U3 as a nucleolar marker and 
sets of 24 probes hybridizing to intronic sequences of 13 different 
RNAs (Fig. 3c,d). The results confirmed that nascent transcripts 
from compartment I are indeed preferentially synthesized in close 
proximity to the nucleolus, whereas nascent transcripts from com-
partment II are transcribed in the nucleoplasm at greater distances 
from the nucleolus. This validates the accuracy of Proximity RNA-
seq to predict spatial distances between different transcripts and a 
major nuclear structure, the nucleolus, providing a ‘magnetic north’ 
reference point for genome function that is lacking in chromosome 
conformation capture (Hi-C) data. On average, median distances 
between the edge of the nearest nucleolus and transcripts of com-
partment I were 0.82 ± 0.24 µm (mean ± s.d.). Compartment II 
transcripts, on the other hand, were found at on average twofold 
increased distances from the nucleoli (1.68 ± 0.37 µm). Our find-
ings suggest that the perinucleolar region, which has previously 
been associated with transcriptionally silent, compact chromatin3,21, 
expresses a specific subgroup of RNAPII-transcribed genes.

We next analysed features of RNAs grouped into eight quantiles 
according to their relative nuclear position derived from PC2 val-
ues (Fig. 3b,e–g). Compartment I (quantiles 1–3) contained 370 
(70%) and compartment II (quantiles 4–8) 784 protein-coding 
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transcripts (90%). We observed an accumulation of gene ontology 
terms, many specific to the neuronal cell type, in compartment II 
but few enriched terms in compartment I (Supplementary Fig. 8). 
Similarly, the number of transcripts with high tissue specificity22,23 
increased from compartment I to compartment II, with the excep-
tion of nucleolar quantile 1 (Fig. 3f). Consistently, genes encoding  

compartment II transcripts were closer in the linear genome to 
multi-enhancer domains crucial for cell identity (super-enhanc-
ers24,25) than genes whose transcripts were assigned to compartment I  
(Supplementary Fig. 8). Finally, alternative splicing of exons in pro-
tein-coding transcripts occurred less frequently in compartment I,  
as indicated by high exon inclusion26. In contrast, transcripts in 
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compartment II exhibited variable and often lower exon inclusion 
(Fig. 3g). This suggests that the nuclear transcriptome is partitioned 
into broadly expressed, so-called housekeeping, transcripts in the 
vicinity of nucleoli in compartment I and tissue-specific RNAs and 
transcripts that are more frequently subject to alternative splicing in 
compartment II.

Precursor and processed RNA localization. To distinguish differ-
ent spatial sites for precursor and processed RNA, we split reads for 
any transcript into three groups: overlapping introns for precursors, 
exon junctions for mature RNAs and a group of other, ambiguous 
stretches of transcripts. After comparison with random simula-
tions (Supplementary Table 6), we visualized the high-dimensional 
spatial RNA association data by giving each RNA a position in a 
two-dimensional map using t-distributed Stochastic Neighbor 
Embedding (t-SNE27) (Fig. 4a). The clustering of snoRNAs apart 
from the bulk of precursor transcripts recapitulated the two com-
partments revealed by PCA and using gene-based transcript anno-
tations. In addition, we found exon junctions clustered together, 
separated from nascent RNA and nucleolar transcript clusters. 
Strikingly, most pairwise RNA associations involving exon junc-
tions were formed with ribosomal RNA (89%). Unlike snoRNAs, 
which contact each other and rRNA in nucleoli, exon junctions 
showed no association with snoRNAs (Fig. 4b). These results indi-
cate that rRNA was captured at two distinct stages and locations: 
during synthesis and processing with snoRNAs in nucleoli, and as 
functional ribosomes, likely situated at the outer nuclear envelope 
and copurified from the cytoplasm by crosslinking to nuclei, in 
complex with spliced protein-coding RNAs as represented by exon 
junction reads.

Compartment- and transcript-specific local RNA density. 
Proximity RNA-seq enables the simultaneous detection of two or 
more proximal transcripts. We reasoned that frequent or rare simul-
taneous detection of multiple proximal transcripts is characteristic 
of a specific RNA and the nuclear region from which crosslinked 
particles originate and reflects high or low local RNA density, 
respectively. To derive local RNA density and/or connectivity for 
individual transcripts, we introduced a measure describing how 

often a transcript was detected singly or cobarcoded with one or 
multiple other RNA molecules. This so-called ‘valency’ of a given 
transcript was inferred from relative enrichments or depletions 
(z-score) in the number of reads mapping to the transcript in bar-
code groups encompassing one, two and three transcripts, respec-
tively, compared with the nuclear transcriptome average (Fig. 5a,  
Supplementary Fig. 9, Supplementary Table 7). After assigning 
valency to individual transcripts, we analysed the distribution of 
valency in compartments I and II. We found that transcripts in com-
partment I overall exhibited high valency (that is, z-scores of valency 
1 <0 and z-scores of valency 2 and 3 >0), indicating the increased 
RNA density in nucleoli28. Of note, spatial regions adjacent to nucle-
oli contained in PC2 quantiles 2 and 3 also exhibited high valency 
despite much reduced numbers of snoRNAs in such regions. In con-
trast, low-valency transcripts prevailed in compartment II (Fig. 5b). 
Further, we analysed valencies of whole proximal transcriptomes 
(association P ≤ 0.1) specific to the abundant non-coding RNAs 
7SLRNA, 7SK and nuclear speckle-resident MALAT1, respectively 
(Fig. 5c). We first examined transcript assignments to PC2 quantiles 
and found 7SLRNA enriched in proximity to compartment I tran-
scripts (quantiles 1–3). 7SK and MALAT1 colocalization with proxi-
mal transcripts peaked near the border of or within compartment II  
(quantiles 4–8), respectively (Fig. 5d). We then combined tran-
script-specific valencies for each proximal transcriptome. All three 
proximal transcriptomes showed decreased valency 1 and increased 
valency 2 and 3 compared with the entire transcriptome, indicative 
of locally increased RNA density (Fig. 5e) (tests for valency 1, com-
pared with entire transcriptome, Kolmogorov–Smirnov, two-sided: 
7SL P = 5 × 10−5, 7SK P = 0.001, MALAT1 P = 3 × 10−5, Cliff ’s delta 
effect size: 7SL 0.25, 7SK 0.22, MALAT1 0.21). We next asked how 
the valency of proximal transcriptomes is affected through associa-
tions with high-valency nucleoli and snoRNAs. Removal of snoR-
NAs from the analysis reduced valencies 2 and 3 and increased 
valency 1 of 7SLRNA (Fig. 5e) (for valency 1 with and without 
snoRNAs, Kolmogorov–Smirnov, two-sided: P = 0.003, Cliff ’s 
delta effect size: −0.23). Therefore, the proximal transcriptome of 
7SLRNA increased RNA density through association with nucleo-
lar transcripts. The valency of the 7SK transcriptome showed little 
change upon removal of snoRNAs (for valency 1 with and without 
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snoRNAs, Kolmogorov–Smirnov, two-sided: P = 0.3, Cliff ’s delta 
effect size: −0.13). Similarly to 7SK and in line with its architectural 
role in membrane-less nuclear bodies, autonomous from nucleoli, 
the proximal transcriptome of MALAT1 retained its valency state 
irrespective of snoRNAs (for valency 1 with and without snoR-
NAs, Kolmogorov–Smirnov, two-sided: P = 0.9, Cliff ’s delta effect 
size: −0.07). In conclusion, we found compartment I to be clearly 
distinguished from compartment II based on RNA density. Yet, 
the proximal transcriptome of MALAT1 was identified as a high-
valency, RNA-dense body apart from compartment I, suggesting a 
heterogeneous RNA valency distribution throughout the relatively 
RNA-sparse compartment II.

RNA valency identifies dense, fast-transcribing chromatin. 
We next applied valency to differentiate transcriptionally active 

genomic subcompartments. Given that up to 80% of Proximity 
RNA-seq reads mapped to introns, we reasoned that Proximity 
RNA-seq-derived valency could be deployed to further classify tran-
script-encoding genome regions. We therefore performed Hi-C in 
SH-SY5Y cells and assigned average RNA valency scores to genomic 
regions. Hi-C studies have described open, transcriptionally active 
domains that preferentially contact other active domains in higher-
order A compartments, while compact, poorly expressed domains 
preferentially contact each other in B compartments2,29–31. We found 
genomic A regions with high average RNA valency to be enriched 
in compartment I transcripts. Low-valency A regions more fre-
quently encoded compartment II transcripts (Fig. 6a). As expected, 
genomic regions without assigned valency encompassed most B 
regions with low transcript expression (Supplementary Fig. 10)  
and showed very strong enrichment of chromatin contacts between 
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them by Hi-C (Fig. 6b). When comparing high- and low-valency 
genomic regions by Hi-C, we identified stronger DNA contact 
enrichments for pairs of high-valency compartment I regions, which 
resembled A to B contacts, whereas contact enrichments between 
low-valency regions were weaker, similar to A to A contacts (Fig. 
6b,c, Kolmogorov–Smirnov, two-sided, pairs of high-valency con-
tacts versus pairs of low-valency contacts: P = 0, Cliff ’s delta effect 
size: 0.25). To gain further insights into distinct spatial distributions 
and local chromatin properties for different valency regions, we cre-
ated three-dimensional (3D) models of a chromosome using Hi-C 
contact frequencies as spatial restraints32. In line with the contact 
enrichment profiles, high-valency domains in chromosome 14 were 
spatially closer to the B compartment than low-valency regions 
(Fig. 6d,e). Electron micrographs of nuclei likewise provided evi-
dence for RNA-dense regions adjacent to compact chromatin 
(Supplementary Fig. 11)33. 3D model-derived estimates of local 
accessibility of a virtual object and of chromatin contact counts 
per volume suggested, furthermore, that high-valency regions were 
less accessible and more compact than low-valency regions (Fig. 6f, 
Supplementary Fig. 12). Finally, we observed increased transcrip-
tion elongation rates in high-valency compared with low-valency 
regions (Fig. 6g, Supplementary Fig. 13) as estimated by regression 
of 5′ to 3′ read density within long introns measured by Proximity 
RNA-seq (Fig. 2a)16,34. This suggests that high- and low-valency ter-
ritories are also distinguishable by local, apparent catalytic activities. 
In a reciprocal analysis in K562 haematopoietic cells we confirmed 
that fast-transcribing genomic regions, defined by BruDRB-seq35, 
showed stronger Hi-C contact enrichments than slowly transcribed 
regions36 (Supplementary Fig. 14).

Discussion
Much insight into RNA–RNA associations has so far been gained 
from methods using psoralen derivatives to specifically crosslink 
base-paired interactions. This approach has proved invaluable to 
map RNA secondary structure and to identify pairs of RNAs with 
complementary and hybridized sequence patches9–13,37. However, 
the larger 3D context of where RNA molecules are located and 
form contacts in cells has remained unaddressed. Proximity RNA-
seq measures co-localization and positioning of RNAs in cellular 
3D space at the resolution of individual transcripts, while psoralen 
methods identify base-paired regions within a transcript or a pair 
of transcripts. Dimensionality reduction of pairwise spatial RNA 
associations enabled us to accurately position transcripts to com-
partment I, encompassing the nucleolus and adjacent regions, and 
compartment II, the nucleoplasm and nuclear periphery, in strong 
agreement with 3D RNA-FISH. Previously, the detection and iden-
tification of the RNA-dense compartment I based on DNA prox-
imity ligations has been hampered due to the low and repetitive 
DNA content in nucleoli. Furthermore, distances between genes 
distributed over the surface area of nucleoli are probably too large 
for ligation3. Measuring RNA proximities in subnuclear particles 
circumvents this limitation of DNA ligation assays to describe 
RNA-dense regions in nuclei. Ligation-free DNA proximity mea-
surements mirror our finding of transcript compartments at the 
genome level3.

Positioning of a gene to dense heterochromatin around nucleoli 
has been associated with gene repression3,21. However, the direct 
spatial mapping of transcriptional output here identified active 
RNA synthesis from specific genes at the periphery of nucleoli. 
Little is known about what defines the positioning of active genes 
and their nascent transcripts to either the nucleoplasm or nucleoli. 
Gene editing experiments, in which a compartment I gene, whose 
transcripts are close to nucleoli, replaces a gene encoding compart-
ment II transcripts positioned further away from nucleoli, promise 
insights into whether DNA regions and/or the expressed transcript 
play roles in gene and RNA positioning.

Our in-emulsion barcoding and sequencing method enables not 
only the identification of pairwise spatial associations but also the 
simultaneous detection of more than two RNAs in proximity to 
each other. This allows transcripts to be characterized by valency, 
which can be interpreted as a local RNA density or connectivity. 
Transcripts can therefore be located and assigned to RNA-dense 
or sparse neighborhoods. For example, we mapped the proximal 
transcriptomes of 7SLRNA overlapping or at the border to high-
valency compartment I, which explained the increased valency of 
the network. In contrast, the proximal transcriptome of MALAT1 
in speckle bodies assigned to the often RNA-sparse compartment II  
showed increased valency independently of associations with nucle-
oli in compartment I.

The combined analysis of Hi-C chromatin contacts and RNA 
valency suggested that chromatin regions encoding compartment I  
transcripts with increased RNA valency exhibit stronger DNA con-
tacts, reflecting proximity to the perinucleolar B compartment. 
These nucleic-acid-dense territories displayed faster transcription 
elongation compared with low-valency compartment II regions. We 
can only speculate that, besides genomic sequence and chromatin 
determinants, sequestering of certain protein factors might favor 
rapid transcription elongation in high-valency nuclear regions. 
Interestingly, transcription elongation factors have been shown to 
associate with chromatin in an RNA-dependent manner38, which 
raises the possibility that transcripts themselves in crowded RNA-
dense regions might accumulate elongation factors critical to speed 
up transcription and thereby sustain local high RNA valency.

The utility of Proximity RNA-seq will lie in its versatility to 
sequence different subcellular RNA-containing structures. Our 
understanding of the composition and functioning of RNA com-
partments beyond the nucleus, such as RNA-rich phase separa-
tions or aggregates in disease states, will benefit from the spatial 
RNA measurements introduced here. We envision that large-scale 
proximity measurements of RNA, a molecule with ubiquitous but 
non-random distribution throughout cells, will achieve a map of 
whole-cell spatial organization by means of sequencing.
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Methods
Preparation of nuclear homogenates for Proximity RNA-seq. SH-SY5Y cells 
were cultured in high-glucose DMEM medium (Thermo Fisher Scientific) 
containing 10% fetal bovine serum (Hyclone) and Streptomycin, Penicillin 
(Thermo Fisher Scientific). At 70–80% confluency in 150 mm dishes, cells were 
crosslinked. Culture medium was replaced by 19.8 ml of pre-warmed 1× PBS and 
0.2 ml of freshly prepared 10 mM EGS (Thermo Fisher Scientific) in dimethyl 
sulfoxide (DMSO) was added drop-wise for 1 mM final concentration. Cells were 
incubated for 10 min at 37 °C. Then, 1.4 ml of 16% formaldehyde (Agar Scientific) 
was added to dishes for a final concentration of 1%, and the incubation was 
extended for another 10 min at room temperature. The addition of 3.5 ml of 1 M 
glycine quenched crosslinking, and cells were scraped immediately and pelleted in 
a 50 ml Falcon tube at 210g for 5 min at 4 °C. Cell pellets were washed with 1× PBS 
supplemented with 125 mM glycine. A second wash with 1× PBS was carried out 
subsequently. Cell pellets were flash frozen in liquid nitrogen and stored at −80 °C 
until use.

Frozen cell pellets from single 150 mm dishes were thawed on ice in 1 ml of 
20 mM Tris buffer pH 7.2, spun and resuspended in 1.5 ml of hypotonic Igepal 
C-630 lysis buffer (20 mM Tris, pH 7.2, 5 mM NaCl, 0.2% Igepal C-630, 2 mM 
EDTA, 1 mM EGTA) supplemented with 1× Complete, EDTA-free protease 
inhibitor cocktail (Roche Applied Science) and 0.5 units µl−1 SUPERase IN 
RNase inhibitor (Thermo Fisher Scientific). Cells were kept on ice for 30 min 
with occasional mixing. Nuclei were spun at 2,000 r.p.m. for 5 min in a benchtop 
centrifuge at room temperature, and the buffer exchanged with SDS washing 
buffer (20 mM Tris, pH 7.2, 5 mM NaCl, 0.3% SDS, 2 mM EDTA, 1 mM EGTA) 
supplemented with inhibitors as listed above. Samples were incubated for 10 min 
at room temperature in a thermoblock with constant mixing at 750 r.p.m. Triton 
X-100 was added for a final concentration of 1.7% and incubation prolonged for 
10 min. Nuclei were then washed once in 10 mM Tris pH 7.2, 5 mM NaCl, 0.5 mM 
EDTA, 1% Triton X-100, supplemented with inhibitors as specified above, and 
once in the same buffer with only 0.05% Triton X-100. Nuclei were resuspended in 
0.2 ml of wash buffer with 0.05% Triton X-100 and sonicated in 15 ml Falcon tubes 
using a bioruptor UCD-200 sonicator (Diagenode) with power set to medium 
for three to five cycles of 10 s on followed by 10 s off at 8 °C. After three cycles 
of sonication, the disruption of nuclei was inspected using Trypan blue staining 
and light microscopy. Sonicated nuclear homogenates were flash frozen in liquid 
nitrogen and stored at −80 °C until use.

Content and fragment length of RNA and DNA, respectively, were estimated 
after crosslink reversal and purification of nucleic acids using a spectrophotometer 
(NanoDrop) and agarose gel electrophoresis as follows. For DNA extraction, 20 µl 
of nuclear homogenate was supplemented with the following reagents to final 
concentrations of 50 mM Tris pH 8.0, 50 mM NaCl, 2 mM EDTA, 0.2% SDS and 
5 µl of proteinase K (Roche Applied Science, 10 mg ml−1 stock concentration) 
for a total volume of 40 µl. DNA extraction mixes were first incubated for 4 h 
at room temperature followed by 2 h at 70 °C. Then, 2 µl of RNase A (Roche 
Applied Science, 10 mg ml−1 stock concentration) was added and samples were 
incubated for 1 h at 37 °C. DNA was purified by phenol/chloroform extraction 
and salt/isopropanol precipitation and resuspended in 10 µl of nuclease-free water 
(Ambion). To extract RNA, final concentrations of 100 mM sodium citrate pH 6.2, 
2 mM EDTA, 0.2% SDS and 5 µl of proteinase K were added for a total volume of 
40 µl. RNA extraction mixes were incubated for 4 h at room temperature followed 
by 1 h at 70 °C. 1 ml of Trizol LS (Thermo Fisher Scientific) was added and RNA 
isolated according to the manufacturer’s manual and resuspended in 10 µl of water.

Barcoding of beads by emulsion PCR. For eight PCR reactions, 140 µl of MyOne 
streptavidin C1 magnetic beads (Thermo Fisher Scientific) was washed twice in 
polypropylene tubes (Treff) on a magnetic rack with high salt buffer (20 mM Tris 
pH 8.0, 1 M NaCl, 1 mM EDTA). After resuspension in 280 µl of high salt buffer, 
48 µl of 100 µM dual-biotinylated primer R (Integrated DNA technologies) was 
added and beads were mixed briefly by vortexing. Binding was allowed for 20 min 
at room temperature with occasional vortexing. Beads were then washed twice 
in high salt buffer and once in TTLE buffer (10 mM Tris pH 8.0, 0.5 mM EDTA, 
0.05% Triton X-100) with 0.04 µg ml−1 of molecular biology grade BSA (NEB). 
Beads were resuspended in 280 µl of TTLE buffer with 0.04 µg µl−1 BSA and stored 
for up to 2 d at 4 °C.

The aqueous phase for eight PCR reactions using AccuPrime HiFi Taq DNA 
polymerase and reagents (Thermo Fisher Scientific) was prepared on ice in DNA 
LoBind tubes (Eppendorf). To 943 µl of water were added 128 µl of 10× PCR buffer I,  
32 µl of MgSO4 (50 mM stock), 25 µl of dNTP mix (stock of 25 mM each dNTP, 
Thermo Fisher Scientific), 32 µl of Primer F (100 µM stock, Sigma) and 40 µl of 
1 µM non-biotinylated primer R (Sigma). Then, 35 µl of beads carrying dual-
biotinylated primer R were pipetted extensively and heated at 95 °C for 40 s before 
addition to the PCR mix on ice. After mixing by pipetting, 20 µl of AccuPrime 
HiFi Taq polymerase was added, and the mix was pipetted again. Next, 25 µl of 
1 nM random barcode template was heated for 1 min at 95 °C before immediate 
addition to the PCR mix on ice. The mix was extensively pipetted on ice. The oil 
phase for one PCR reaction consisted of 480 µl of Pico-Surf 1–5% in Novec 7500 
(Sphere Fluidics). To 480 µl of Pico-Surf in polypropylene tubes (Treff), 160 µl 
of the PCR mix was added. The water–oil phase-separated mixture was then 

emulsified by vortexing using a Vortex Genie 2 vortexer (Scientific Industries) on 
a horizontal tube holder at 4 °C for 20 min at maximum speed, and 50 µl aliquots 
of the emulsion were pipetted into each well of a 96-well hard-shell plate (Biorad). 
The PCR was carried out with a lid temperature of 100 °C. After 1 min at 94 °C, 35 
cycles of 15 s at 94 °C, 30 s at 58 °C and 45 s at 68 °C were performed, followed by 
5 min at 68 °C.

The 50 µl emulsion PCR reactions were pooled and spun at 2,000 r.p.m. for 
1–2 min in a benchtop centrifuge or until non-emulsified oil phase appeared at 
the bottom. The lower oil phase was removed, three volumes of the initial aqueous 
phase of 5% Ficoll 400 was added, and the mixture was vortexed. Then, 350 µl of 
PFOH (1H,1H,2H,2H-Perfluorooctan-1-ol) was added, and after vortexing, the 
mixture was incubated at 37 °C for 5 min. To separate beads from the mixture, 
the tube was placed on a magnet and incubated at 37 °C for 5–10 min. The PFOH 
phase at the bottom and the aqueous upper phase, if transparent, were removed. 
Beads were resuspended in the remaining aqueous phase and TLE buffer (10 mM 
Tris pH 8.0, 0.5 mM EDTA) was added up to a total volume of around 300 µl. The 
PFOH extraction was repeated. Beads were then washed three to four times in TLE 
buffer and transferred into new tubes. Further washes as specified followed: three 
times in 1% SDS buffer (20 mM Tris pH 8.0, 5 mM NaCl, 1% SDS), once in TLE 
buffer supplemented with 1% Triton X-100, once in TTLE buffer with 0.04 µg µl−1 
BSA. Beads from eight PCR reactions were pooled and resuspended in 50 µl of 
TTLE buffer with 0.04 µg µl−1 BSA.

Barcoding quality controls. Two-barcode quality control experiments (Fig. 1c,d) 
were carried out as described above except that random barcode pools were 
replaced with two barcode templates with defined sequences. To count barcoded 
beads of two-barcode experiments, fluorescently labeled probes base-pairing to 
barcode sequences were hybridized. Briefly, 2 µl of beads from a 50 µl batch of eight 
PCR reactions were mixed with 3 µl of 10× Accuprime PCR buffer I, 2 × 2 µl of the 
two barcode-specific probes or 1 × 2 µl of T7 probe (100 µM) and water up to 30 µl. 
Hybridization was carried out using the following temperature program: 2 min 
incubations at 94 °C and 80 °C, then from 75 °C to 61 °C a temperature decrease 
by 1° every 2 min, followed by 10 min at 60 °C and 2 min at 55 °C, 50 °C and 45 °C, 
respectively. Beads were washed once with 1% SDS buffer, once in high salt buffer, 
then resuspended in 1× Accuprime PCR buffer I, which was pre-warmed at 67 °C 
and incubated for 3 min at 67 °C. These washes were repeated two more times. 
After resuspension in TTLE buffer with 0.04 µg µl−1 BSA, beads were pipetted 
extensively before analysis by flow cytometry. We used a FACSAria III machine 
(BD Biosciences) with a 70 µm diameter nozzle and removed neutral density filter. 
For two-barcode experiments, fluorophores were detected with settings for PE 
582/15 nm (Cy3) and APC 670/14 nm (Cy5).

To control the fraction of barcoded beads when using random template pools, 
we only used a Cy5-labeled DNA probe (T7 probe) hybridizing to a non-random 
region of the barcodes. We retained bead batches with 40–60% barcoding.

Random tailing of barcodes on beads. First, unused primers immobilized on 
beads were digested by an exonuclease I (NEB) treatment. One batch of beads 
from eight PCR reactions was resuspended in 65 µl of 10× Exo I buffer, 520 µl of 
water and 65 µl of exonuclease I and incubated at 37 °C for 90 min. Beads were 
then washed once in1% SDS buffer, once in TLE buffer with 1% Triton X-100 and 
once in TTLE buffer with 0.04 µg µl−1 BSA. To remove untemplated adenosine 
overhangs added by Taq polymerase, beads were incubated for 30 min at 20 °C 
in 10 µl of NEB Next End Repair Reaction Buffer, 5 µl of NEB Next End Repair 
Enzyme Mix (NEB) and 85 µl of water. Wash steps were repeated as outlined after 
exonuclease I treatment. Beads were then subjected to a T7 exonuclease treatment 
in 20 µl of NEB 4 buffer, 10 µl of T7 exonuclease (NEB) and 170 µl of water for 
15 min at 25 °C to generate single-stranded barcodes immobilized via their dual-
biotinylated 5′ ends, which are inert to exonuclease activity. The same wash steps 
as described above were repeated. To add random bases to barcode ends on beads, 
a primer with a 5′ random overhang was hybridized to the 3′ ends of barcodes and 
the overhang used as template to introduce 3′ random bases to barcodes. To do 
so, beads were resuspended in a Pfx polymerase mix (Thermo Fisher Scientific) 
consisting of 10 µl of 10× Platinum Pfx buffer, 84 µl of water, 3 µl of 10 mM 
nucleotides, 2 µl of 50 mM MgSO4, 1 µl of Random tail primer (100 µM) and 1 µl 
of Pfx polymerase enzyme. The mix was incubated for 2 min at 94 °C, 5 min at 
55 °C and 10 min at 68 °C. The wash steps as described above were repeated. The 
T7 exonuclease treatment to generate single-stranded barcodes was repeated as 
described above. Beads were resuspended in 50 µl of TTLE buffer with 0.04 µg µl–1 
BSA and stored at −20 °C or 4 °C until use.

In-emulsion reverse transcription of RNA-containing particles and crosslink 
reversal. Two batches of beads, equivalent to 16 PCR reactions, were used to 
reverse-transcribe RNA-containing particles equivalent to 50 ng of purified RNA. 
The beads were resuspended in 30 µl of TTLE with 0.04 µg µl−1 BSA, and freshly 
prepared Actinomycin D (Sigma) in DMSO was added for a final concentration 
of 6 ng µl−1 to inhibit reverse transcriptase activity on DNA templates. Possible 
aggregates of beads were disrupted by extensive pipetting, followed by sonication 
using a bioruptor UCD-200 sonicator (Diagenode) with power set to medium for 
two cycles of 5 s on followed by 5 s off. The 160 µl of RT mixes (Thermo Fisher 
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Scientific) prepared in LoBind tubes (Eppendorf) contained 32 µl of 5× First-
Strand Buffer, 8 µl of 10 mM dNTP Mix (each), 8 µl of 0.1 M dithiothreitol (DTT), 
2 µl of RNase inhibitor, 0.32 µl of BSA for a final concentration of 0.04 µg µl−1 
(NEB), 1.6 µl of MgCl2 for a final concentration of 0.5 mM,16 µl of Superscript 
III, 2 µl of Actinomycin D, final concentration of 5 ng µl−1, nuclear homogenate 
corresponding to 50 ng of RNA, and water. The beads were heated at 90 °C for 
1 min before addition to the RT mix on ice. The emulsion was prepared with 550 µl 
of Pico-Surf on a vortexer as described above at 4 °C for 40 min at maximum speed, 
and 50 µl per well was added to a 96-well plate. A cycling temperature program 
was used to increase the probability of RNA priming. In a thermocycler with lid 
temperature at 55 °C, samples were incubated at 55 °C for 2 min, then placed on 
ice for 2 min, followed by 30 min at 22 °C. Then, the following cycle was repeated 
60 times: 22 °C for 1 min, ramping to 50 °C with a rate of 0.5 °C s−1, 50 °C for 1 min. 
Emulsions were broken as described earlier. Beads were resuspended in 200 µl of 
20 mM Tris pH 8.0, 50 mM NaCl and incubated overnight at 65 °C. cDNA on beads 
was treated with 1 µl of RNase H (Thermo Fisher Scientific) and 0.5 µl of RNase A 
(Roche Applied Science, 10 mg ml−1 of stock concentration) in 5 µl of 10× RNaseH 
buffer l (Thermo Fisher Scientific) and 43.5 µl of water for 30 min at 37 °C. Beads 
were then washed once in 1% SDS buffer, once in TLE buffer with 1% Triton X-100 
and once in TTLE buffer with 0.04 µg µl−1 BSA and resuspended in 1× TTLE buffer 
with 0.04 µg µl−1 BSA.

Proximity RNA-seq library preparation. The second Illumina sequence was 
introduced by PCR with a primer flanked by a poly-C stretch after G-tailing of the 
barcoded and immobilized cDNA. For G-tailing, beads were resuspended in 5 µl 
of 10× TdT buffer (NEB), 5 µl of cobalt chloride, 2.5 µl of 100 µM dGTP/ddGTP 
mix (95 µM dGTP (Thermo Fisher Scientific), 5 µM ddGTP (Sigma)), 5 µl of TdT 
enzyme (NEB, 2 units µl−1 final) and 32.5 µl of water and incubated for 20 min 
at 37 °C. Beads were washed once in 1% SDS buffer, once in TLE buffer with 1% 
Triton X-100, once in 10 mM Tris pH 8.0, 0.5 M NaCl, 0.5 mM EDTA, 0.05% Triton 
X-100 and twice in TTLE buffer with 0.04 µg µl−1 BSA.

Beads were resuspended in 5 µl of 10× Accuprime buffer I, 42.5 µl of water, 
0.5 µl of RP1_long primer (50 µM stock), 0.5 µl of polyC12_cDNA adapter (50 µM 
stock) and 0.5 µl of Accuprime HiFi Taq pol (Thermo Fisher Scientific). After 1 min 
incubation at 94 °C, five cycles of 15 s at 94 °C, 45 s at 52 °C and 2 min 30 s at 68 °C 
were carried out. The beads were captured, the supernatant containing the barcoded 
cDNA library was transferred to a new tube and 150 µl of 20 mM Tris pH 8, 50 mM 
NaCl, 1 mM EDTA was added. Size selection of PCR products using AMPure XP 
beads (0.75× the sample volume, Beckman Coulter) was repeated twice.

To reduce non-specific amplification and PCR duplicates during library 
amplification with low input, an emulsion PCR was performed. The eluate from 
the preamplification was mixed with 20 µl of 10× Accuprime buffer I, 2 µl of RP1 
long (50 µM), 2 µl of Index primer (50 µM), 1 µl of dNTPs (stock of 25 mM each 
dNTP, Thermo Fisher Scientific), 1 µl of MgSO4 (50 mM stock), 4 µl of Accuprime 
HiFi Taq pol and water for a final volume of 200 µl. The mix was emulsified for 
20 min with 600 µl of Pico-Surf as described above. The emulsion was transferred 
into wells of a 96-well plate and the following PCR program run: 94 °C for 1 min, 
20–24 cycles of 15 s at 94 °C, 30 s at 52 °C and 2 min 30 s at 68 °C. After pooling 
the PCR reactions, the aqueous phase was recovered and DNA was size-selected 
in one round with 0.65× AMPure beads and a second round with 0.8× AMPure 
beads. The final libraries were eluted in 35 µl of TLE buffer. The concentration and 
fragment size distribution of libraries were determined by Bioanalyzer profiles 
(Agilent Technologies) and Kapa Illumina SYBR green qPCR (Kapa Biosystems) 
according to manufacturer’s instructions.

Species-mixing control experiment. For the species-mixing experiment, 1182-4H 
Drosophila melanogaster cells were cultured in M3 medium (10% FCS) according to 
recommendations of the Drosophila Genomics Resource Center (DGRC). Nuclear 
particles were prepared as described above for human cells. Fly particles equivalent 
to 50 ng of purified RNA were added to the same amount of human particles before 
encapsulation into droplets together with barcoded beads for reverse transcription. 
All steps were carried out as described for libraries with human particles only.

Hi-C library generation. Hi-C libraries were generated for biological duplicates 
as described previously40,41. Briefly, after fixation in 2% formaldehyde for 10 min, 
nuclei from 2–10 million SH-SY5Y cells were digested with HindIII at 37 °C 
overnight, and DNA ends were labeled with biotin-14-dATP (Life Technologies) 
in a Klenow fill-in reaction and then re-ligated overnight. After treatment with 
proteinase K (Roche) and crosslink reversal at 65 °C for 16 h, DNA was purified 
and sheared to an average size of 400 base pairs (bp), following manufacturer’s 
instructions (Covaris). The sheared DNA was end-repaired, A-tailed and size-
selected using AMPure XP beads (Beckman Coulter) to isolate DNA ranging 
from 250 to 550 bp in size. Accessible biotin at fragment ends was removed, and 
internally biotinylated fragments were immobilized on MyOne Streptavidin C1 
DynaBeads (Invitrogen). Paired-end adapters (Illumina) were ligated to fragment 
ends and Hi-C libraries were amplified by PCR.

Dual RNA-FISH. The smiFISH (single molecule inexpensive FISH) strategy 
adapted here has been developed by Tsanov et al42. The transcript-specific 

probes (usually 24) are unlabeled but contain a fixed sequence complementary 
to a fluorescently labeled detector probe (FLAP oligo, Supplementary Table 1). 
Transcript probe design was performed with Stellaris probe designer (www.
biosearchtech.com) with the following settings: probe length 20 bases, human 
masking level 5, minimal spacing 2 bases. The first and/or second intron of 
transcripts was used for probe design. An equimolar mix of probes (100 µM) 
was prepared, and 2 µl of this mix and 200 pmol of the FLAP oligo were added to 
50 mM Tris pH 8, 100 mM NaCl in a final volume of 20 µl. The mix was incubated 
at 85 °C for 1 min. To hybridize probes with FLAP oligo, the temperature was 
then gradually decreased at 1 °C intervals from 66 to 59 °C and the mix incubated 
for 1 min at each temperature. After a final incubation at 55 °C for 1 min, labeled 
probes were frozen. Cells were seeded on a coverglass to reach around 80% 
confluency the following day. Then, cells on coverglasses were washed in  
1× PBS and crosslinked with 3.7% formaldehyde in 1× PBS for 10 min at room 
temperature followed by two 1× PBS washes. Cells were permeabilized in  
1× PBS with 0.3% SDS for 10 min at room temperature followed by 1× PBS with 
1% Triton X-100 for 5 min at room temperature. Subsequently, samples were 
washed in wash buffer (2× saline sodium citrate (Thermo Fisher Scientific), 10% 
deionized formamide (Ambion), 10 mM Ribonucleoside Vanadyl Complex (NEB)) 
for 2–5 min. Coverglasses with fixed cells were then incubated upside down on 
200 µl of hybridization buffer (2× saline sodium citrate (Thermo Fisher Scientific), 
10% dextran sulfate, 10% deionized formamide (Ambion), 10 mM Ribonucleoside 
Vanadyl Complex (NEB)) with U3 probes (100 ng) and candidate transcript probes 
(3 µl of mix) in a light-tight humidified chamber for 4 h at 37 °C. After in situ 
hybridization, samples were washed twice for 30 min in wash buffer at 37 °C. 
During the second wash step, 10 ng ml−1 of DAPI was added. Then, coverglasses 
with cells were washed twice in 1× PBS and mounted on microscope slides 
using Prolong Diamond Antifade Mountant (Thermo Fisher Scientific). Stacked 
images were taken with a confocal Zeiss 780 microscope (Zeiss) and 3D distances 
measured using the Imaris software (Bitplane).

Electron microscopy of nuclei after EDTA regressive staining. EDTA regressive 
staining was conducted as originally reported33 with modifications as follows. 
Briefly, cell pellets were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde. 
Samples were then dehydrated with increasing concentrations of ethanol (50%, 70%, 
80%, 90%, 96%, for 10 min each and 100% ethanol three times for 10 min). Then, 
samples were treated three times with propylene oxide for 5 min each. Samples were 
embedded in epoxy resin and polymerized at 60 °C for 16 h. Thin sections of about 
50 nm width were mounted on copper grids covered with formvar and treated with 
3% uranyl acetate for 3 min, rinsed and then floated on 0.2 M EDTA for 18 min at 
room temperature. After rinsing, cells were contrasted with 0.2% lead citrate for 
2 min. The grids were washed with bi-distilled water and air-dried. Imaging was done 
with a transmission electron microscope (Jeol JEM-1010, Peabody, MA) operating at 
80 kV and a CCD (charge-coupled device) camera (CCD-300-RC, MT 1).

Filtering and mapping of barcode and cDNA reads generated by Proximity 
RNA-seq. Proximity RNA-seq libraries were sequenced on two to three sequencing 
lanes. We combined the FASTQ files, 150 bp single-end, derived from the same 
library into one FASTQ file.

Properly constructed sequence reads started at the 5′ end with a 26 bp random 
barcode, immediately followed by a fixed 20 bp sequence, which specified one of 
the primer sequences used to amplify barcodes on beads. The pipeline confirmed 
that this fixed sequence was present, allowing for a 2 bp mismatch. Reads lacking 
the fixed primer sequence were discarded.

Low-complexity polynucleotides, the same nucleotide 13 or more times in a 
20 bp sequence, in barcodes were removed. We chose this threshold because the 
probability of a randomly generated 20 bp sequence containing the same nucleotide 
at least 13 times was less than 1 in 1,000 (it was assumed that each nucleotide 
occurred with equal frequency and that any combination of nucleotides was 
equiprobable). In addition, the software filtered out putative adapter artefacts by 
screening barcodes against adapter sequences used in the generation of the library.

To account for errors in barcodes introduced throughout the protocol, which 
could lead to an inflation of the barcode complexity of a library and reduce the 
number of identified spatial RNA associations, the pipeline allocated barcodes to 
groups of barcodes of very closely related sequences, most likely derived from the 
same barcode.

To create these groups, barcode sequences were extracted from all the 
sequenced reads. This dataset was then de-duplicated and concatenated into 
a single string, in which barcodes were separated from one to another by 
24 unspecified bases (N). The produced file was in FASTA format and was 
subsequently converted to a Bowtie 2 FM-index (based on the Burrows–Wheeler 
transform). Each barcode was then mapped back to this index using Bowtie 2 in 
FASTA mode, reporting all alignments (-a)43. Barcodes either mapped uniquely to 
this index or mapped to multiple locations. In the latter scenario, the two locations 
to which the read mapped were considered members of the same barcode group. 
After mapping, all barcode groups sharing a common barcode were collapsed into 
a single barcode group comprising all the observed, slightly varying barcodes.

We noticed barcode sequences that were identical to one another but offset 
by a nucleotide. If artefactual, this would cause new barcodes to be generated and 
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potentially split otherwise cobarcoded groups of transcripts. For this reason, we 
trimmed barcodes by 3 bp at either end after extracting from the 150 bp sequenced 
read and before mapping to the virtual barcode genome, which consisted of the full 
26 bp units.

Finally, to remove large, likely false positive transcript groups, we chose a 
conservative cutoff in which the pipeline modeled the variation in increasing 
barcode group size, that is, the number of cobarcoded transcripts, as a Poisson 
distribution. Barcode groups of a size so large that they would have been expected 
to occur with a probability of less than 0.001 were removed from the dataset.

For mapping cDNA sequences, the first 67 bp from the start of a read were 
removed (26 bp barcode, 20 bp barcode PCR primer, 15 bp random reverse 
transcription primer and six extra base pairs, which improved mapping efficiency); 
the next 50 bp were retained and mapped to the human genome using HISAT2 
with default parameters44 and known splice-sites (GRCh38.83).

Ribosomal RNA sequences in the reference human genome 38 were masked. 
The rRNA sequence was subsequently re-introduced into the genomic sequence as 
a separate chromosome (NCBI Reference Sequence: NR_046235.1).

Following mapping, exact read duplicates (reads sharing identical barcodes and 
mapping to the same position) were removed, but one representative copy  
was retained.

Custom transcriptome annotation. We used gene annotations from ENSEMBL 
Human Genome 38 (Ensembl 78: December 2014) as transcript units. We divided 
the reference annotation so that reads could be aligned unambiguously to a single 
feature. Since genes may overlap, we defined a hierarchy to establish how regions 
were classified (Supplementary Fig. 2). First, the pipeline used the ENSEMBL 
Human Genome 38 to retrieve gene coordinates and repeat masker to define RNA 
repeat regions in Human Genome 38 (http://www.repeatmasker.org). Opposing 
strands were treated separately with respect to overlapping genes, but regions of 
overlap between genes on the same strand were excluded. An exception to that 
rule was when genes were contained entirely within a surrounding gene. In such 
instances, the area of overlap was assigned to the inner gene. This was particularly 
important, since many genes, such as snoRNAs, are often located entirely within 
larger genes. Reads mapping to either strand of a RNA repeat region in the genome 
were assigned to single representations of 5S, HY1, HY3, HY4, HY5, U1, U2, 
U3, U4, U5, U6, U7, U8, U13, U14, U17, BC200, transfer RNA (all t-RNAs were 
collapsed into one feature), 7SLRNA and 7SK.

For gene features, only uniquely mapping reads were kept. The pipeline allowed 
multi-mapping as long as the best possible alignment corresponded to a predefined 
repeat region. Reads not mapping to any feature were discarded.

The pipeline grouped features into RNA particles or transcript groups based 
on the barcode read sequences. Multiple reads with the same barcode and mapping 
to the same transcript were counted as one observation, which we named a proxy 
read, due to the ambiguity of the multiple reads originating from a single RNA 
molecule or from several copies of the same transcript.

Monte Carlo simulation to identify preferential pairwise RNA contacts. We 
created a Monte Carlo simulation to identify preferential spatial associations or 
contacts between pairs of transcripts. The simulation took as input: (1) the number 
of transcript groups or RNA particles observed, which equals the number of 
unique barcodes in a dataset, (2) the barcode group size of each of those particles 
and (3) the frequency with which each transcript was observed in the dataset 
(number of proxy reads). The simulation first constructed frequency distributions 
for barcode group size and transcript abundance. Then, virtual RNA particles 
were created in silico by selecting a random value from the barcode group size 
distribution and then randomly selecting different transcripts from the transcript 
abundance distribution to fill up the barcode group. Again, the simulation allowed 
any combination of transcripts within a barcode group except combinations with 
multiple observations of the same transcript. On the occasion when a transcript 
was selected that was already present in the particle, the selection of the new 
transcript was rejected and instead added to a priority pool. Transcripts inside  
the priority pool were randomly picked for the generation of the following virtual 
RNA particle.

Following random particle generation, the cobarcoded pairwise RNA contacts 
were counted. In total, 100,000 simulations were performed, and the number of 
simulations in which a pairwise RNA contact occurred at least as many times as 
in the observed data was recorded. This gave a P value for the probability that 
an observed RNA–RNA contact in the real data could have occurred with that 
frequency by chance. One of the simulated randomized datasets was also passed to 
the Monte Carlo simulation to undergo 100,000 simulations. We intended that this 
would give us a measure of the variation between random datasets (but still retain 
comparable barcode group size and transcript abundance distributions to those of 
the observed datasets). There were now two groups of Monte Carlo simulations: 
the first the result of performing 100,000 simulations on the observed dataset 
(group 1) and the second the result of performing 100,000 simulations on one of 
the randomized datasets (group 2) of group 1.

Each P value assigned to an observed contact after comparison with group 1 
was then added to a local distribution of 500 P values from the group 2 simulations. 
The local distributions were chosen to most closely match the RNA–RNA contact 

being examined in terms of the observed and simulated counts. Each distribution 
was modeled as a normal distribution to assign a probability of a given contact 
falling within that distribution. Consequently, for infrequent contacts the selected 
distributions generally exhibited high variability, whereas for frequent contacts the 
variability was lower, so the new P values calculated took this change in variability 
into account. These new, local-background-corrected P values obtained from the 
normal distribution, referred to simply as P values throughout the manuscript, 
were used when filtering spatial RNA associations and for principal component 
and t-SNE analyses. Furthermore, background-corrected P values were adjusted 
using Benjamini–Hochberg multiple testing correction.

Nascent versus processed transcriptome analysis. We categorized the Binary 
Alignment Map (BAM) format reads mapped by HISAT2 into one of three 
categories: ‘Exon Junction’, ‘Nascent’ or ‘Other’. To achieve this, we defined regions 
in human genome assembly 38.78 as unambiguously intronic: that is, notated as 
an intron but never also notated as an exon in the case of overlapping isoforms or 
genes. After determining the genomic positions of these sequences, we identified 
BAM reads in which both ends overlapped an unambiguous intron sequence, 
and analysis of the Compact Idiosyncratic Gapped Alignment Report (CIGAR) 
string showed that the read was not split by HISAT2 during mapping. These were 
considered nascent reads. In contrast, we defined exon junction reads as those that 
that were split by HISAT2 during mapping and neither of the split read sequences 
overlapped with a predefined unambiguous intron region. All reads classified 
neither as exon junction nor as nascent were labeled as other.

Poisson distribution in bead barcoding. Bead barcoding, and in general the 
integrity of emulsions generated as described earlier, was controlled by applying 
a Poisson model to two-barcode PCR assay data (see section “Barcoding quality 
controls”). Specifically, flow cytometry analysis of barcoded beads was used to 
count the number of beads without barcodes, beads with both barcodes and 
beads with signal from only one of the two barcodes. However, beads for which 
we detected only one type of barcode could originate from PCR reactions with 
initially a single or multiple copies of one of the barcode templates. Similarly, 
beads with both barcode types could originate from more than two templates. 
We estimated the number of initial barcodes per droplet as follows. Let X 
and Y be the hidden number of initial barcode templates of each type on a 
bead. We assumed that X ≈ Poisson(λX) and Y ≈ Poisson(λY), with X and Y 
independent. For each bead, we observe IX = I(X > 0) and IY = I(Y > 0)—that is, 
binary indicators of whether each Poisson variable is greater than zero. It can 
be shown that the maximum likelihood estimate of λX is –log(1 – mean(IX)), 
with a similar result for λY. From this information, we estimated the number of 
beads with unique barcodes, which is P(X + Y = 1) = (λX + λY)exp(–λX – λY) (since 
X + Y ≈ Poisson(λX + λY)). Similarly, the number of beads with multiple barcodes is 
P(X + Y > 1) = 1 – P(X < 2) = 1 – (1 + λX + λY)exp(–(λX + λY)). Hence, we estimated the 
ratio of single-to-multiple barcodes as P(X + Y = 1)/P(X + Y > 1). This assumption 
can be verified with the chi-squared test of independence—we used two degrees 
of freedom, since the total number of beads is not fixed and two parameters are 
estimated from the data.

Mapping statistics. We compared the percentage of reads mapping to genes, exons 
and introns (Ensembl 78: December 2014) from Proximity RNA-seq and ribosomal 
RNA-depleted total RNA library from SH-SY5Y cells39 (SRX1007599) with the 
percentage of base coverage of the same features. Genes were set as 100.

U3 RNA proximities and experimental controls. The number of cobarcoding 
events was plotted against the number of proxy reads for each transcript. A 
Mann–Whitney U-test was performed on the log ratios (log2(cobarcoding 
counts) − log2(proxy reads)) for snoRNAs and non-snoRNAs.

Number of cobarcoded transcripts of top 1,000 RNAs. We restricted the 
analysis to the top 1,000 transcripts (based on the number of proxy reads in the 
observed dataset). For each of these transcripts, the number of unique, cobarcoded 
transcripts was counted irrespective of how many times a given pair of transcripts 
was observed together. The number of unique, cobarcoded transcripts was plotted 
against the number of proxy reads for the corresponding transcript of the top 1,000 
list. Using the top 1,000 transcripts from the observed dataset, unique cobarcoded 
transcripts were retrieved from random simulations as well. Fisher’s exact tests 
were performed for each transcript on 2 by 2 tables, which included the number 
of contacted, that is, cobarcoded, transcripts and the number of transcripts that 
were not cobarcoded of the top 1,000 transcriptome for the observed and the 
randomized data. The top 1,000 proximal transcriptome was defined as the union 
between observed and simulated datasets of all transcripts contacted at least once 
by any top 1,000 RNA. P values were false discovery rate (FDR)-adjusted to control 
for multiple testing.

RNA proximities and genomic distance. Monte Carlo simulation-derived –log10  
P values, capped at 10, were plotted for RNA association pairs with more than three 
observations and after filtering out RNA repeats with multiple gene loci against 
genomic distance between the RNA-encoding genes.
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Principal component analysis on pairwise RNA contacts. We performed PCA on 
a matrix of –log10 P values within each cell from pairwise spatial RNA associations. 
The top 100 connected transcripts were used as input variables (columns) 
and all transcripts as observations (rows). Including more transcripts as input 
variables resulted in failure of PCA due to violation of the normality assumption. 
Furthermore, we only used pairwise spatial RNA associations with more than three 
observations and a P value cutoff ≤ 0.1 as derived by the Monte Carlo simulations. 
We removed transcripts with only one reported pairing with another transcript 
and associations that involved mitochondrial ribosomal RNA. We restricted –log10 
P values to a plateau at 5 and then subtracted the matrix mean from cells before 
performing PCA (R: princomp, using the correlation matrix). Transcripts were 
assigned to eight quantiles based on PC2.

Analysis of PC2 quantiles. Transcripts contained within the eight PC2 quantiles 
were assigned to RNA classifications retrieved from HGNC (HUGO gene 
nomenclature committee, http://www.genenames.org/).

We analysed enrichments of biological processes from gene ontology for 
transcripts in PC 2 quantiles using ToppCluster45 (https://toppcluster.cchmc.org/). 
A P value cutoff ≤ 0.05 and Bonferroni correction were selected. Furthermore, 
limits of transcript number n (minimum and maximum number of transcripts 
allowed for an annotation) were set to 5 ≤ n ≤ 1,500. Identified terms of biological 
processes were clustered for visualization in Supplementary Fig. 8 based on 
semantic grouping using the R package GOSemSim46.

Tissue specificity of transcripts in PC2 quantiles based on Tau scores, where 
0 means broadly expressed and 1 is specific, was retrieved from Kryuchkova-
Mostacci and Robinson-Rechavi23. The expression data are based on RNA-seq 
measurements of 27 human tissues22.

Exon inclusion scores, a measure for how often an exon is included in the 
mature transcript molecule, were used to estimate alternative splicing of transcripts 
in PC2 quantiles. For exons of known mRNA isoforms (excluding non-coding 
RNAs) as defined by the UCSC Genome Browser (GRCh37/hg19) scores 
were obtained from the HEXEvent database26 (http://hexevent.mmg.uci.edu/). 
Furthermore, the exon inclusion scale from 0 to 1 was divided into eight equal 
interval groups. Thus, each exon had an assigned exon inclusion group and also 
a PC2 quantile. To identify overrepresented or underrepresented combinations 
of exon inclusion group and PC2 quantile, we used a Poisson generalized linear 
model (GLM). We counted the number of transcripts with each combination. This 
count was regressed against a linear combination of exon-inclusion-group-specific 
and PC2-quantile-specific parameters via a logarithmic link function. The Pearson 
residuals from this regression model were plotted in a heatmap.

t-SNE using introns, exon junctions and other features of transcripts or gene-
based annotations. The same matrix as for PCA with –log10 P values within each 
cell from pairwise spatial RNA associations was used for t-SNE. The top 100 
connected transcripts were used as input variables (columns) and all transcripts 
as observations (rows). Again, we only used pairwise spatial RNA associations 
with more than three observations and a P value cutoff ≤ 0.1 as derived by the 
Monte Carlo simulations. We removed transcripts with only one reported pairing 
with another transcript and associations that involved mitochondrial rRNA. We 
restricted –log10 P values to a plateau at 5 and then subtracted the matrix mean 
from cells before performing t-SNE (Rtsne package: seed 96, perplexity = 50, 
theta = 0.2). Similarly, for gene-based annotations the PCA matrix was used for 
t-SNE visualization (seed 96, perplexity = 46, theta = 0.1).

Assignment of valency to transcripts. Proxy reads for each transcript were counted 
in barcode groups of different size (named valencies). We then selected transcripts 
with the sum of valency 1, 2 and 3 (1: an observation of a single transcript, 2: 
two different transcripts detected with one barcode, 3: three different transcripts 
detected with one barcode) greater than 10 proxy reads. For each transcript, counts 
in valency 1, 2 and 3 were divided by the sum of all three valencies of that given 
transcript. Subsequently, the transcriptome-wide distributions of the three valencies 
were separately transformed into z-scores. Transcripts were then assigned to high- 
and low-valency classes, respectively. High-valency transcripts were defined based 
on z-scores of valency 1 <0 and a mean of valency 2 and 3 z-scores >0. Low-valency 
transcripts had z-scores of valency 1 >0 and a mean of valency 2 and 3 z-scores <0. 
Furthermore, only transcripts reproducibly assigned to high- and low-valency 
classes in Proximity RNA-seq triplicates were retained and used for further analysis. 
To analyse the valency of a group of transcripts proximal to a specific RNA, the 
mean valency z-scores were used.

Hi-C data processing. Sequencing data generated by Hi-C of two biological 
replicates were processed using HiCUP, which includes mapping to the reference 
genome, di-tag filtering and removal of artefacts47.

Each chromosome contact matrix was normalized using TADbit32. Briefly, 
low-quality bins (those presenting low contacts numbers) were removed and ICE 
normalization48—also known as ‘vanilla’ normalization36—was performed using 
the default settings.

Identification of subnuclear genomic compartments. To segment the genome 
into A and B regions, the normalized Hi-C matrices at 100 kb resolution were 

transformed into correlation matrices using the Pearson product-moment 
correlation. The first component of a PCA (PC1) on each of these matrices was 
used as a quantitative measure of compartmentalization, and gene expression 
values (rpkm) from Proximity RNA-seq data were used to assign negative and 
positive PC1 categories to the correct compartments. If necessary, the sign of 
the PC1 (which is randomly assigned) was inverted so that positive PC1 values 
corresponded to A compartment regions and vice versa for the B compartment.

Integrative 3D chromosome modeling with TADbit. To assess the potential 
of the Hi-C data for modeling, we computed the MMP score (0.6) of the matrix 
and the predicted accuracy of the models, named distance Spearman correlation 
coefficient (0.5), using the MMP score as implemented in TADbit32,49. The MMP 
score is based on the matrix size, the contribution of significant eigenvectors in 
the matrix, and the skewness and kurtosis of the z-scores distribution of the matrix.

The normalized interaction matrix of chromosome 14 was used for modeling 
at a resolution of 100 kb. The short chromosome arm and the centromere were 
omitted due to the poor quality of the contact information. TADbit generates 
3D models using a restraint-based modeling approach, where the experimental 
frequencies of interaction are transformed into a set of spatial restraints. The size of 
each particle in the models was defined by the relationship 0.01 nm bp−1 assuming 
the canonical 30 nm fibre50. Using a grid search approach, TADbit identified 
empirically the three optimal parameters to be used for modeling: (1) maximal 
distance between two non-interacting particles (maxdist set as 1,600 nm);  
(2) a lower-bound cutoff to define particles that do not interact frequently  
(lowfreq set as −1.6); and (3) an upper-bound cutoff to define particles that 
do interact frequently (upfreq set as 0.0). Once the three optimal parameters 
are defined, TADbit sets the type of restraints between each pair of particles 
considering an inverse relationship between the frequencies of interactions of  
the contact map and the corresponding spatial distances. Two consecutive 
particles were spatially restrained by a harmonic oscillator with an equilibrium 
distance that corresponds to the sum of their radii. Non-consecutive particles with 
contact frequencies above the upper-bound cutoff were restrained by a harmonic 
oscillator at an equilibrium distance, while those below the lower-bound cutoff 
were maintained further than an equilibrium distance by a lower-bound harmonic 
oscillator. To identify 3D models that best satisfy all the imposed restraints, the 
optimization procedure was then performed using a Monte Carlo simulated 
annealing sampling protocol as implemented in TADbit. A total of 5,000 models 
were generated and only the 1,000 that best satisfied the input restraints were 
used for further analysis. The contact map obtained from the final 1,000 models 
ensemble resulted in a Pearson correlation of 0.72 with the input Hi-C interaction 
matrix, which is indicative of good model accuracy49.

Clustering was performed on the models ensemble to assess its structural 
similarity using a pairwise rigid-body superposition that minimizes the root 
mean squared deviation (r.m.s.d.) between the superimposed conformations, as 
implemented in TADbit.

Structural analysis of the 3D chromosome model. Using TADbit, a set of 
descriptive measures were calculated to analyse the structural properties of each 
particle in the ensemble model: (1) accessibility, measuring how accessible a 
particle is from an external object of radius of 150 nm; (2) density, measuring the 
local compactness of the chromatin fibre; (3) contact density, counting the number 
of particles within a given spatial distance (2× particle size) from a specified 
particle; and (4) walking angle, measuring the angle formed by a particle and its 
two immediate neighbor particles. Using these descriptive measurements, we 
calculate local proprieties of the ensemble model. We define local accessibility of 
a particle as the mean accessibility value of a given particle over all N models in 
the ensemble. Similarly, we define local contact density of a particle as the mean 
contact density of a given particle over all N models in the ensemble; this is used as 
a proxy for local packing density.

A density map is generated for each cluster in the ensemble using the molmap 
command in Chimera51. The density map is represented by intensities at points 
i (ρi) on a cubic grid with a grid space of resolution in kb divided a factor of 3. 
Each structure is defined by its beads coordinate in Cartesian space and a mass 
corresponding to 1 bead unit.

The density ρi is defined with a Gaussian function as:
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x, y and z are the Cartesian coordinates of particle N, ZN is the mass and σ is set 
equal to the resolution in kb (100). Density maps for specific compartments or 
regions are generated accordingly.

The distances between the centers of mass (COMs) of different density map 
regions were calculated to analyse the relative positioning of high- and low-
valency regions with respect to the B compartment. Analysis was performed with 
Chimera51.

Hi-C contact enrichments between genomic valency segments. We computed 
contact enrichments between all PCA-derived Hi-C regions (A and B regions, 
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excluding chromosome X) using a statistical model based on a binomial test  
to estimate the significance of contacts as implemented in SeqMonk (https://
www.bioinformatics.babraham.ac.uk/projects/seqmonk/). Contacts with  
P values ≤ 0.05 and at least five observations were reported. High- and low-
valency transcripts (see method paragraph on valency) were scored as 1 and 
−1, respectively, and for every A, B genomic region the mean score of valency 
transcripts overlapping the region was calculated. We selected regions with at 
least three transcripts with assigned valency for further analysis. Low-valency 
regions were defined based on scores smaller than or equal to the median of all 
region valency scores; high-valency regions had bigger scores than the median. 
Regions that did not overlap with any valency transcript were classified as no-
valency regions. Empirical cumulative distribution functions and means of log2 
observed/expected contacts (contact enrichment) were plotted for groups of 
contact pairs as indicated (Fig. 6c).

Regression of intronic read density decay. We implemented a linear regression 
analysis to estimate the read decrease along introns into the SeqMonk suite (https://
www.bioinformatics.babraham.ac.uk/projects/seqmonk/). Briefly, Proximity RNA-
seq, pool of p2, p5, p8 and p7 libraries, was used as a 1D RNA-seq dataset after 
read de-duplication based on genomic position and ignoring RNA particle-specific 
barcodes. We only considered introns of at least 30 kb in length. Reads were binned 
into 500 bp windows for linear regression. Regressions were only reported if the slope 
was negative and the P value did not exceed 0.05. All slope values were reported 
multiplied by a factor of 1,000,000. For genomic intervals overlapped by multiple 
intron isoforms, the mean slope of all isoforms was used. Genomic regions with two 
or more valency transcripts and three or more introns with estimated elongation rates 
were included in the analysis.

Statistics. Proximity RNA-seq libraries were generated from multiple independent 
SH-SY5Y cell cultures. The frequency with which pairwise RNA cobarcoding 
occurred at least as many times in simulations as in observed data generated  
P values for RNA–RNA proximities. P values were then background-corrected 
based on local distributions of observed and simulated RNA–RNA proximity 
counts modeled as normal distributions.

In follow-up analyses exact sample sizes and statistical tests, all two-sided,  
are noted.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Proximity RNA-seq and Hi-C raw sequencing data are available on Gene 
Expression Omnibus accession: GSE129732.

Code availability
Code for Hi-C and Proximity RNA-seq analysis is available on github: https://
github.com/3DGenomes/TADbit and https://github.com/StevenWingett/
CloseCall, respectively.
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Coronary Artery Disease Risk-Associated Plpp3 
Gene and Its Product Lipid Phosphate Phosphatase 
3 Regulate Experimental Atherosclerosis
Paul A. Mueller, Liping Yang, Margo Ubele, Guogen Mao, Jason Brandon, Julia Vandra, Timothy C. Nichols,  
Diana Escalante-Alcalde, Andrew J. Morris, Susan S. Smyth

OBJECTIVE: Genome-wide association studies identified novel loci in PLPP3 (phospholipid phosphatase 3) that associate with 
coronary artery disease risk independently of traditional risk factors. PLPP3 encodes LPP3 (lipid phosphate phosphatase 3), 
a cell-surface enzyme that can regulate the availability of bioactive lysophopsholipids including lysophosphatidic acid (LPA). 
The protective allele of PLPP3 increases LPP3 expression during cell exposure to oxidized lipids, however, the role of LPP3 
in atherosclerosis remains unclear.

APPROACH AND RESULTS: In this study, we sought to validate LPP3 as a determinate of the development of atherosclerosis. In 
experimental models of atherosclerosis, LPP3 is upregulated and co-localizes with endothelial, smooth muscle cell, and CD68-
positive cell markers. Global post-natal reductions in Plpp3 expression in mice substantially increase atherosclerosis, plaque-
associated LPA, and inflammation. Although LPP3 expression increases during ox-LDL (oxidized low-density lipoprotein)-
induced phenotypic modulation of bone marrow-derived macrophages, myeloid Plpp3 does not appear to regulate lesion 
formation. Rather, smooth muscle cell LPP3 expression is a critical regulator of atherosclerosis and LPA content in lesions. 
Moreover, mice with inherited deficiency in LPA receptor signaling are protected from experimental atherosclerosis.

CONCLUSIONS: Our results identify a novel lipid signaling pathway that regulates inflammation in the context of atherosclerosis 
and is not related to traditional risk factors. Pharmacological targeting of bioactive LPP3 substrates, including LPA, may offer 
an orthogonal approach to lipid-lowering drugs for mitigation of coronary artery disease risk.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: atherosclerosis ◼ coronary artery disease ◼ lipid phosphate phosphatase ◼ lysophospholipids ◼ lysophosphatidic acid

Coronary artery disease (CAD) is a major component of 
cardiovascular disease and a leading cause of death 
worldwide. Due to the complexity of the disease, con-

tributors to CAD risk can be divided into several factors, 
but more generally, they include both heritable and nonher-
itable risk factors. Genome-wide association studies identi-
fied heritable single nucleotide polymorphisms (SNPs) in 
PLPP3 (phospholipid phosphatase 3), previously referred 
to as PPAP2B, as novel loci associated with risk of CAD and 
its complications independent of traditional risk factors.1–3 

LPP3 (lipid phosphate phosphatase 3), encoded by the 
gene PLPP3, is a cell surface enzyme that can regulate 
the availability and hence the signaling actions of bioactive 
lipids including lysophosphatidic acid (LPA). The risk-asso-
ciated haplotype block is in the final intron of PLPP3 and 
contains a CEBP-β (CCAAT enhancer binding protein-β) 
motif. The CAD risk allele disrupts transcriptional enhancer 
activity induced by CEBP-β binding.4 CEBP-β binding 
increases transcription from the PLPP3 promoter, and 
polymorphisms that disrupt this interaction are associated 
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with lower PLPP3 gene expression in monocytes exposed 
to ox-low-density lipoprotein (oxidized LDL).4 In addition to 
identifying a local expression quantitative trait loci effect 
in monocytes, we have demonstrated that exposure of 
human monocytes to ox-LDL increases LPP3 expression 
and activity, and that the CAD risk allele in PLPP3 is asso-
ciated with lower LPP3 expression.4,5 Others have reported 
similar findings in other vascular cells.6

We have previously demonstrated a protective role 
for LPP3 and its biological target LPA in vascular injury 
models in a tissue-specific manner.7–9 In fact, the loss of 
LPP3 in vascular smooth muscle cells exacerbates local 
inflammation and proliferation after carotid artery liga-
tion that leads to increased neointimal formation likely via 
heightened ERK (extracellular signal–regulated kinase)  
activity and Rho activation.7 We also demonstrated vas-
cular smooth muscle cells LPP3 expression increases 
after injury and vascular smooth muscle cells proliferation 
increases with exposure to LPA.7 In addition, endothelial, 
but not hematopoietic, deletion of Plpp3 increases vascular 
permeability in healthy mice and enhances sensitivity after 
inflammation-induced vascular leak.8 Both pharmacologi-
cal and genetic inhibition of LPA production attenuates 
the increased vascular leak observed in this model.8 With 
respect to CAD, LPP3 expression in vascular endothelial 
cells is critical in maintaining an anti-inflammatory phe-
notype and vascular barrier integrity in regions of athero-
protective blood flow.10 In addition, LPP3 expressed in the 
liver of mice limits atherosclerosis progression and modu-
lates systemic LPA levels.11 Finally, treating mice suscep-
tible to atherosclerosis, either through diet or peritoneal 
injections, with unsaturated LPA species prone to oxida-
tion accelerates lesion formation compared with mice fed 
saturated LPA species.12,13 Cumulatively these data dem-
onstrate LPP3 harbors a protective role against injury in 
the vasculature and that its regulation of bioavailable LPA 
may be a crucial mechanism.

Together these observations suggest a link between 
polymorphisms in PLPP3 and CAD and, specifically, that 
upregulation of LPP3 after injury may protect against 
the development and complications of CAD in humans. 
To functionally validate these observations, we sought 
to determine whether LPP3 expressed globally, or in a 
tissue-specific manner, influences the development of 
experimental atherosclerosis. Herein, we present that 
the loss of Plpp3 globally or in vascular smooth muscle 
cells alone accelerates the progression of experimental 
atherosclerosis possibly in part via LPA signaling through 
the LPA4 (LPA receptor 4).

METHODS
The data that support the findings of this study are available 
from the corresponding author on reasonable request.

Animals
All procedures conformed to the recommendations of Guide for 
the Care and Use of Laboratory Animals14 and were approved 
by the Institutional Animal Care and Use Committee. The pro-
duction, initial characterization, and backcrossing of mice have 
previously been described.15 To generate mice susceptible to 
atherosclerosis, Plpp3fl/fl animals (fl/fl) with or without the 
MX1-Cre or smooth muscle cell (SMC-22) Cre (referred to as 
SM22-Δ) transgene were crossed to Ldlr−/− mice (The Jackson 
Laboratory; Bar Harbor, ME). Littermate pups with and without 
the MX1 Cre transgene were treated with polyinosinic-polycyt-
idylic acid (Sigma) between post-natal days 3 o 5 to activate 
the MX1 promoter (referred to as MX1-Δ). To generate Ldlr−/− 
mice lacking Plpp3 in myeloid cells, lethally irradiated animals 
(900 rads) were reconstituted with bone marrow from fl/fl mice 
without or with LysM-Cre transgene (referred to as LysM-Δ). To 
simulate LDL receptor deficiency, mice lacking Lpar416 were 
backcrossed to the C57BL/6J background and then bred to 
generate Lpar4Y/+ and Lpar4 Y/− mice, which were injected 
with PCSK9D377Y.AAV (1×1011 genomic copies/mouse; pro-
vided by University of Pennsylvania, Penn Vector Core) before 
feeding Western diet. Mice were housed in cages with HEPA-
filtered air in rooms on 12-hour light cycles, and fed Western 
diet (Research Diets, New Brunswick, NJ, D12079B) ad libitum 
for 12–20 weeks. Both male and female mice were used for the 
MX1 and Sm22 models of Plpp3 ablation, and their data com-
bined as no sex-specific differences were observed (Data not 
shown). Due to a lack of differences in these models, only male 
mice were used for the LysM bone marrow transplant model of 
Plpp3 ablation. Finally, because Lpar4 is on the X-chromosome, 

Nonstandard Abbreviations and Acronyms

BMDM bone marrow-derived macrophages
CAD coronary artery disease
CEBPβ CCAAT enhancer binding protein beta
LPA lysophosphatidic acid
LPAR4 LPA receptor 4
LPP3 lipid phosphate phosphatase 3
MYH11 myosin heavy chain 11
MβCD methyl-β-cyclodextrin
ox-LDL oxidized low-density lipoprotein
PLPP3 phospholipid phosphatase 3
SMC smooth muscle cell
SNPs single nucleotide polymorphisms
Tfam transcriptional factor A mitochondrial

Highlights

• LPP3 (lipid phosphatase 3) is augmented during 
atherosclerosis.

• PLPP3 (phospholipid phosphatase 3 deficiency 
diminishes experimental atherosclerosis.

• Deficiency of smooth muscle cell LPP3 increases 
atherosclerosis.
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both male and female mice were used and reported separately. 
For procedural anesthesia, 2% isoflurane was delivered using 
the Harvard Apparatus Anesthetic Vaporizer. For euthanasia, 
mice were anesthetized with 5% isoflurane followed by cervical 
dislocation. This study was designed in adherence to the guide-
lines for experimental atherosclerosis studies as recommended 
in the American Heart Association statement, which includes 
the use of our mouse models (including proper use of sample 
size and use of both sexes where appropriate), quantification of 
atherosclerosis, characterizing plasma lipids, statistical analy-
ses, and presentation of data.17

Quantification of Atherosclerosis and 
Immunohistochemistry
Atherosclerosis was quantified along the proximal aorta by en 
face technique and also by measuring lesion size at the aor-
tic root by oil-red-O staining of tissue sections. Aortas were 
cleaned of the adventitia and dissected from the aortic root to 
the iliac bifurcation. Aortas were cut open longitudinally, expos-
ing the intimal surface, and atherosclerosis was quantified on 
the intimal surface of the aorta by an en face technique and 
reported as proportion of total area. Aortic roots were serially 
sectioned (10 µm) starting ≈3 mm from the base of the aor-
tic root as described previously.18 Sections were stained with 
filtered oil red-O (0.25% in 2-propanol), counterstained with 
hematoxylin, and oil red-O area was quantified in sections 
using ImageJ software19 and reported as lesion area.

Immunohistochemistry
Primary antibodies were LPP3,20 smooth muscle alpha-
actin (2 µg/mL; Abcam AB5694), CD68 (10 µg/mL; Abcam 
AB53444), PECAM1 (platelet-endothelial cell adhesion mole-
cule-1; 5 µg/mL; BD Biosciences 553370), and podocalyxin (2 
µg/mL; R&D Systems AF1556). In situ hybridization and prox-
imity, ligation assays were performed as previously described.21 
Imaging was performed using a Nikon A1R confocal micro-
scope with a spectral detector (Nikon, Melville, NY). For lipid 
measurements, aortic roots were homogenized in 0.5 mL of 
0.1 mol/L HCl and extracted and GC-MS/MS performed with 
internal standards as described previously.22 Using this method, 
S1P was undetectable in the proximal aortic tissue.

Gene Expression Analysis of Proximal Aortas
Proximal aortas were homogenized and treated with the 
Qiagen RNeasy Fibrous Tissue Mini Kit (Qiagen, Germantown, 
MD, ID:74704), and RNA (1 µg) was used for the generation 
of a cDNA library using MultiScribe Reverse Transcriptase (Life 
Technologies, Waltham, MA, 4311235). cDNA was diluted 1:10 
and used in a reaction with the TaqMan Fast Universal PCR 
Master Mix (2×; Life Technologies, Waltham, MA, 4364103) 
with VIC/FAM (fluorescent reporter dye VIC specific for allele 
“A”/6-carboxyfluorescein FAM specific for allele “B") primers 
from Life Technologies designed for specific gene targets.

Plasma Analysis
Whole blood was collected into CTAD tubes supplemented 
with EDTA, and plasma separated by centrifugation (12 000 
rpm×4 minutes). Total plasma cholesterol was measured using 

the Wako Diagnostics Cholesterol E Assay (Wako Diagnostics, 
Richmond, VA, 999-02601), and plasma triglycerides were 
measured using the Wako Diagnostics L-type TG M Assay 
with the Multi-Calibrator Lipid Standard (Wako Diagnostics, 
Richmond, VA, 464-01601) according to the manufacturer’s 
protocol. Plasma lipoproteins were separated by fast-per-
formance liquid chromatography on to a Superose 6 column 
(Sigma-Aldrich, St Louis, MO) and were performed on individual 
mouse plasma samples (N=4/genotype). Cholesterol concen-
tration in fractions was determined by enzymatic colorimetric 
assay (Wako Diagnostics, Richmond, VA).

Lysophosphatidic Acid Levels.
LPA was measured in plasma and tissue by LC-MS/MS as pre-
viously described by our group.23

Isolation and Culture of Bone Marrow-Derived 
Macrophages
To isolate bone marrow cells, femur and tibia were isolated 
and flushed with DMEM through a 25 gauge needle. Media-
cell suspension was filtered through 70 µm nylon mesh and 
centrifuged at 1000×g for 5 minutes. Cells were plated at a 
concentration of 1 million cells per well in DMEM Glutamax 
containing 10% FBS, 1% PenStrep, and 10% L929 media. 
Media was changed every 2 to 3 days to generate bone mar-
row-derived macrophages (BMDM). To isolate SMC, aorta was 
separated from surrounding tissue starting from the arch to 
the renal arteries. The aorta was digested and SMC cultured 
as previously described.9 Primary human coronary artery SMC 
(Clonetics, Lonza, Allendale, NJ) were treated with MβCD 
(methyl-β-cyclodextrin) cholesterol (20 µg/mL) or vehicle 
for 48 hours for the generation of SMC-derived foam cells. 
Twelve-well transwell (Sigma, St Louis MO) plates with 8.0 µm 
pore size were used for migration assays.

Statistical Analysis
All data are expressed as mean±SEM unless otherwise noted. 
Data were classified as parametric if it passed Shapiro-Wilk 
normality test and Brown-Forsythe equal variance tests or 
nonparametric if either test failed. Statistical analysis was per-
formed using an unpaired, 2-tailed Student t test unless other-
wise noted. P value <0.05 is regarded as significant. Two-way 
ANOVA and the Holm-Sidak post hoc test was used when mul-
tiple comparisons were made. Statistical analysis was performed 
using SigmaPlot 14.0 (Systat Inc, San Jose, CA). In cases where 
small sample sizes were used a power analysis was performed 
to determine the sample size required to detect differences of 
30%. The data that support the findings of this study are avail-
able from the corresponding author on reasonable request.

RESULTS
LPP3 is Dynamically Upregulated During 
Atherosclerosis
The association of PLPP3 alleles with human CAD 
risk and their correlation with gene and LPP3 protein 
expression in vascular cells suggests that regulation of 
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LPP3 levels could influence the development of ath-
erosclerotic vascular disease. LPP3 expression is read-
ily detected in human atheromas.4 To enable a detailed 
histological comparison of LPP3 expression in healthy 
and atherosclerotic coronary arteries, we took advantage 
of experimental pig models in which we could compare 
normal coronary arteries and well-characterized coronary 
atherosclerosis resembling lesions in humans from nor-
mocholesterolemic or heterozygous familial hypercholes-
terolemic pigs, respectively.24 Healthy porcine coronary 
arteries displayed relatively low levels of LPP3 expres-
sion (Figure IA in the online-only Data Supplement, left). 
Coronary arteries from hypercholesterolemic animals fed 
a high-fat diet exhibited more prominent LPP3 immu-
nostaining that co-localized with SMC makers and that 
was present in other cells within the vessel wall (Figure 
IA in the online-only Data Supplement, right). Next, we 
profiled LPP3 expression in 2 different murine models of 
atherosclerosis and observed prominent LPP3 expres-
sion in aortic root from both Apoe—/— mice (Figure IB in 
the online-only Data Supplement) and in Ldlr—/— mice fed 
a Western diet in comparison to wild-type controls (Fig-
ure IC and ID in the online-only Data Supplement). In the 
atherosclerotic aortic root lesions, LPP3 expression co-
localized with the endothelial markers PECAM1 (Figure 
IC and ID in the online-only Data Supplement) and podo-
calyxin (Figure IE in the online-only Data Supplement), 
with CD68 (Figure IF in the online-only Data Supple-
ment), and with SMC marker SM α-actin staining (Figure 
IG in the online-only Data Supplement). Upregulation of 
LPP3 protein, which is variably glycosylated as previ-
ously reported,25 was detected by immunoblot analysis 
and was restricted to the atherosclerotic-prone proximal 
region of the aorta but not the descending thoracic aorta 
(Figure IH in the online-only Data Supplement). Together, 
these findings confirm that LPP3 is dynamically upregu-
lated during atherosclerosis.

Post-Natal Reduction in Plpp3 Promotes 
Atherosclerosis
Having established that LPP3 levels are increased in 
several vascular cell types in atherosclerotic arteries, we 
investigated the consequences of global reduction of 
LPP3 expression in experimental models of murine ath-
erosclerosis. Disruption of Plpp3 in mice results in embry-
onic lethality due to defects in patterning and failure of 
the development of the extra-embryonic vasculature.26,27 
Therefore, we used a post-natal targeting strategy to 
broadly reduce Plpp3 expression. Mice carrying a previ-
ously described floxed Plpp3 allele and Cre recombinase 
under the control of the Mx1 promoter were generated 
on the Ldlr—/— background.8 Control (fl/fl) and Mx1-Cre 
expressing neonates were treated with pI-pC, to activate 
Mx1 directed recombination (MX1-Δ). Sustained reduc-
tion in LPP3 expression was confirmed by analysis of 

bone marrow cells from adult mice (Figure IIA in the 
online-only Data Supplement) with some attenuation of 
overall protein expression in proximal aorta (Figure IIB 
in the online-only Data Supplement). After consuming 
Western diet for 12 weeks both fl/fl and MX1-Δ mice 
displayed hypercholesterolemia (Figure IIC in the online-
only Data Supplement) without differences in plasma 
lipoprotein-associated cholesterol profiles (Figure IID 
and IIE in the online-only Data Supplement) or plasma 
triglyceride levels (Figure IIF in the online-only Data Sup-
plement). We observed no differences in complete blood 
counts between fl/fl and MX1-Δ mice after 12 weeks on 
Western diet (Figure IIIA in the online-only Data Supple-
ment). En face examination of proximal aortas revealed 
a 30% higher atherosclerotic burden in the MX1-Δ 
mice (Figure 1A; P=0.009). Similarly, oil red-O staining 
of the aortic sinus revealed a similar increase in lesion 
area in MX1-Δ mice (Figure 1B; P=0.028). Reduced 
LPP3 was accompanied by a nearly 2-fold increase in 
CD68-positive lesion area (P<0.001; Figure 1C) and an 
accompanying increase in inflammatory markers ICAM 
(intercellular adhesion molecule; Figure 1D) and CD68 
mRNA levels (P<0.05; Figure 1E) in proximal aorta of 
the MX1-Δ mice. Global reduction of LPP3 increased 
plasma LPA, with increases in both saturated and unsat-
urated LPA species (Figure 1F). The global loss of LPP3 
also led to an ≈2-fold increase in total LPA content in 
the proximal aorta (Figure 1G). Together, these find-
ings support a role for LPP3 in attenuating inflamma-
tory responses and atherosclerotic plaque development. 
However, the broad activity of the MX1 promoter does 
not provide information about cell types contributing the 
observed protective effect of LPP3 against experimen-
tal atherosclerosis. Thus, we employed cell-type specific 
approaches to attenuate LPP3 expression.

Myeloid LPP3 May Not be a Major Regulator of 
Atherosclerosis
We previously reported that levels of LPP3 in human 
monocyte/macrophages was extremely low and sub-
stantially increased in response to atherogenic ox-LDL 
in a manner that is governed by CAD risk alleles.4 How-
ever, the functional consequences of LPP3 expression 
in macrophages is presently unknown. We, therefore, 
investigated whether monocyte/macrophage expres-
sion of LPP3 regulates the extent of atherosclerosis 
in mice. As observed with peripheral blood monocytes 
from humans, Plpp3 expression in BMDM from con-
trol (fl/fl) mice is low and increased significantly after 
exposure to ox-LDL but not LDL (P<0.001; Figure 2A). 
BMDM isolated from mice with LysM-Cre driven dele-
tion of Plpp3 (LysM-Δ) lacked LPP3 upregulation dur-
ing ox-LDL stimulated foam cell formation. To determine 
if LPP3 regulates ox-LDL stimulated gene expression, 
responses of fl/fl control and LysM-Δ cells treated 
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without or with ox-LDL were compared. No difference 
in Cebpb expression occurred under any condition. Fos, 
Tfam (transcriptional factor A mitochondrial), and Cd36 
expression were substantially upregulated in LysM-Δ as 
compared with fl/fl BMDM at baseline, and Cd36 was 
further amplified by environmental exposure to ox-LDL 
(Figure 2B). Having established dynamic regulation of 
LPP3 in murine BMDM and effects of LPP3 deficiency 
on ox-LDL stimulated gene expression in these cells, the 
role of myeloid LPP3 in experimental atherosclerosis was 

investigated by performing bone marrow transplant using 
fl/fl and LysM-Δ bone marrow cells into lethally irradi-
ated Ldlr−/− mice that were subsequently fed a Western 
diet. After 12 weeks on Western diet, animals displayed 
characteristic hyperlipidemia with no differences in total 
plasma cholesterol or plasma LPA between the groups 
(Figure 2C and 2D). Development of atherosclerosis was 
also similar, without significant differences in the extent 
of atherosclerotic area by en face (Figure 2E) or by aor-
tic root analysis (Figure 2F). These results indicate that 

Figure 1. Global reduction in post-natal Plpp3 expression accelerates atherosclerosis.  
A, Left: En face analysis of atherosclerosis lesion area (% of arch area) in proximal aortas (n=12–14/group). Right: Representative proximal 
aortas from fl/fl and MX1-Δ mice on the Ldlr−/− background after 12 wk on Western diet. B, Oil red-O (ORO) staining of aortic sinus lesions 
reported as % area of aortic sinus (n=5–7/group). C, Left: Immunohistological quantification of CD68 from sections of aortic roots from fl/
fl and MX1-Δ mice on the Ldlr−/− background after 12 wk on Western diet (n=12–14/group). Right: Representative images of CD68 staining 
in the aortic sinus. D, Immunofluorescence staining of ICAM-1 (intercellular adhesion molecule-1) in proximal aortic roots from fl/fl (top) and 
MX1-Δ (bottom) mice on the Ldlr−/− background after 12 wk on Western diet. E, Cd68 and Il-6 (interleukin 6) gene expression (fold change; 
mean±SEM) determined by qRT-PCR from proximal aortas of fl/fl and MX1-Δ mice on the Ldlr−/− background after 12 wk on Western diet 
(n=4-5/group). F, Plasma lysophosphatidic acid (LPA) species quantification from fl/fl (black bars) and MX1-Δ (white bars) mice on the Ldlr−/− 
background after 12 wk on Western diet (n=15/group). *P<0.05, **P<0.01, and ***P<0.001. G, Total LPA content (pmol/mg tissue) in proximal 
aortas from fl/fl and MX1-Δ mice on the Ldlr−/− background 12 wk after Western diet (n=7–9/group).
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although Plpp3 expression is dynamically regulated as 
macrophages assume a foam cell-like phenotype in vitro, 
myeloid LPP3 expression may not be a primary influencer 
of the development of experimental atherosclerosis.

Loss of SMC LPP3 Increases Atherosclerosis
In both murine and porcine vessels, LPP3 was promi-
nently upregulated in cells expressing SM α-actin in 

atherosclerotic lesions. Our previous work established a 
role for LPP3 in regulating SMC responses to the bio-
active lysolipid LPA, in particular, LPP3 attenuates LPA-
promoted migration and RhoA and ERK activation in 
isolated SMC, likely due to LPP3-mediated degradation 
of LPA.7 The absence of SMC LPP3 in mice promotes 
the development of intimal hyperplasia in normolipidemic 
mice, suggesting that the enzyme normally attenuates 
events associated with SMC migration and proliferation 

Figure 2. Myeloid deficiency of Plpp3 does not alter atherosclerosis.  
A, Plpp3 gene expression (fold change; mean±SEM) in bone marrow-derived macrophages (BMDMs) from fl/fl and LysM-Δ mice (n=3–5 per 
group) treated with human LDL (low-density lipoprotein; 50 µg/mL), human ox-LDL (oxidized-LDL; 50 µg/mL) or vehicle for 18 h. Two-way 
ANOVA with Holm-Sidak pairwise multiple comparisons test was used to determine differences between treatment groups and genotype. 
B, Gene expression was profiled in BMDMs from fl/fl or LysM-Δ mice (n=3–5/group) exposed to vehicle or human ox-LDL. Two-way ANOVA 
with Holm-Sidak pairwise multiple comparisons test was used to analyze effects of genotype (G) and ox-LDL as an environmental stimulus 
for foam cell formation (E). C, Plasma cholesterol (mg/dL) in chimeric Ldlr−/− mice injected with bone marrow cells harvested from fl/fl (closed 
circles) or LysM-Δ (open circles) mice fed western diet for 12 wk beginning 4 wk after irradiation and reconstitution (n=10/group). D, Plasma 
lysophosphatidic acid (LPA) species quantification from fl/fl (black bars) and LysM-Δ (white bars) mice on the Ldlr−/− background after 12 wk 
on Western diet (n=10/group). E, En face analysis of atherosclerosis (% of arch area) in Wester diet fed, chimeric Ldlr−/− mice with fl/fl (closed 
circles) or LysM-Δ (open circles) bone marrow cells (n=10/group). F, Oil red-O staining of aortic sinus lesions reported as % area of aortic 
sinus (n=10/group). *P<0.05.
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after injury.7 Based on this evidence implicating LPP3 in 
SMC function, we examined the impact of loss of SMC-
derived LPP3 (SM22-Δ) on the development of athero-
sclerosis in Ldlr−/− mice fed a Western diet. Measurement 
of LPP3 expression in primary cultures of SMC from fl/
fl and SM22-Δ Ldlr−/− aortas confirmed efficiency of the 
knock-down strategy (Figure 3A). After 12 weeks on 
Western diet, no differences in plasma cholesterol lev-
els were observed in fl/fl and SM22-Δ mice (Figure 3B). 
Unlike our MX1 mediated model of reduced Plpp3, no 
change in plasma LPA levels were detected between 
SM22-Δ and fl/fl mice (Figure 3C). However, SMC-spe-
cific deletion of LPP3 resulted in an approximate dou-
bling of the extent of atherosclerosis in SM22-Δ mice as 
compared with the fl/fl control mice measured by en face 
(P=0.0002; Figure 3D) and confirmed in measurements 
of lesion areas in the aortic sinus by oil red-O staining 
(P=0.012; Figure 3E). SM22-Δ mice also displayed a 
significant increase in CD68 lesion area compared with 
fl/fl controls (P=0.006; Figure 3F). We observed a 3-fold 
higher expression of the inflammatory marker Il-6 (inter-
leukin 6) in SM22-Δ proximal aorta (P<0.05; Figure 3G). 
In keeping with the loss of local lipid degrading activity, 
aortic LPA content increased ≈2-fold in the SM22-Δ tis-
sue (P=0.011; Figure 3H).

The results of tissue-specific targeting implicate 
SMC-derived, but not myeloid-derived, LPP3 as an intrin-
sic negative regulator of the development of atheroscle-
rosis. Our earlier work suggests that the polymorphisms 
in humans associated with CAD risk influence upregula-
tion of LPP3 in foam cells derived from monocytes. In 
particular, the protective allele results in higher LPP3 
expression in macrophage foam cells. Cultured SMCs 
can assume a foam cell-like phenotype on loading with 
cholesterol, and intimal SMCs contribute to a substan-
tial proportion of the foam cell population in advanced 
murine atherosclerosis.28–30 Based on our findings in 
myeloid-derived foam cells, we sought to determine 
whether LPP3 expression was dynamically regulated 
during phenotypic modulation of SMC after cholesterol 
uptake. Exposure of human aortic SMCs to cholesterol 
reduced the SMC marker ACTA2 and increased CD68 
consistent with downregulation of SMC markers and 
the assumption of an inflammatory phenotype (P<0.05; 
Figure 4A). Additionally, SMCs exposed to cholesterol 
displayed a 2-fold increased expression of PLPP3 and 
more than a 10-fold increase in LPAR4 (LPA receptor 
4; P<0.05; Figure 4A). Cholesterol loading also sig-
nificantly reduced cell migration in response to either 
serum or LPA (Figure 4B). SMC isolated from fl/fl and 
SM22-Δ mice respond to cholesterol loading by upregu-
lating Plpp3, Cd68, and Lpar4 similarly to human aortic 
SMCs (P<0.05; Figure 4C). LPP3 deficiency attenu-
ated upregulation of Cd68 and Lpar4 (Figure 4D and 
4E). These findings suggest that LPP3 may influence 
the phenotype of SMC-derived foam cells. To determine 

if LPP3 expression regulated the ability of intimal SMC 
to assume properties of foam cells within atheroscle-
rotic plaque, in situ hybridization and proximity ligation 
assays were employed to visualize in tissue sections the 
H3K4dime marker of the MYH11 (myosin heavy chain 
11) locus that is restricted to the SMC lineage.21 Approx-
imately 40% of the CD68+ staining cells within athero-
sclerotic lesions of control mice displayed the H3K4dime 
mark, which persists in phenotypically modulated SMC 
(Figure 4F). No difference was observed in sections from 
SM22-Δ mice (Figure 4F). These results indicate that 
the absence of LPP3 does not fundamentally alter the 
phenotype transition of SMC to foam cells, as assessed 
by CD68 staining. Instead, LPP3 may regulate functional 
response of the cells to bioactive lipids, such as LPA.

LPAR4 in Involved in the Development of 
Atherosclerosis
Based on the findings observed in SMC, we next focused 
on the role LPAR4 in the development of atherosclero-
sis. Control or Lpar4-deficient mice were injected with 
PCSK9D377Y.AAV to lower LDLR expression and phe-
notypically mimic the Ldlr−/− background, and then placed 
on Western diet to elicit hypercholesterolemia.31 Lpar4 
is carried on the X-chromosome in mice, so analysis of 
both sexes was performed. After 16 weeks on Western 
diet, total plasma cholesterol was similar regardless of 
genotype (Figure 5A), although overall lower levels were 
detected in female mice injected with PCSK9 (propro-
tein convertase subtilisin/kexin type 9) virus. Despite 
similar levels of hyperlipidemia after PCSK9D377Y.
AAV injection, both Lpar4−/− male (P=0.019) and female 
(P=0.011) mice were significantly protected from the 
development of atherosclerosis as measured by en face 
analysis (Figure 5B). Oil red-O staining of aortic sinus 
lesions revealed female Lpar4−/− mice were significantly 
protected from atherosclerosis compared with wild-type 
mice (P=0.008), and while male Lpar4−/− mice appeared 
to be protected from lesion formation the difference did 
not reach statistical significance (P=0.05; Figure 5C). 
The area of CD68 staining was statistically lower in 
aortic sinus lesions of male (P=0.046), but not female 
(P=0.11), Lpar4−/− mice compared with wild-type con-
trols (Figure 5D) with a corresponding increase in the 
area of SMC α-actin staining (P=0.038; Figure 5E).

DISCUSSION
Heritable variant loci in PLPP3 that associate with lower 
LPP3 expression are strong predictors of CAD risk.1 We 
previously reported both a local and distant expression 
quantitative trait loci effect in monocyte/macrophages 
and found that higher expression of LPP3 was a char-
acteristic of ox-LDL-induced foam cells from individu-
als with the protective allele.4 In this report, we describe 
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dynamic upregulation of LPP3 during the develop-
ment of atherosclerosis in porcine and murine models 
of atherosclerosis. Herein, we report that LPP3 serves 
as an intrinsic negative regulator of plaque formation in 

experimental models of murine atherosclerosis and its 
loss either globally or in SMCs coincide with increased 
plaque macrophage cellularity, increased inflamma-
tory cytokine expression and elevated LPA levels in 

Figure 3. Smooth muscle cell (SMC) deficiency of Plpp3 accelerates atherosclerosis.  
A, Plpp3 expression (fold change; mean±SEM) from SMC isolated from fl/fl (dark) and SM22-Δ (open) mice on the Ldlr−/− background (n=3/
group). B, At 6 to 8 wk of age, fl/fl (dark circles) and SM22-Δ (open circles) mice on the Ldlr−/− background were placed on Western diet for 
12 wk and total plasma cholesterol (mg/dL) measured (n=7/group). C, Plasma lysophosphatidic acid (LPA) species quantification from fl/
fl (black bars) and Sm22-Δ (white bars) mice on the Ldlr−/− background after 12 wk on Western diet (n=9–11/group). D, En face analysis of 
atherosclerosis (% of arch area; n=7–9/group). E, Oil red-O (ORO) staining of aortic sinus lesions reported as % area of aortic sinus (n=5–6/
group). F, Left: Immunohistological quantification of CD68 from sections of aortic roots from fl/fl and MX1-Δ mice on the Ldlr−/− background 
after 12 wk on Western diet (n=5–6/group). Right: Representative images of CD68 staining in the aortic sinus. G, Plpp3 (phospholipid 
phosphatase 3) and Il-6 (interleukin 6) expression (fold change; mean±SEM) in proximal aortas from fl/fl and SM22-Δ (n=5/group). H, Total 
LPA content (pmol/mg) in proximal aortas of fl/fl and SM22-Δ (n=7–9/group).
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atheromas. Importantly, Lpar4 expression is modulated 
by cholesterol loading in both human and murine SMCs 
and Lpar4−/− mice prone to atherosclerosis are protected 
against plaque formation suggesting that elevated LPA 
signaling may directly modulate CAD in mice. These find-
ings provide functional validation and support a causal 
relationship of observations linking PLPP3 alleles with 
LPP3 expression and risk of CAD.

Global reductions in LPP3 expression using the Mx1-
Cre system substantially increase atherosclerosis and 
are accompanied by elevations in plaque-associated 
LPA and inflammation. Interestingly, although LPP3 
expression increases during ox-LDL-induced phenotypic 
modulation of BMDM, myeloid Plpp3 does not appear 

to regulate the development of atherosclerosis. Instead, 
SMC expression of LPP3 is a major determinant of the 
extent of both atherosclerosis and LPA content in lesions. 
Importantly, the pro-atherosclerotic effects of targeting 
LPP3 with either Mx1-Cre or Sm22-Cre are independent 
of changes in circulating lipoprotein or plasma triglycer-
ide levels.

We previously reported that SMC LPP3 is a negative 
regulator of neointimal formation in the absence of hyper-
lipidemia, in part due to an ability to attenuate inflamma-
tory cell accumulation and SMC migration.22 In SMCs, 
LPP3 regulates LPA-induced ERK activity, Rho activa-
tion, and migration, and lentiviral expression of human 
or mouse LPP3 (but not catalytically inactive variants) 

Figure 4. PLPP3 expression is dynamically regulated during smooth muscle cell (SMC) phenotypic modulation.  
A, Expression of the indicated genes in primary human coronary artery SMC treated with vehicle control or methyl-β-cyclodextrin (MβCD) 
complexed cholesterol (20 µg/mL) for 48 h to induce modulation towards a foam cell-like phenotype. Relative gene expression (fold change; 
mean±SEM) was determined. B, Cell migration to vehicle (DMEM with 0.01% FBS), FBS (DMEM with 10% FBS), or LPA (DMEM with 10 
µmol/L 18:1 LPA) for 24 h (right; mean numbers of migrated cells±SEM). Two-way ANOVA was used to determine differences between 
treatment groups and chemotaxis agent. Relative gene expression (fold change; mean±SEM) of (C) Plpp3, (D) Cd68, and (E) Lpar4 in primary 
SMCs from fl/fl and SM22-Δ on the Ldlr−/− background treated with vehicle or MβCD-cholesterol (20 µg/mL) for 48 h. Two-way ANOVA 
was used to determine differences between treatment groups and genotypes. F, H3K4me2 marker of the MYH11 (myosin heavy chain 11) 
promoter (red) visualized by in situ hybridization and proximity ligation assays in aortic root sections stained with ACTA (actin, alpha, skeletal 
muscle 1; green) and DAPI (blue). Cells positive for the H3K4me2 marker as a percentage of total CD68+cells (cells/field quantified) in aortic 
root sections from fl/fl and SM22-Δ animals on the Ldlr−/− background fed Western diet for 12 wk (n=2–4/group).
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attenuates these effects.22 These results imply that LPP3 
may function within the vasculature to regulate responses 
to bioactive lipids, such as LPA. Herein, we expand these 
findings to demonstrate that LPP3 expression is upregu-
lated in both human and murine primary SMCs as they 
assume a foam cell like phenotype characterized by 
upregulation of CD68 and downregulation of SMC marker 
ACTA2 in response to cholesterol uptake. In this context, 
upregulation of LPP3 is associated with decreased FBS-
stimulated SMC migration. We also demonstrate that 
LPP3 regulates LPA levels in atherosclerotic vessels, in 
that tissue LPA levels are higher from mice with reduced 
LPP3. Thus, the effect of LPP3 on inflammation may be 
a consequence of broad effects on extracellular bioactive 
lipid levels and hence signaling responses of multiple cell 
types during the development of atherosclerosis.

While LPA is not the only substrate of LPP3, in support 
of a role for LPA-mediated pro-atherosclerotic effects, 
we demonstrate that global deletion of Lpar4 in hyper-
lipidemic mice significantly reduced the development of 
atherosclerosis in the absence of an effect on plasma 
cholesterol. As to be expected with decreased atheroma 
size, we observed significantly less macrophage con-
tent in male Lpar4−/− mice; however, this effect was not 
observed in female mice. Additionally, we characterized 
SMC cell content in these knockout mice and observed a 
significant increase in SMC area in male Lpar4−/− lesions 
that also was not present in females. These data sug-
gest that loss of Lpar4−/− may affect SMC proliferation 
and migration during atherosclerosis progression differ-
ently in males than females. Regardless of LPAR4’s role 
in SMC modulation during atherosclerosis, the overall 

Figure 5. LPAR4 (LPA receptor 4) regulates experimental atherosclerosis.  
A, Six to 8-week-old wild-type (WT; closed circle) control or Lpar4−/− (open circles) mice were infected with PCSK9 (proprotein convertase 
subtilisin/kexin type 9) adeno-associated virus. One week later, they were placed on Western diet for 16- weeks and total plasma cholesterol 
(mg/dL; n=7–9/group). B, Left: Representative images of proximal aorta. Right: En face analysis of atherosclerosis (% of arch area) in 
male and female WT (closed circle) and Lpar4−/− (open circles) mice infected with PCSK9 adeno-associated virus and Western diet-fed for 
16-weeks (n=7–9/group). C, Oil red-O (ORO) staining and lesion area (% total aorta in root section; n=7–9/group). D, CD68 immunostaining 
(n=4/group) and (E) Smooth muscle cell (SM) α-actin staining from aortic root sections of male mice (n=2–5/group).
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result was protection from atherosclerotic lesion for-
mation. LPA signaling can promote CD14 and SR-A1 
expression in these cells which may influence the mech-
anisms linking ox-LDL uptake and foam cell formation. 
Indeed, previous studies have reported an atherogenic 
role for LPA signaling via inducing endothelial expression 
of the monocyte adhesion molecule CXCL1.12 Zhou et 
al12 report that treatment of mice with unsaturated but 
not saturated LPA species increases atherogenesis and 
macrophage accumulation in aortic sinus lesions that 
can be attenuated via treatment with an inhibitor to LPA 
receptors 1 and 3. These data are supported by another 
report wherein intestinally derived unsaturated LPA spe-
cies increased atherosclerotic lesion size in mice relative 
to normal rodent diet and saturated LPA fed mice.13 It is 
important to note that our MX1 model of Plpp3 reduc-
tion did increase circulating LPA content; however, there 
were no species-specific modulation of LPA by global 
loss of LPP3. Additionally, the loss of SMC-derived LPP3 
accelerated atherosclerosis progression independently 
of changes in circulating LPA. Our findings reported here 
propose a novel LPA signaling pathway through LPAR4 
that modulates atherosclerosis progression.

While our work focuses attention on SMC LPP3 and 
LPAR4 as regulators of atherosclerosis, expression of 
LPP3 in other cell-types may also attenuate development 
of atherosclerotic lesions. We also observed increases in 
endothelial LPP3 in atherosclerotic lesions. We and oth-
ers have demonstrated that LPP3 controls endothelial 
barrier function8,31 perhaps by spatial restriction of LPA 
receptor signaling.32 LPP3 also modulates mechano-
transduction in endothelial cells in an anti-inflammatory 
manner10,33; thus, endothelial LPP3 expression may also 
protect against atherosclerosis progression. A recent 
report implicates hepatocyte LPP3 as a regulator of 
plasma LPA levels and experimental atherosclerosis.11 
These findings are intriguing because they suggest 
that LPP3 expression in the liver could have a systemic 
effect, likely by regulating levels of key bioactive lipids 
that stimulate atherosclerosis. However, in the mod-
els reported here, inactivation of mouse Plpp3 was not 
associated with significant differences in plasma lipid or 
lipoprotein profiles or, as observed in the SM22-model, 
circulating levels of LPA.

It is important to note that Sm22 expression has been 
observed in cells other than SMC, such as in monocytes 
and neutrophils in mice.34 Therefore, it is possible that the 
results observed are not the result of the lack of LPP3 
in SMC. However, loss of Plpp3 in myeloid derived cells 
achieved with the LysM promoter had no impact on ath-
erogenesis, suggesting that the primary effect of SM22-
mediated knockdown of Plpp3 is unlikely to be mediated 
by loss of expression in granulocytes. Importantly, due to 
the fact that SM22-mediated Plpp3 deletion is constitu-
tive, we cannot rule out that loss of SMC-derived LPP3 
during development did not impact susceptibility of these 

mice to the development of atherosclerosis. Finally, it is 
worth mentioning that we did not directly test whether 
activation of the MX1-Cre recombinase alone modulated 
atherogenesis. While this cannot be excluded as a pos-
sibility, our model using MX1-Cre mediated deletion of 
Plpp3 demonstrates increased plasma and atheroscle-
rotic plaque LPA, the former of which has been previ-
ously reported as a mechanism driving atherogenesis.11,13

Allelic variation of loci within the final intron of PLPP3 
associates with inter individual differences in CAD risk. 
Functional genomic studies identify this as a dynami-
cally regulated locus containing regulatory elements 
for C/EBP and AP1 family transcription factors. While 
these loci could act in trans to modulate expression of 
distal genes, our finding that Plpp3 deficiency exacer-
bates experimental atherosclerosis is consistent with the 
concept that cis actions of these loci on activity of the 
PLPP3 promoter account for or contribute to the CAD 
risk effect. Taken together, our results identify and vali-
date the PLPP3 gene as an associated biological path-
way that regulates CAD risk but is not obviously related 
to traditional risk factors, in particular those involving 
elevations in circulating cholesterol and triglycerides. 
While strategies to elevate PLPP3 expression to protect 
against atherosclerosis may not be feasible, our findings 
suggest that pharmacological targeting of LPA synthe-
sis and signaling might offer an orthogonal approach to 
lipid-lowering drugs for mitigation of CAD risk.
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Abstract: The emergence of microbes resistant to common antibiotics represent a current treat to
human health. It has been recently recognized that non-antibiotic labeled drugs may promote
antibiotic-resistance mechanisms in the human microbiome by presenting a secondary antibiotic
activity; hence, the development of computer-assisted procedures to identify antibiotic activity in
human-targeted compounds may assist in preventing the emergence of resistant microbes. In this
regard, it is worth noting that while most antibiotics used to treat human infectious diseases
are non-peptidic compounds, most known antimicrobials nowadays are peptides, therefore all
computer-based models aimed to predict antimicrobials either use small datasets of non-peptidic
compounds rendering predictions with poor reliability or they predict antimicrobial peptides that are
not currently used in humans. Here we report a machine-learning-based approach trained to identify
gut antimicrobial compounds; a unique aspect of our model is the use of heterologous training sets,
in which peptide and non-peptide antimicrobial compounds were used to increase the size of the
training data set. Our results show that combining peptide and non-peptide antimicrobial compounds
rendered the best classification of gut antimicrobial compounds. Furthermore, this classification
model was tested on the latest human-approved drugs expecting to identify antibiotics with
broad-spectrum activity and our results show that the model rendered predictions consistent with
current knowledge about broad-spectrum antibiotics. Therefore, heterologous machine learning
rendered an efficient computational approach to classify antimicrobial compounds.

Keywords: machine-learning; antimicrobial peptide; non-peptidic antimicrobial compound;
antimicrobial activity

1. Introduction

Drug-resistant microbes are one of the most important challenges for modern medicine [1]
considering the increased rate in morbidity and mortality associated with antibiotic-resistant
pathogens [2]. It is now commonly accepted that misuse of antibiotics is a major factor that promotes
microbial resistance to these agents [3]; such is the case of broad-spectrum antibiotics that tend to
promote resistance and are now prescribed in very restricted situations [4]. Furthermore, it has
been noted that many non-antibiotic human-targeted drugs alter the gut microbiome in patients
taking such drugs [5,6]. This alteration has been shown to be the consequence of a non-reported
colateral antimicrobial activity, suggesting that microbe resistance to an antibiotic may emerge as
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a consequence of using those human-targeted drugs [7]. Furthermore, some antibiotics may have
not been tested against the gut microbiome and may as well promote the emergence of resistant
microbes. Since the experimental validation of antimicrobial activity for the gut microbiome requires
tests on hundreds/thousands of cultivable and non-cultivable microorganisms and the number of
new human-targeted drugs may include dozens of compounds, it is relevant to develop efficient
computational strategies for the identification of secondary antimicrobial activity of human-targeted
drugs. In the present work we present a computational strategy aimed to improve the identification of
compounds with antimicrobial activity using machine-learning-based approaches.

Previous computational approaches to identify antibiotics using Quantitative Structure-Activity
Relationships (QSAR) [8,9] and machine-learning-based [10,11] procedures have been reported.
In these computational approaches, non-peptidic chemical compounds (from now on referred to as
NPCC) are represented by chemical descriptors (e.g., LogP, molecular weight, polarizability) and each
compound is labeled as antibiotic or non-antibiotic; then a clustering algorithm separates antibiotics
from non-antibiotics. An important limitation of these previous studies is that the number of chemical
compounds used to train the models is limited (less than one thousand NPCC have been described with
antimicrobial activity) and the reliability of these models requires further improvement. Alternatively,
antimicrobial peptides now accumulate in more than 10,000 in different databases [12–14], and several
computational models have been reported to effectively classify antimicrobial from non-antimicrobial
peptides [15–17]. Although peptides represent an important new focus to develop pharmaceuticals,
most human-targeted drugs are NPCC; therefore computational models to identify antimicrobial
activity in these compounds should focus on NPCC. The need to use common molecular descriptors
between polypeptides and NPCC has been previously noted for protein-ligand recognition and
protein folding, as a fundamental aspect to deal with induced-fit or conformer selection mechanisms
for molecular recognition [18]; the aim of this work though, is not to find common descriptors to
peptides and NPCC since there are already packages that solve this problem (see below). Here we
propose that combining peptides and NPCC increases the training set size and this should improve
the reliability of the computational models. The present work tests this proposal and validates the
idea that heterelogous (NPCC and peptides) training sets render the best classifying models. We then
show how this improved model may assist in the identification of broad-spectrum antibiotics on
FDA-approved NPCC.

2. Results

2.1. Training and Testing Gut Antimicrobial Classifiers

Building data sets to combine peptides and NPCC required the use of molecular descriptors
common to both types of compounds; in our case, we used 1444 descriptors calculated by
PadelDescriptor (see Methods). Then, to identify the best machine-learning model to classify gut
antimicrobials, three groups of training sets were used (see Table 1). The first group included only
peptides (TrOnlyPeptides), the second group comprises 4 sets and included only NPCC (TrNPCC1-4)
and the third group combined these two previous sets (TrHeterologous1-4) resulting in a total of
9 training sets (see Table 1); this rendered a total of 45 training sets. These 45 sets were further
processed to substitute any null or "Infinity" values using three different approaches, and a reduction
of dimensions was performed via principal-component analysis (PCA, see Methods). This procedure
rendered a total of 50 Training Sets; all these sets are included in Supplemental Tables S1(A–E)–S9(A–E).

Nine testing sets were built using the NPCC recently reported by Maier et al. [7] with and without
gut antimicrobial activity (see Table 2). The same processing of these testing sets was performed as in
the case of the training sets (see above), rendering again a total of 50 data sets (see Supplemental Tables
S10(A–E)–S18(A–E)). Please note that in both training and testing sets all peptides included were tested
against only one gut microbe assayed against the NPCC used in these sets and that although there are
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many more peptides than NPCC in our training and testing sets, this imbalance is not relevant to find
the border between antimicrobials and non-antimicrobials compounds.

Table 1. Training data sets.

Training Set Entries Description

TrOnlyPeptides 11,546 8000 antimicrobial peptides, 3546 peptides with no known
antimicrobial activity

TrNPCC1 431 164 antimicrobial non-peptides, 267 non-peptides with no known
antimicrobial activity

TrNPCC2 430 164 antimicrobial non-peptides, 266 non-peptides with no known
antimicrobial activity

TrNPCC3 430 164 antimicrobial non-peptides, 266 non-peptides with no known
antimicrobial activity

TrNPCC4 431 164 antimicrobial non-peptides, 267 non-peptides with no known
antimicrobial activity

TrHeterologous1 6204 4164 antimicrobial compounds (4000 peptides and 164 non-peptidic
compounds), 2040 no antimicrobial compounds (1773 peptides and 267

non-peptidic compounds)
TrHeterologous2 6203 4164 antimicrobial compounds (4000 peptides and 164 non-peptidic

compounds), 2039 no antimicrobial compounds (1773 peptides and 266
non-peptidic compounds)

TrHeterologous3 6203 4164 antimicrobial compounds (4000 peptides and 164 non-peptidic
compounds), 2039 no antimicrobial compounds (1773 peptides and 266

non-peptidic compounds)
TrHeterologous4 6204 4164 antimicrobial compounds (4000 peptides and 164 non-peptidic

compounds), 2040 no antimicrobial compounds (1773 peptides and 267
non-peptidic compounds)

The original NPCC from Maier et al. [7], here referred to as OnlyNonPeptides, was used to build TrNPCC1 by
taking only the odd listed compounds, TrNPCC2 by taking even listed compounds, TrNPCC3 and TrNPCC4,
included the first and second half of the data set respectively. The OnlyPeptides data set was divided to generate
TrHeterologous1, TrHeterologous2, TrHeterologous3 and TrHeterologous4 by taking the odds listed peptides, even
listed peptides, first and second half, respectively. Then, these TrHeterologous1-4 data sets with peptides were
combined with the TrNPCC1-4 to complete these sets.

Table 2. Testing data sets.

Testing Set Entries Description

TeOnlyPeptides 861 328 antimicrobial and 533 non-antimicrobial non-peptides

TeNPCC1 430 164 antimicrobial non-peptides, 266 non-peptides with no known
antimicrobial activity. Same as TrNPCC2.

TeNPCC2 431 164 antimicrobial non-peptides, 267 non-peptides with no known
antimicrobial activity. Same as TrNPCC1.

TeNPCC3 431 164 antimicrobial non-peptides, 267 non-peptides with no known
antimicrobial activity. Same as TrNPCC4.

TeNPCC4 430 164 antimicrobial non-peptides, 266 non-peptides with no known
antimicrobial activity. Same as TrNPCC3.

TeHeterologous1 430 Same as TeNPCC1.
TeHeterologous2 431 Same as TeNPCC2.
TeHeterologous3 431 Same as TeNPCC3.
TeHeterologous4 430 Same as TeNPCC4.

The original NPCC from Maier et al. [7], here referred to as OnlyNonPeptides, was used to build all Testing Sets.
TeOnlyPeptides was built taking all the 861 listed compounds. TeNPCC1 and TeHeterologous1 were built by
taking only the even listed compounds. TeNPCC2 and TeHeterologous2 included only the odd listed compounds.
TeNPCC3 and TeHeterologous3 included the second half of OnlyNonPeptides, TeNPCC4 and TeHeterologous4
included the first half of the data set. Testing sets were built so they were the complement of the compounds listed
for their Training sets, so, for example, if a training set was built using the even listed compounds (e.g., TrNPCC1),
its Testing set would be built with the odd listed compounds (e.g., TeNPCC1). Heterologous Testing Sets were the
same as OnlyNonPeptides Testing sets, due to the fact that the interest compounds are of non-peptidic nature.
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Five different statistical parameters (adjusted estimated error rate on the training set (AEER);
correctly classified instances in the training set after splitting 33% for testing (%Split); 10-fold
cross-validation (%10FCV); correctly classified instances on the testing set (%CC); area under the
receiver operator characteristic curve on the testing set (AUROC)) that evaluated the performance on
either the training or testing sets (see Methods) were used to identify the best classifier.

As shown in Figure 1, the best models included heterologous compounds (peptides and NPCC):
circles in Figure 1 represent heterologous training sets and accumulate on the upper part of Figure 1,
that is, those models with highest statistical parameters evaluating the model performance (the actual
data in this figure for these models are included in Supplemental Table S19). Treating the training set
rendering the best model with the K-nearest neighbor or mean-imputation approaches did not improve
the performance of the best model (see Supplemental Tables S6G, S6I, S6J and its corresponding test
set in Table S15G; supplemental Tables S6K, S6L and their corresponding test sets in Supplemental
Tables S15I and S15J).Molecules 2018, 23, x FOR PEER REVIEW  5 of 14 
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Figure 1. Classifiers performance. Five statistical parameters (yellow circle: Correctly classified
instances in the test set after 67% of split validation of the training set; green circle: 10-fold
cross-validation on training set; red circle: Correctly classified instances on the testing set; blue circle:
AUROC on the testing set; purple circle: adjusted estimated error rate on the training set where the
minimum error was represented by number 1.0) are sorted from highest to lowest values. Hence, the
best parameter values are located on the left-upper part of the figure. The models using heterologous
data are represented as circles; triangles are used otherwise. The actual data of this plot can be found in
Supplementary Table S19.

Yet, none of these models surpassed the others in all 5 parameters. To aid in the visualization of
this aspect of our results, Figure 1 displays the values in descending order from left to right; therefore,
the models on the left side of the plot have better scores than those on the right. For instance, models
using heterologous (represented by circles) testing sets (the red and blue circles, corresponding with
the statistical parameters correctly classified instances and AUROC, respectively) laying on the left side
of Figure 1, have better performance than those models using heterologous testing sets on the right
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side of the plot, yet, those on the right side including either heterologous or non-heterologous training
sets (green and yellow circles or triangles) have better scores than those models using heterologous
or non-heterologous training sets on the left side of the plot. The models in the middle of the plot
have on the other hand, intermediate performances. Please note that the statistical parameter adjusted
estimated error rate is the value that AutoWeka optimizes, hence for all the reported models is close to
1.0 and consequently does not contribute to differentiate the performance of the models. This statistical
parameter is shown in Figure 1 to note that all models have similar error rates, yet different statistical
parameters, hence, the best model obtained from AutoWeka cannot be selected simply by considering
the error rate value reported.

Thus, to aid in the identification of the best models, we used a previous score developed by our
group that takes into account multiple statistical parameters, the Combined Score or simply CScore [19]:

CScorei =
1
5

5

∑
n=1

[√
MaxSn − Si,n

MaxSn − MinSn

]
(1)

where MaxSn and MinSn represent the maximum and minimum scores for a given statistical parameter
n over all models; Si,n is the score observed for a given statistical parameter n and model i; n represents
the index of the statistical parameter to evaluate (in our case were 5 parameters: AEER, %Split, %10FCV,
%CC and AUROC). Thus, formula 1 calculates CScore for each model i.

CScore averages the difference of each statistical parameter to its best value (e.g., true-positive rate
best value is 1, so the difference between the observed true positive rate and 1 is included in the CScore),
therefore the lower the CScore value the better the classifying model. Figure 2 (and Supplementary
Table S20) shows that the five best models are those using heterologous training sets (the ones below
the 0.3 line in Figure 2). Furthermore, we noticed that the top 5 best models overlapped on average in
more than 70% of their classifications hence, these were mainly redundant (see Figure 3).
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Figure 3. Classifiers overlap. The predictions of antimicrobial compounds of the top 5 models were
compared to quantify their overlap. The image shows the 10 pairs of models generated from these 5
top models. The comparison was performed on the discovery set (see Methods) because not every
model had the same testing set.

Therefore, we selected the best model based on the lowest CScore; such model was built using
the RandomCommittee algorithm (see Supplemental Table S21 for the algorithm parameters) on
the TrHeterologous1 set (see Table 1) that included 86 molecular PCA-reduced descriptors and
achieved the following performance: AEER: 0.99955; %Split: 87.4; %10FCV: 87.3; %CC: 77.2; AUROC:
0.83 (model named TrHeterologous1-Reduced-With-99M-CRC20_CRF in Supplemental Table S21;
the corresponding data set for this model is reported in Supplemental Table S6E).

2.2. Identifying Broad-Spectrum Antibiotics among FDA-Approved Compounds

We used the best model to predict NPCC with expected gut antimicrobial activity among
FDA-approved drugs. The motivation to perform this prediction is not for testing purposes, as
in the case of the training and testing sets used before. Hence, the set of compounds used in
this prediction stage is referred to as the discovery set, because we aimed to discover potential
compounds with gut antimicrobial activity. We used 756 FDA-approved compounds included in the
ZINC database (see Methods) that were not part of the training or testing sets; these compounds
included 111 antimicrobials and 645 compounds without any known antimicrobial activity; we also
added 73 NPCC that included 22 antifungal compounds and 51 without any reported antifungal
activity (see Supplementary Table S22). We have previously reported that these 22 antifungals work
through a mechanism (alter calcium intake [20]) different from antibacterial compounds (e.g., penicillin
derivates, sulphonamides, etc), thus we expected our model to predict few of these compounds
as antibacterials. FDA-approved compounds on the other hand are expected not to have, or to
have minor, gut antimicrobial activity otherwise their secondary gastrointestinal effects would be
significant. We would expect that FDA-approved drugs would be less likely predicted to act against
non-athogenic gut microbes than antifungals. To evaluate the reliability of our predictions using
the discovery set, we considered that antibiotic compounds against the non-pathogenic gut flora
among the FDA-approved drugs should be considered broad-spectrum antibiotics; please note that our
classifier was not trained to predict this class of antibiotics, yet the combination of the predictions of our
classifier on the FDA-approved drugs would render this information. The definition of broad-spectrum
antibiotics is somehow arbitrary, for instance, it is considered that antibiotics that act on G(+) and
G(−) are broad-spectrum antibiotics for some authors, while those acting against pathogenic and
non-pathogenic microorganisms are classified as broad-spectrum antibiotics by others [21,22]. The list
of broad-spectrum antibiotics was obtained from five recent works (see Methods), including 19
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broad-spectrum and 3 narrow-spectrum antibiotics (see Supplementary Table S22). We were able to
identify 72 true positives (FDA-approved antibiotics against pathogenic microbes predicted to act
against non-pathogenic gut microbes) in the discovery set that we predicted should be considered as
broad-spectrum antibiotics (see Table 3).

Table 3. Confusion matrix for the discovery set.

Predicted Gut Antimicrobial Predicted No Antimicrobial

Pathogenic antimicrobial 72 61
No antimicrobial 140 556

The actual data for this table can be found in Supplementary Table S22.
From these 72 antimicrobials, only 16 had been annotated as broad-spectrum antibiotics and 3 as

narrow-spectrum antibiotics (see Supplemental Table S22). Hence, we propose that these 3 annotated
narrow-spectrum antibiotics should be considered more likely as broad-spectrum antibiotics (see
Table 4).

Table 4. True pathogenic antimicrobials predicted by the best classifier on the discovery set.

Compound Name Annotation

Amoxicillin Narrow spectrum
Phenoxymethylpenicillin Narrow spectrum

Cephalexin Narrow spectrum

On the other hand, among the 61 false negatives, 3 compounds were annotated as broad-spectrum
antibiotics (see Supplemental Table S22). This annotation is consistent with our predictions, since these
antibiotics directed towards pathogenic microorganisms are unlikely to affect the non-pathogenic gut
microbes. Furthermore, 17 out of the 22 antifungal compounds were predicted as antimicrobials.

Thus, in total we were able to correctly identify 16 out of the 19 known broad-spectrum antibiotics
and we suggest that 3 of the annotated narrow-spectrum antibiotics should be re-evaluated; hence,
the reliability to identify broad-spectrum antibiotics was 84.2%. Furthermore, our results suggest that
56 (61 true negatives less 5 antifungals) (50.4%) out of 111 antibiotics approved by the FDA included in
our discovery set are unlikely to affect gut microbes. In comparison, 5 (22.7%) out of 22 antifungals
were predicted not to act against the gut microbes (see Supplemental Table S21). Thus, it is twice as
much less likely that FDA-approved antibiotics would be toxic against gut microbes than antifungals.

3. Discussion

The identification of antimicrobial compounds assisted by machine-learning techniques has
multiple advantages, such as reduction of the invested time to develop novel pharmaceuticals or to
flag molecules that could have secondary antimicrobial activity [17]. An important aspect of these
techniques is how to improve the reliability of these predictions. One way to achieve this is to increase
the number of examples in the training and testing sets. In this work we propose that it is possible
to use chemical compounds of different nature (peptides and NPCC) that are commonly modeled
separately as antimicrobials to improve the reliability of the predictions. Here we show that indeed,
the training sets that rendered the best classifiers of antimicrobial compounds were heterologous, those
including NPCC and peptides (see Figures 1 and 2). We can compare our best classifier with previous
works in terms of the learnability of our classes, that is, how well gut antimicrobial compounds
are differentiated from non-antimicrobial gut compounds. In that sense, the numeric performance
achieved by the best classifier on the testing set (AUC = 0.83) is comparable with the performance
achieved with one of the best antimicrobial peptide classifiers (AUC = 0.85) recently reported [23],
indicating that the learnability of heterologous training sets is as good as those of only peptides.
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Another important aspect of our work is the molecular descriptors obtained to best classify
gut antimicrobial compounds that included both peptides and NPCC. Although our goal was not
to identify common descriptors for NPCC and peptides (these are already calculated by available
packages, see Methods), we did look for those descriptors that are relevant to learn the difference
between antimicrobials from non-antimicrobials. Our results indicate that the solution to this
problem requires the transformation of 86 computed molecular descriptors, suggesting that other
molecular descriptors, most likely associated to these 86 descriptors, may improve the current
best-model performance.

In terms of improving the performance reported in this work, it is worth mentioning that we
used peptides that were not tested by Maier et al. [7] yet, these peptides had reported antibiotic
activity against at least one microorganism (Escherichia coli) found in the gut and tested by Maier and
collaborators. On the other hand, the NPCC included in our work had antibiotic activity against at
least one of the 40 gut microorganisms tested by Maier and collaborators. Hence, one alternative
approach to improve the performance of classifiers aimed at identifying gut microorganisms would
be to include antibiotics that target more common gut microorganisms; that would require further
experimental data that is not currently available at present.

To the best of our knowledge, no previous machine-learning efforts to assist in the identification of
broad-spectrum antibiotics have been reported; here the definition of broad-spectrum antibiotics was
restricted to those acting against both pathogenic and non-pathogenic microorganisms. Hence, using a
classifier trained to identify gut non-pathogenic antimicrobial compounds to predict this activity in
FDA-approved antibiotics targeted against pathogenic microorganisms represents a way to identify
broad-spectrum antibiotics. Our results suggest that half of the FDA-approved antibiotics are likely to
have antimicrobial activity against the gut microorganisms indicating that these require further testing
or investigation. For instance, two annotated narrow-spectrum antibiotics, amoxicillin and cephalexin,
that were predicted to alter gut microbes are known to affect the gastrointestinal flora [24]. On the
other hand, the broad-spectrum antibiotic ceftaroline fosamil recently approved by the FDA to treat
bacterial pneumonia and skin infections, which was not predicted to affect the gut flora, was reported
to have minor gastrointestinal effects during clinical trials [25].

How significant is our finding that almost half of the FDA-approved antibiotics are predicted to
have a broad-spectrum activity? To address this question, we included in the discovery set a group of
antifungal compounds. All microorganisms used to train our models were bacteria, hence we expected
that these antifungals that act through a mechanism different from those reported for bacteria would be
unlikely predicted to act against bacteria; lets refer to this negative prediction as expectation-antifungal.
On the other hand, most FDA-approved antibiotics should unlikely present antibiotic activity against
gut microbes, otherwise these would frequently have secondary gastrointestinal effects on patients;
lets refer to this negative prediction as expectation-FDA. Then, to address the significance of our findings
about broad-spectrum antibiotics requires evaluating expectation-antifungal and expectation-FDA;
if FDA-approved drugs are less likely to act on gut microbes than antifungals then expectation-FDA <
expectation-antifungal. Indeed, we observed that FDA-approved antibiotics are twice as much less likely
to act against gut microbes than antifungals. Thus, our results indicate that even when FDA-approved
antibiotics are safer (do not act against non-pathogenic resident gut bacteria) than our control group
(antifungals), we identified some of these compounds that need to be re-assessed as potential promoters
of resistance among microbes for their potential broad-spectrum activity.

In summary, we report a computational approach to use heterologous antimicrobial compounds
(peptides and non-peptides) to improve the discriminatory power of machine-learning approaches.
We show that training a classifier to identify antibiotics against the gut flora using heterologous training
sets correctly anticipate adverse gastrointestinal reactions in patients receiving these antibiotics.
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4. Materials and Methods

4.1. Materials

Peptides included in the training sets were obtained from the non-redundant data set of 20 public
databases (see Table 5). Testing sets were derived from the work reported by Maier and collaborators
(see Supplemental Tables S10–S18). Finally, a discovery set containing 750 FDA-approved drugs for
treating human infectious diseases and 76 antifungal drugs was built from the ZINC database [26].
Molecular descriptors were computed with PadelDescriptor [27]. For every training and test set,
we performed five different approaches to process the molecular descriptors for each peptide and/or
NPCC. These included: no processing; eliminate every null value; substitute every “Infinity” value for
0 or 99,999,999; reduction of the dimensionality applying a principal component analysis implemented
in WEKA package (see below). Since the substitution of Infinity values for 0 or 99,999,999 is not a
conventional strategy, we performed an imputation of the Infinity and null values using the K nearest
neighbor or mean imputation approaches, but only on the best model data set for comparison. That is,
from the 9 training sets we generated a total of 45 training sets following the different approaches
described before; the same applies to the 9 testing sets. For the discovery set only the transformation
applied to the best classifier was performed.

Table 5. Antimicrobial peptide databases used in the present study.

Database Focused on Reference

BACTIBASE Bacteriocins [28]

Bagel Bacteriocins [29]

CAMP General and Patented AMPs [14]

DADP Anuran AMPs [30]

DAMPD General AMPs * [31]

DBAASP General AMPs [13]

Defensins Defensins [32]

HIPdb Anti-HIV peptides [33]

LAMP General and Patented AMPs [34]

MilkAMP AMPs of dairy origin [35]

PhytAMP Plant AMPs [36]

PenBase Penaeidin AMPs [37]

Peptaibol Peptaibols [38]

RAPD Recombinant AMPs [39]

AMPer Eukaryotic AMPs [40]

UniprotKb General AMPs [41]

YADAMP General AMPs [42]

AMSDb Eukaryotic AMPs [43]

APD General AMPs [44]

AVPdb Antiviral peptides [45]

* AMPs stands for Antimicrobial Peptides.

4.2. Method

To identify the best model to classify gut antimicrobial compounds, we followed a systematic
method previously reported by our group [46]. Briefly, given the training sets, 52 different
machine-learning algorithms implemented in WEKA [47] and their parameters were systematically
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analyzed to identify the algorithm, parameters and molecular descriptors that renders the lowest
possible error in classification; this systematic analysis was performed by the Bayesian optimization
algorithm implemented in AutoWEKA [48]. We ran AutoWEKA against any training set for 10, 90, 720,
2880 and 4320 minutes to identify when the optimization has reached a plateau in the classification
error. Afterwards, a 10-fold cross validation and 67% split tests were performed in WEKA. Finally,
these classifiers were evaluated against their corresponding testing sets. Two statistical parameters
were chosen to evaluate the performance of the classifiers during the testing, including: Area under
the ROC curve and correctly classified instances on the testing set. Therefore, a total of 5 statistical
parameters were used to define the best classifiers, three for the training phase (adjusted estimated error
rate on the training set; correctly classified instances in the training set after splitting 33% for testing;
10-fold cross-validation) and two for the testing phase (AUROC and correctly classified instances).

To identify the intersection set between the top 5 classifiers, we compared the predictions of these
classifiers rendering 10 possible pairs of predictions on the discovery set; we used this set because not
every classifier had the same testing set. The best model was identified using a combined score (see
formula 1): the model with the lowest combined score was chosen. The model then was used to predict
gut antimicrobial compounds in the discovery set using WEKA command line (see Supplemental File
S1). To annotate as broad-spectrum or narrow-spectrum antibiotics, we used five different previous
works that classified antibiotic action [22,49–52].

Supplementary Materials: The following are available online at http://bis.ifc.unam.mx:8080/ironbios/
heteroml/, File S1: Script to execute the best model to predict antimicrobials on FDA-approved drugs, Table S1A–E:
Training sets in ARF format for TrOnlyPeptides, Table S2A–E: Training sets in ARFF format for TrNPCC1, Table
S3A–E: Training sets in ARFF format for TrNPCC2, Table S4A–E: Training sets in ARFF format for TrNPCC3, Table
S5A–E: Training sets in ARFF format for TrNPCC4, Table S6A–L: Training sets in ARFF format for TrHeterologous1,
Table S7A–E: Training sets in ARFF format for TrHeterologous2, Table S8A–E: Training sets in ARFF format for
TrHeterologous3, Table S9A–E: Training sets in ARFF format for TrHeterologous4, Table S10A–E: Testing sets in
ARF format for TeOnlyPeptides, Table S11A–E: Testing sets in ARF format for TeNPCC1, Table S12A–E: Testing
sets in ARF format for TeNPCC2, Table S13A–E: Testing sets in ARF format for TeNPCC3, Table S14A–E: Testing
sets in ARF format for TeNPCC4, Table S15A–J: Testing sets in ARF format for TeHetrelogous1, Table S16A–E:
Testing sets in ARF format for TeHetrelogous2, Table S17A–E: Testing sets in ARF format for TeHetrelogous3,
Table S18A–E: Testing sets in ARF format for TeHetrelogous4, Table S19: Parameter values for all models tested,
Table S20: CScore values for all model tested, Table S21: Best models algorithms and corresponding parameters
and Table S22: Discovery set.
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Through somatic exocytosis neurons liberate immense amounts of transmitter molecules

that modulate the functioning of the nervous system. A stream of action potentials

triggers an ATP-dependent transport of transmitter-containing vesicles to the plasma

membrane, that ends with a large-scale exocytosis. It is commonly assumed that

biological processes use metabolic energy with a high thermodynamic efficiency,

meaning that most energy generates work with minor dissipation. However, the

intricate ultrastructure underlying the pathway for the vesicle flow necessary for somatic

exocytosis challenges this possibility. To study this problem here we first applied

thermodynamic theory to quantify the efficiency of somatic exocytosis of the vital

transmitter serotonin. Then we correlated the efficiency to the ultrastructure of the

transport pathway of the vesicles. Exocytosis was evoked in cultured Retzius neurons

of the leech by trains of 10 impulses delivered at 20Hz. The kinetics of exocytosis

was quantified from the gradual fluorescence increase of FM1-43 dye as it became

incorporated into vesicles that underwent their exo-endocytosis cycle. By fitting a

model of the vesicle transport carried by motor forces to the kinetics of exocytosis,

we calculated the thermodynamic efficiency of the ATP expenses per vesicle, as the

power of the transport divided by total energy ideally produced by the hydrolysis of

ATP during the process. The efficiency was remarkably low (0.1–6.4%) and the values

formed a W-shape distribution with the transport distances of the vesicles. Electron

micrographs and fluorescent staining of the actin cortex indicated that the slopes of

the W chart could be explained by the interaction of vesicles with the actin cortex

and the calcium-releasing endoplasmic reticulum. We showed that the application of

thermodynamic theory permitted to predict aspects of the intracellular structure. Our

results suggest that the distribution of subcellular structures that are essential for somatic

exocytosis abates the thermodynamic efficiency of the transport by hampering vesicle

mobilization. It is remarkable that the modulation of the nervous system occurs at the

expenses of an efficient use of metabolic energy.

Keywords: somatic exocytosis, extrasynaptic, serotonin, thermodynamic efficiency, vesicle transport, kinesin,

myosin, leech

INTRODUCTION

Extrasynaptic exocytosis, namely the release of transmitters and peptides from the neuronal soma,
dendrites, and axons, is a source of modulators of the activity of the nervous system (De-Miguel and
Fuxe, 2012; De-Miguel and Nicholls, 2015). Most low molecular weight transmitters and different
peptides are released extrasynaptically by exocytosis (for review see Trueta and De-Miguel, 2012).
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Molecules released in this manner diversify the responses of
neural circuits to a given stimulus by integrating the activity of
neurons, glia and capillaries (Fuxe et al., 2007; Rozanski et al.,
2012; Hirasawa et al., 2015; Newman, 2015).

The mechanism for extrasynaptic exocytosis is substantially
different from that for release at synapses and similar to
the mechanism for exocytosis from endocrine cells. Somatic
exocytosis involves a multi-regulated sequence of serial and
parallel reactions that couple excitation with exocytosis (Ludwig
and Stern, 2015; Del-Bel and De-Miguel, 2018). Vesicles -usually
large and electrodense (see Trueta and De-Miguel, 2012) filled
with signaling molecules, rest far from the plasma membrane.
Bursts of electrical activity evoke a transmembrane calcium entry
that triggers calcium release from the endoplasmic reticulum
(review see Trueta and De-Miguel, 2012; Del-Bel and De-Miguel,
2018). The calcium wave induces an increase of cytosolic ATP
that triggers the vesicle transport by the activation of molecular
motors (Nicholls et al., 2003; Llorente-Folch et al., 2013; Rueda
et al., 2014; Del-Pozo and De-Miguel, in preparation). Exocytosis
starts as vesicles arrive at the plasma membrane (De-Miguel and
Trueta, 2005). Calculations of the ATP expenses per vesicle fusing
(ATPves) made by applying thermodynamic theory to the kinetics
of somatic exocytosis of serotonin, unveiled that the amount of
ATPves has a W-shape dependence on the transport distance of
the vesicles (De-Miguel et al., 2012). This relationship may reflect

FIGURE 1 | Mechanism for somatic exocytosis in the Retzius neuron. (A) Schematic representation of the vesicle transport system. The scheme incorporates findings

from this study. Vesicle clusters rest at variable distances from the plasma membrane. More than one cluster can be attached to the same microtubule (mt) bundle by

kinesin motors (km). Internal clusters (red) lay across the actin cortex. The transport of vesicle clusters depends on four forces: the motor forces (fmot ), elastic forces

(fel ), friction forces (ff ), and random forces (fr ). At rest, these forces are in equilibrium. The motor forces are microtubule- and kinesin-dependent (De-Miguel et al.,

2012). Electrical stimulation produces a cascade of calcium-dependent events that activate the motor forces. Vesicle clusters are transported to the plasma

membrane along a distance (d), at a velocity (v = d/t). Peripheral clusters (green) rest immersed in the actin cortex at the time of stimulation, flanked by two layers of

endoplasmic reticulum (er1, er2). Inside the actin cortex, myosin motors (mym) add to kinesin motors to transport the vesicle clusters to the plasma membrane (pm).

The reduced number of vesicles as clusters approach the plasma membrane seems to obey a continuous vesicle detachment and transport to the plasma membrane

(Leon-Pinzon et al., 2014). Fusion of these vesicles (arrowhead) produces the constitutive release of serotonin that permits the large-scale exocytosis when whole

clusters arrive at the plasma membrane in response to electrical stimulation. (B) Biophysical parameters measured from the FM1-43 kinetics upon electrical

stimulation of exocytosis. The green segment is the contribution of a peripheral cluster; the red segment is the contribution of an internal cluster. The latency to the

onset of release contains information on the distance and velocity (t = d/v) of the vesicle transport. The J value is the flux of vesicles (vesicles fused per second). The

no values are the number of vesicles that fused per vesicle cluster.

the cytoarchitecture of the transport pathway, since electron
micrographs contain endoplasmic reticulum and mitochondria
-which are engines for somatic exocytosis- often invading the
transport pathway of the vesicles (Trueta et al., 2004, 2012; De-
Miguel et al., 2012). In addition, the actin cortex at rest prevents
the vesicle transport, but after the onset of electrical activity turns
into a component of the transport system by binding to myosin
motors (Wang and Hatton, 2006; Tobin and Ludwig, 2007).
Such observations raised the possibility that somatic exocytosis
operates under low thermodynamic efficiency, opposing to the
common assumption that biological processes make a high
efficiency use of their metabolic energy. Theoretically, when
friction forces hamper the work, a fraction of the energy
dissipates in the form of heat, reducing the thermodynamic
efficiency of the process. For this reason, measurements of the
amount of energy provide only a partial story; it is also necessary
to estimate how efficiently the energy is used. This focal problem
was studied here by making use of the advantages of the well-
known somatic exocytosis of serotonin by the Retzius neuron of
the leech.

The large (∼70µm) soma of a Retzius neuron stores serotonin
in astronomic numbers of 100 nm diameter electrodense vesicles
(Coggeshall, 1972). At rest or following electrical stimulation
with trains of 10 action potentials at 1Hz (a frequency similar to
the spontaneous firing of serotonergic neurons), vesicles remain
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clustered at variable distances from the plasma membrane and
exocytosis does not occur (Figure 1; De-Miguel et al., 2012).
By contrast, the same number of action potentials evoked at a
high 20Hz frequency triggers the massive transport of vesicle
clusters to the plasma membrane and the large-scale exocytosis.
Within the following hundreds of seconds, tens of thousands of
vesicles distributed in ∼90 clusters will discharge their content
from different parts of the soma (Trueta et al., 2003; De-Miguel
et al., 2012). The large-scale exocytosis is sustained for long
periods in absence of further transmembrane calcium entry, by
the serotonin that has been released (Leon-Pinzon et al., 2014).
Activation of serotonin autoreceptors evoke an intracellular IP3-
dependent release of calcium from the endoplasmic reticulum
adjacent to the plasma membrane. This localized calcium
elevation maintains exocytosis until the fusion of the last vesicles
in the clusters (Leon-Pinzon et al., 2014). It is common that a
second and larger cluster of vesicles arrives at the same release site
producing a second bulk of exocytosis (De-Miguel et al., 2012;
Leon-Pinzon et al., 2014). Figure 1 recapitulates the elementary
aspects of this mechanism.

In this study we applied a thermodynamic theoretical
approach to calculate the efficiency of somatic exocytosis of
serotonin. As the reporter of exocytosis we used the fluorescence
increase of FM1-43 dye, which stains the inside of vesicles that
undergo their exocytosis/endocytosis cycle (Betz et al., 1992;
De-Miguel et al., 2012). A mathematical approach applied to
the kinetics of exocytosis permitted to calculate the transport
distance, velocity and power of the whole process of somatic
exocytosis from individual release sites. By incorporating new
experimental data to the model fittings, we improved our
previous estimates of the ATP expenses per vesicle fused
(ATPves). The thermodynamic efficiency of the ATPves expenses
was calculated from the work in the presence of friction forces,
divided by the ideal energy generated by the ATP cleavage. The
thermodynamic efficiency along the traveling distance of the
vesicles was correlated with the ultrastructure of the transport
pathway, analyzed from electron micrographs, and fluorescent
staining of the actin cortex.

MATERIALS AND METHODS

Ethics Statement
Animal research was approved by the Animal Committee of the
Instituto de Fisiología Celular, Universidad Nacional Autónoma
de México.

Isolation and Culture of Neurons
Experiments were made using Retzius neurons of the medicinal
leech Hirudo sp. For experiments with FM1-43, neurons
were individually isolated by suction through a glass pipette
after an enzyme treatment (Dietzel et al., 1986) and plated
in glass-bottom culture dishes coated with concanavalin-A
(Sigma, St. Louis, MO). The culture medium was L-15 (Sigma)
supplemented with 6mg/mL glucose, 0.1mg/mL gentamycin and
2% fetal bovine serum (Gibco, Gaithersburg, MD). Experiments
were made at 18◦C after 1–3 days in culture.

Stimulation and Detection of Exocytosis
Exocytosis was quantified from the fluorescence increases
produced by the incorporation of FM1-43 (2µM; Molecular
Probes) by the vesicles that undergo fusion and endocytosis (Betz
and Bewick, 1993). Vesicle fusion permits the dye to enter the
vesicles and stain their internal membrane. Endocytosis keeps the
dye inside the vesicle. Therefore, each vesicle fusion contributes
with a step to the fluorescence in the release site. We have
previously shown that the large-scale exocytosis from vesicles
arriving in a cluster lasts for hundreds of seconds, depending
on the number of vesicles in the distance and the velocity of
the transport. Upon endocytosis, the stained vesicles accumulate
near the plasma membrane without being recycled to the
releasable pool. Instead, they get packed forming multivesicular
bodies that are later transported to the perikaryon (Trueta et al.,
2012). Therefore, the gradual increase of fluorescence reflects
accurately the kinetics of exocytosis; the plateau is reached once
all the electrodense vesicles in the cluster have fused and the
intensity of fluorescence indicates the number of vesicles that
fused (De-Miguel et al., 2012). If any stained vesicle fuses again
the amount of fluorescence does not increase because the vesicle
is already stained.

Stimulation of exocytosis consisted of trains of 10 action
potentials produced by intracellular injection of 10ms current
pulses at 20Hz delivered every 2min. The amplitude of the
current pulses was adjusted in every neuron between 5 and 8
nA, to guarantee that each pulse in the train produced one
action potential. The intracellular voltage was recorded using a
Getting pre-amplifier operating in bridge balance mode. In eight
other neurons the actin cortex was uncoupled by incubation
with 1µM cytochalasin D (Sigma-Aldrich) for 30min at 18◦C
before stimulation.

Individual neurons were focused on their equator with a
Nikon Eclipse TE 200 inverted microscope using a Nikon 100x
oil immersion objective (NA 1.40). FM1-43 was excited at 488 nm
and its fluorescent emission was measured at 543 nm. Images
were taken every 2 s with a cooled CCD camera (IMAGO, Till
Vision, Germany) at a 640× 480-pixel resolution. Processing was
made offline by using TILLvisION software.

The fluorescence measurements were made by linear
interpolation, after non-specific fluorescence in each sequential
image was subtracted from the intensity of the membrane. The
area of release was estimated from the length of membrane in
which fluorescence increased, by assuming that it was circular
(De-Miguel et al., 2012). This number served as a reference for
the model estimates of the number of vesicles (see Equation 1).

Exclusion Criteria
Neurons commonly moved after electrical stimulation.
Therefore, the focus of each spot in the time series analysis
had to be confirmed from a z axis scanning of the neurons at
the end of the experiment. Only fluorescent spots that remained
in focus during the whole experiment or that could be aligned
digitally were included in the analysis. Clusters extending for
more than 1µmof membrane length were excluded to avoid out-
of-focus fluorescent emissions due to large numbers of vesicles
(De-Miguel et al., 2012). For these reasons, we eliminated
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from our analysis a vast number of observations. However,
the data from nine different neurons in which subsequent
uncorrelated clusters of vesicles arrived at the same spot were a
fair representation of the population.

Quantitative Analysis of Exocytosis
The model was developed based on the kinetic properties of
the FM1-43 fluorescence increases during exocytosis (Figure 2).
A full account of the theoretical development of the model is
presented in De-Miguel et al. (2012). In brief, the fluorescence
kinetics F(t) is proportional to the flux Jves of vesicles arriving
at the plasma membrane. The process of exocytosis is orders
of magnitude faster than the speed of the vesicle transport.
Therefore, the flux reflects the transport and can be defined as the
number of vesicles fusing per second at an area A of the plasma
membrane, according to:

F(t) = F0 + Ab

∫ t

0
Jves(d, t

′)dt′ (1)

In Equation (1), F0 is the basal fluorescence produced by
the interaction of the fluorescent dye with the extracellular
layer of the plasma membrane; b is a proportionality factor
relating the amount of fluorescence contributed by each vesicle.
This proportionality stems from the fact that the internal
membrane surface of the population of electrodense vesicles can
be considered constant. The parameter “t” is the time, while “d”
is the transport distance from the center of mass of the resting
cluster to the plasma membrane. The distance was estimated
by the model and was correlated with distances measured from
electron micrographs of neurons stimulated with 1Hz trains of
impulses (De-Miguel et al., 2012). The plateau of the fluorescence
increase indicates the total the number of vesicles (n0) that
fused (Figure 1B). The parameters used in the model are in
Table 1. The contribution of the distance, velocity and number of
vesicles to the kinetics of fluorescence are presented schematically
in Figure 1.

As shown also in Figure 1, the flux of vesicles, Jves, depends on
four forces. The first two are a frictional force due to the resistance
opposed by themedium to the vesicle motion and a random force
produced by thermal agitation. These two forces produce the
Brownianmotion of the vesicles at the experimental temperature.
The third force is elastic and confines the individual vesicles in a
cluster. These forces are considered harmonic because the vesicle
displacements they produce are small. This assumption simplifies
the model. The fourth force is used by the motors to carry the
vesicle clusters plus mitochondria at an average velocity “vves”
(Svoboda and Block, 1994; Schnitzer and Block, 1997). The Force
of the motor and the elastic forces acting together on the vesicles
can be defined as:

F = fel + fmot = ω
2(d − vt) (2)

Where ω is the characteristic frequency at which the elastic forces
confine the vesicles, as described by:

ω =

√

k

m
(3)

FIGURE 2 | Kinetics of the large-scale exocytosis as measured from the

fluorescence increases of FM1-43. (A) Superimposition of the FM fluorescence

(Fluo) kinetics of eight representative spots from an equal number of neurons.

Stimulation occurred at t = 0. A subsequent stimulation train was delivered

every 2min. Fluorescence is plotted as the percentage increase over the

baseline. Subsequent sigmoidal increases appear in most kinetics, with each

reflecting exocytosis from a subsequent vesicle cluster. (B) Treatment of

neurons with cytochalasin D that uncouples the actin cortex delayed and

reduced the fluorescence increases in response to stimulation and abolished

the second sigmoidal fluorescence increase. The plot superimposes six

kinetics from an equal number of neurons. Note the difference in the

fluorescence scale bars between (A,B).

We consider that the vesicle motion toward the cell membrane
is unidimensional and can be described in terms of the distance
coordinate. Therefore, Jves depends on the friction and motor
forces plus the contribution of diffusion, where Jves = ρvves and
vves = β

−1F. Then Jves can also be expressed as:

Jves = −D
∂ρ

∂x
+ β

−1
ρF (4)

where the term −D ∂ρ

∂x accounts for diffusion, with D the being
the diffusion coefficient, and the second term is the product of
the friction (β−1

ρ) and the motor (F) forces, due to the effect of
the driving force (De-Miguel et al., 2012).

These forces are modeled by a linear function of the position,
which corresponds to a harmonic force. Harmonic forces yield in
general an oscillatory motion in which the velocity of the particle
decreases until it vanishes at a certain point, and then increases in
the opposite direction. In this case the harmonic force acts only
during forward motion. Therefore, that sole force can model the
main movement of the vesicles to the plasma membrane.
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TABLE 1 | Definition of the parameters used in the model.

Symbol Definition Dimensions

A Area of a release site measured from the

diameter of the fluorescence increase

L2

ATPves Number of ATP molecules hydrolyzed per

vesicle fused.

_

β Dimensionless constant referring to the

fluorescence increase per vesicle fused

_

d Transport distance of vesicle clusters measured

from the center of mass of the cluster to the

plasma membrane

L

1G Gibb’s free energy ML2T−2

1GATP Gibb’s free energy of ATP hydrolysis ML2T−2

F0 Baseline value of the fluorescence intensity a.u.

F(t) Fluorescence as a function of time a.u.

F Force exerted by the motors MLT−2

ff Friction forces per mass unit LT−2

fr(t) Random forces due to thermal agitation per

mass unit

LT−2

fel Elastic forces per mass unit LT−2

fmot Molecular motor force per mass unit LT−2

Fv Power of the large-scale exocytosis ML2T−3

Jves Current density of vesicles L−2T−1

κ Elastic constant of the cytoskeleton MT−2

m Mass M

η Thermodynamic efficiency _

no Number of vesicles per cluster _

r Rate constant of ATP hydrolysis T−1

v Average velocity of vesicle cluster transport LT−1

ω Characteristic frequency of the elastic force T−1

W Work of the large-scale exocytosis ML2T−2

Improved Estimates of ATP Consumption
The work that moves the vesicle cluster-mitochondria complex
along a certain distance equals the change in free energy:

Wtot = k(d2 − dvt) = 1Gprocess (5)

In our previous calculations, the elastic (k) constant value of
the molecular motors was a free parameter in the model. For
such reason there were variations in its predicted value from one
release site to another (De-Miguel et al., 2012). In this study, we
fed the model with a unique k = 0.027 pN/nm value measured
experimentally by Bruno et al. (2011).

Equation (6) expresses the total amount of energy provided
by the cleavage of ATP that is necessary under ideal conditions,
to transport a vesicle cluster for a certain distance without
dissipation. Due to the heterogeneity of the vesicle cluster
sizes, the energy is expressed as the number of ATP molecules
hydrolyzed per vesicle fused (ATPves) by dividing the numerator
by the number of vesicles in the cluster n0:

ATPves =
1Gprocess

n01GATP
(6)

TABLE 2 | Ranges of parameter values contributing to the vesicle transport.

Cluster Peripheral Internal

η0 98–490 52–930

d (µm) 0.6–2.1 1.9–6.2

v (nm/s) 15.0–95.0 11.5–60.0

Jves (ves/sec) 0.2–4.0 0.9–10.33

Elastic force (N × 10−11) 1.2–4.2

(0.6–4.1)

3.8–12.0

(2.2–24.2)

Motor force (N × 10−10) 1.2–6.0

(0.6–4.4)

1.8–4.7

(1.4–3.5)

ATPves 10.9–49.4

(3.4–73.0)

13.6–260

(0.4–25.1)

Efficiency (%) 0.2–6.4 0.1–1.9

Data in red are the estimates calculated in this study; data in parenthesis are from our

previous study (De-Miguel et al., 2012).

The 1GATP value was 5.4× 10−20 Joules (Alberty and Goldberg,
1992), and n0 is the number of vesicles that fused (see Equation
1). Table 2 compares the data obtained for the elastic and motor
forces, and for the ATPves expenses reported here and in our
previous study (De-Miguel et al., 2012). Table 2 shows that the
ATPves values presented here remained within similar orders of
magnitude than those previously reported.

Thermodynamic Efficiency
Since energy dissipation due to the presence of frictional forces is
expected to occur in a non-ideal transport by living neurons, we
used the classical definition of efficiency as the ratio between the
ideal and the lost work and applied as in De Groot and Mazur
(1969), later applied to analyze the efficiency of the calcium
ATPase by Lervik et al. (2012).

η =
Wideal −Wlost

Wideal
(7)

TheWideal is the given by:

Wideal = −r1rG (8)

Where r is the force-related rate of ATP cleaved by the molecular
motors. The kinetics of force generation of molecular motors
are consistent with a two-step reaction (Higuchi et al., 1997).
The binding of ATP has a rate constant that depends on the
concentration and therefore its units are µM−1·s−1; a second
rate constant r accounts for the force generation used here, and
has s−1 units (Higuchi et al., 1997). The r value related to the
force generation is the one that matters for our estimates, since
according to De Groot and Mazur (1969, Equation 10 of Chapter
X), it relates the reaction rate to the production of entropy. This
definition is adequate to calculate the efficiency since the entropy
production related to thermal dissipation. As in our previous
equation, 1rG is the Gibbs free energy of the ATP cleavage.

The work lost (Wlost) can be obtained from the Gouy-Stodola
theorem in Equation (7) (see Kjelstrup et al., 2010):

Wlost = Tσ (9)

Frontiers in Physiology | www.frontiersin.org 5 May 2019 | Volume 10 | Article 473

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Noguez et al. Thermodynamic Efficiency of Somatic Exocytosis

where T is the constant temperature of the surroundings of the
system and σ is the production of entropy that accounts for the
thermal dissipation. In our case, the energy is dissipated during
the transport of vesicles and in the process of the ATP hydrolysis
at a rate given by:

Tσ = −r1G− Jves1µves (10)

This expression was derived according to energy conservation
along the transport path; 1µves in a previous paper was an
electroneutral exchange of ions by the calcium ATPase (22),
and here it relates to the force F of the motors. We also
considered a negligible thermal driving force (Lervik et al., 2012).
This expression was also used by Caplan and Essig (1999),
who considered the isothermal case and the linear regime of
proper pathways.

The efficiency η of vesicle exocytosis can be given in terms of
measurable quantities as:

η =
−r1G− Tσ

−r1G
=

Jves1µves

−r1G
(11)

The numerator of this fraction involves the flux of particles
Jves and the chemical potential difference 1µves between the
initial and the final position of the vesicles, which corresponds
to a force. Since in the experiments we follow the trajectories of
the vesicles, the numerator that corresponds to the work applied
to the vesicles to move with a velocity vves is given by the product
Fvesvves. The efficiency is then:

η =
Fvesvves

r|1G|
(12)

where Fves is the sum of elastic and motor forces given in
Equation (2).

The efficiency per vesicle was calculated by dividing by the
number of vesicles (n0) in the cluster.

η =
Fvesvves

n0r|1GATP|
(13)

The rate constant r of the force generated by the ATP hydrolysis
for kinesin motors is <100–300 s−1 (Higuchi et al., 1997; Cross,
2004). A similar range of values has been measured for myosin
motors (Johnson and Taylor, 1978; De La Cruz et al., 1999).
Therefore, the 100 s−1 value used here may account for either
motor type acting separately and with non-additive effects.

Curve Fitting and Statistical Analysis
The kinetics of exocytosis of 19 release sites obtained from six
neurons were fitted to the mathematical model, as in De-Miguel
et al. (2012; see Figure 5). The traveling distance and number
of vesicles were limited by the ranges of values determined
previously from electron microscopy (De-Miguel et al., 2012).
In this way we reduced the possible combinations of values
estimated by the model and reduced the error in the fittings.
The data were fitted manually by using our own routines made
in MATLAB software (MathWorks, Massachusetts, USA). This

procedure was preferred over minimum square methods because
sigmoidal functions with two crossovers became smoothed in
abrupt parts of curves that had strong contributions by the motor
activity. A previous account on the quality of the fittings and
the effects of varying the values of the free parameters has been
presented in De-Miguel et al. (2012).

The data sets relating the ATPves expenses and the efficiency
vs. distance presented in Figure 6 were fitted to empirical
polynomial functions to underscore the W-shape of the charts.
The order of the polynomials was adjusted to obtain the best
R2 correlation values. The polynomial functions in our previous
study had better fittings; data of peripheral clusters were fitted
by a third-order polynomial function with R2 = 0.92. Likewise,
the fitting quality of the internal cluster data was R2 = 0.83.
The reason for the lower quality of the fittings presented here
is the absence of data in the distance ranges of the minimum
peaks (see Figure 6A). However, the polynomial fittings had no
other intention than to give numeric support to the clear W-
shaped trend of the data. In any case, due to the calculation
improvements already described, we consider that the data sets
in this study are more precise.

Staining of the Actin Cortex
The actin cortex was measured from fluorescent stainings made
by use of phalloidin coupled to a fluorescent probe. Neurons were
fixed right after stimulation with CytoSkelFix (Cytoskeleton) for
4min at −20◦C and permeabilized for 30min with phosphate-
buffer saline (PBS) solution containing 0.3% Triton X-100. SFB
(10%) was added as a blocker for 2 days, during which the
preparations were maintained at 4◦C. Actin was stained by
incubation for 30min at 37◦C with phalloidin coupled to Alexa-
fluor 488 (0.16µM, Invitrogen). Controls incubated in parallel
without phalloidin were devoid of any staining.

Observations of fluorescence made using an Olympus
Fluoview FV1000 upright confocal scanning microscope
equipped with a 60X oil immersion objective (1.45 NA). Images
were stored digitally using Fluoview 3.1 software (Olympus). The
thickness of the actin cortex was measured from digital images
using ImageJ software (NIH, USA).

Electron Microscopy
Neurons in isolated ganglia were fixed right after stimulation with
10 trains of 10 impulses at 1 or 20Hz, delivered at 10 s intervals.
The procedure to obtain thin (70–100 nm) sections for electron
micrographs of Retzius cells were as in Kuffler et al. (1987).
Sections were photographed in a JEOL 1010 electron microscope
(JEOL USA Inc.).

RESULTS

Kinetics of Somatic Exocytosis
Electrical stimulation of Retzius neurons with 20Hz trains
produced FM1-43 fluorescence spots at the neuronal surface
(Trueta et al., 2003). In this experimental situation each release
site develops a fluorescent spot upon the subsequent fusion
of electrodense vesicles. A first sigmoidal fluorescence increase
(Figure 2A) reflects the fusion of vesicles forming a cluster that
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rested at distances <2.0µm from the plasma membrane (De-
Miguel et al., 2012). Such clusters are named “peripheral” and
data are presented as green symbols (Figure 2B). A second
sigmoidal increase in the same spot is due to fusion of vesicles
in clusters that traveled from more internal sites (see De-Miguel
et al., 2012). These clusters are called “internal,” and data are
represented with red symbols (Figure 2B).

The model fittings predicted that 52–930 vesicles per cluster
became fused in the 19 clusters analyzed from 10 neurons. There
was no correlation between the number of vesicles, the distance,
or the velocity of pairs of clusters arriving subsequently at the
same release site (R2 ≤ 0.4 for all cases). For example, in a release
site the peripheral cluster contained 95 vesicles that traveled
along 0.6µm at 70 nm/s, whereas the internal cluster contained
262 vesicles that traveled along 4.1µmat 12 nm/s; in other release
site the peripheral cluster also had 95 vesicles that traveled along
0.6µm at 59 nm/s, but the internal cluster contained 675 vesicles
that traveled along 2.7µm at 18 nm/s. In a third release site
the peripheral cluster was larger than the internal, however both
traveled at the same 30 nm/s velocity. Data of the pairs of clusters
can be seen in Figure 10.

It was previously shown that uncoupling microtubules
by addition of colchicine to the neurons abolishes somatic
exocytosis, most likely by uncoupling the actin-mediated
transport (De-Miguel et al., 2012). In addition, the actin cortex
in neurons and secretory cells imposes a barrier for the transport
at rest, but electrical activity in the presence of myosin turns the
actin cortex to an active transporter (Vitale et al., 1995; Lang
et al., 2000; Oheim and Stühmer, 2000; Giner et al., 2005; Tobin
and Ludwig, 2007; Gutiérrez and Gil, 2011; Torregrosa-Hetland
et al., 2011). For its potential friction-generating qualities, we
uncoupled the actin cortex to test its contribution to the ATP
expenses and efficiency of the transport. Pre-incubation of six
neurons with cytochalasin D in the bathing solution produced
that in all but one case (n = 8 clusters from 6 neurons),
the latency to the onset of exocytosis was increased from
50–80 s to ∼300 s. In addition, the amplitude of the plateau
fluorescence was reduced to values corresponding to 40–107
vesicles fused (Figure 2B). It can also be seen that in all but
one case the fluorescence increase lacked the second sigmoidal.

This experiment shows that the actin cortex has a sophisticated
contribution to somatic exocytosis.

The Rate of Vesicle Fusion Reflects the
Transport Conditions
The calculations of the efficiency depended on the correct
measure of the flux of vesicles (Jves; see Equations 1 and 4
in the Methods section), indirectly representing the rate of
exocytosis. For this reason, it was necessary to demonstrate
that the area of membrane did not limit exocytosis. This
possibility was confirmed by correlating Jves with the number
of vesicles that fused. The Jves values ranged from 0.2 to 5.2
vesicles per second in the 19 clusters studied and had a linear
relationship (R2 =0.85) with the area of release (Figure 3A). For
internal clusters the relation was sublinear with a 0.76 exponent
(R2 = 0.88). The deviation from linearity occurred when the
number of vesicles per cluster was above 600. Such large clusters
may have encounteredmajor constrains in their traveling path, as
will be confirmed below. However, the large clusters can extend
over wide areas of membrane, as seen in electron micrographs
(Trueta et al., 2004). Therefore, we consider that the Jves values
reflect accurately the transport velocity of the vesicle clusters. In
support to this, Figure 3B shows that the efficiency of the ATP
expenses was uncorrelated with the Jves values.

ATP-Dependence of the Thermodynamic
Efficiency
The efficiency of the ATPves expenses of peripheral clusters
spanned within more than one logarithmic unit from values as
low as 0.2% for the smallest 11 ATPves value. From there, the
efficiency increased to its largest 6.4% value when the ATPves
cost was 49 molecules (Figure 4). The intermediate data were
described by a supralinear relationship. The 1.9 potency slope
(R2 = 0.7) is consistent with the possible incorporation of a
second type of motor, presumably myosin coupled to the actin
cortex. This addition could increase the efficiency of ATPves
expenses by incorporating the characteristic longer steps per
ATP molecule of myosin motors (Kohler and Rohrbach, 2015).
The internal vesicle clusters were distributed within an efficiency
range from 0.1 to 1.9% and a large range of ATPves cost of 14 to

FIGURE 3 | The thermodynamic efficiency of the ATP per vesicle fused was independent from the rate of vesicle fusion (Jves). (A) The Jves values related linearly to

the number of vesicles in peripheral clusters (green), and with a 0.76 exponent to the number of vesicles of internal clusters (red; for explanation see text). (B) The

efficiency did not correlate with the rate of fusion of internal or external clusters (black lines), respectively. The equations giving the best fit to the data and the

significance levels are presented.
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260. The plot approximated a linear relationship (R2 = 0.6) with
a 0.9 exponent. This result is more consistent with the action of
a single type of motor (kinesin) mediating the transport (Kohler
and Rohrbach, 2015).

Uncoupling the actin cortex with cytochalasin D reduced
the range of ATPves expenses to 1.3–19, and the efficiency to
the lowest 0.06–0.4% range in the study (Figure 4). The small
amount of exocytosis in this experimental situation suggests
that only vesicles inside the cortex at the time of stimulation
could fuse. This is in agreement with the 0.37–2.7µm transport
distances estimated for these clusters. The potency function that
fitted these data, had again a slope of two (R2 = 0.90). These
data in addition with the short transport distances points to
the possibility that short filaments of actin bound to myosin
and contributed to move the proximal clusters that fused. Our
conclusion from these sections is that the efficiency values are
proportional to the ATPves expenses and may indicate additive
effects on the vesicle transport.

Velocity as a Reporter of the
Thermodynamic Efficiency
Figure 5 shows that the thermodynamic efficiency displayed
a power law relationship with the transport velocity of
the vesicles. This trend incorporated the whole population
of data, although peripheral clusters traveled with a wider
15–95 nm/s range of velocities. The velocities above 60
nm/s were unreachable for internal clusters. As expected
from Equation (12), the peripheral vesicles transported at
higher velocities also displayed the largest -although yet
low- thermodynamic efficiencies between 4.2 and 6.4%. This
finding is not surprising from a different perspective: the
peripheral clusters were small and had less mass to oppose
to frictive obstacles. At velocities below 60 nm/s there was
an extensive overlapping of both cluster populations in the
chart, with the efficiencies of the internal clusters being ≤1.9%.
Application of the actin depolymerizing agent cytochalasin
D produced a reduction in the transport velocity to 1.5–
17.0 nm/s that correlated with the lower 0.006–0.04% range
of efficiency. This result seems more related to the lack of
one motor system than to an increase in the frictive forces.
Data from the internal and external clusters could be fitted
independently to potency functions with equal 1.56 exponents
and R2 values of 0.69 and 0.41, respectively. However, the
pooled data set, including those data collected in the presence
of cytochalasin D were best described by a single function
with a 1.63 slope (R2 = 0.86). This property anticipates
that the distribution of velocities expresses effects from other
variables such as the size of the vesicle cluster and the
cytoarchitecture of the pathway. To complement this scheme,
we have also shown that the ATPves cost also increases with the
velocity (De-Miguel et al., 2012).

Distance-Dependence of the ATP
Expenses
The distance-dependence of the ATPves expenses reproduced
the previously described W-shape (De-Miguel et al., 2012), with

FIGURE 4 | Efficiency as a function of the ATPves expenses. Logarithmic plot

of the efficiency as a function of the ATPves. The thermodynamic efficiency of

exocytosis from peripheral clusters had a quadratic relationship with ATPves
expenses (green line); internal clusters (red) the relationship had a 0.9

exponent (dark red line). Uncoupling the actin cortex with cytochalasin D (blue

dots) reduced the range of the relationship by two logarithmic units. Data was

fitted by a quadratic potency function (black line). The equations and their

significance values are presented.

FIGURE 5 | The efficiency depended on the transport velocity. Data from

internal (red), peripheral (green) clusters, and after addition of cytochalasin D

(blue) were pooled together and fitted to a potency function (black line). The

equation and significance level are presented.

certain differences in the ranges of ATPves values, that are
presented in Table 2. The transport of external clusters along
the shortest 0.6µm resting distances had a high 52 ATPves cost.
As the transport distance increased to 1.3µm, the ATPves cost
became gradually reduced to reach minimum of 13 ATPves. As
the distance continued to increase, the trend of the energy cost
reversed to reach 44 ATPves when the distance was 2.1µm.
This was the distance at which the high-energy barrier of the
W curve appeared. This was also the site of convergence for
external and internal clusters. The first internal cluster rested
at 1.9µm and release from its vesicles occurred at a high 118
ATPves cost (Figure 6A). From there, the ATPves expenses had
a second decrease to reach the second minimum, which in this
case was 14 ATPves in the segment between 2.3 and 4.3µm.
The last increase complemented the W shape by reaching the
largest 260 ATPves value at 6.15µm (Figure 6A). The polynomial
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FIGURE 6 | Distance-dependence of the ATPves expenses and

thermodynamic efficiency of exocytosis. (A) The ATPves-dependence on the

distance had a W-shape. The short distance range of the plot contains

information from peripheral (green) clusters, while distances above 1.9µm

contain information from internal (red) clusters. A maximum intermediate peak

forming a high energy barrier appeared by 1.9µm, with convergence of

peripheral and internal clusters. (B) The distance-dependence of the

thermodynamic efficiency of somatic exocytosis also was W-shaped, with

each vesicle population separated by the intermediate maximum. The clusters

that rested at the shortest distances had the largest efficiency values. The R2

values are the significance of the polynomial functions fitted to the data

(black lines).

fittings in the plots had the unique intention to underscore
the W-shape distribution of the data without any use for the
model calculations.

Distance-Dependence of the
Thermodynamic Efficiency
As expected from the proportionality of the efficiency and the
ATPves values in Figure 4, the thermodynamic efficiency also
displayed a W-shape dependence on the transport distance
(Figure 6B). The distance ranges of the efficiency plots were
the same as for the ATP expenses. However, the efficiency of
peripheral clusters covered a larger range of values than that of
internal clusters. The first polynomial distribution in Figure 6B

included the data from peripheral clusters (R2 = 0.84). The
low distance extreme had the higher 6.4% efficiency. At deeper
distances the values first decreased to a 1.9% minimum and
then increased to reach the intermediate 1.4% peak right where

peripheral and internal clusters intersected. The second part
of the chart had a sole contribution from internal clusters.
This section could be approached by a polynomial function
(R2 = 0.64). The 0.08% second minimum efficiency occurred
between 2.65 and 4.30µm, although as discussed above, data
with even lower values may be missing. At 6.15µm the efficiency
reached its internal maximum value of 1.1%. Our hypothesis to
explain the W-distribution of the ATPves expenses and efficiency
was that each component of the plot reflects a mechanical or
ultrastructural interference on the vesicle pathway. An increase
in the friction can be produced by a larger number of vesicles
being transported or by obstacles in the pathway. It is worth
to remark that the slopes of the W chart do not refer to the
behavior of the vesicles within the range of distances covering
that slope but indicate the amount of ATP expenses and efficiency
over their whole trip to the membrane. Following this idea,
those vesicles traveling the longest distances would have to
overcome the obstacles that produce each of the four slopes
of the chart. These possibilities were explored in the following
parts of the study.

Ultrastructural Correlates of the
Thermodynamic Efficiency
For its susceptibility to be affected by friction forces, the
number of vesicles in the clusters was our first candidate to
explain the components of the W chart. The plot in Figure 6B

showed that the vesicle clusters near the plasma membrane
had the largest efficiencies. Figure 7 shows that those same
clusters were small, as explained in Figure 1. Intuitively, the
transport of small cargos occurs with higher efficiency owing to
the smaller counteracting friction forces. However, the ATPves
cost of the transport of these clusters was among the highest
(Figure 6A). Moreover, the relationship between the size of
the clusters and the efficiency did not follow the W shape.
The number of vesicles per cluster increased as the clusters
rested more internally, to reach 930 vesicles at 4.5µm from
the plasma membrane. Then the last cluster carried only 62
vesicles with a 1.1% efficiency. This small cluster was most
likely being assembled near a Golgi apparatus (see Trueta et al.,
2012). This result points to elements other than the vesicle
numbers affecting the efficiency. Based on this reasoning we
carried out a search for ultrastructural elements affecting the
thermodynamic efficiency.

Ultrastructure of the Actin Cortex
The dual role of the actin cortex on the vesicle transport
already described suggested its influence on the thermodynamic
efficiency of the transport. The actin cortex of neurons stimulated
with 1Hz trains of impulses was stained with phalloidin coupled
to Alexa fluorescent dye. The fluorescent label in equatorial
images of the soma consisted of a thick 1.93 ± 0.74µm (S.D.)
array of radial bundles (Figure 8), as quantified from 46 counts
of different parts of the cortex of five neurons. This thickness was
similar to the distance at which we found the high energy barrier
and high efficiency intermediate peak of the W distributions
shown in Figure 6. Such value gives a possible explanation to the
third slope of theW distributions in Figure 6. As internal clusters
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FIGURE 7 | Distance-dependence of the number of vesicles that fused per

cluster. The number of vesicles in the clusters increased with the distance from

the plasma membrane. The most internal clusters were small. Peripheral

clusters are represented in green and internal in red.

FIGURE 8 | Actin cortex of Retzius neurons. Confocal equatorial image of the

soma of a Retzius neuron showing the fluorescence of Alexa dye coupled to

phalloidin. The perinuclear region and primary axon also display a profuse

staining. n indicates the position of the nucleus.

rested closer to the high energy barrier increasing amounts
of vesicles were inside the actin cortex, where the myosin
carried by the clusters assembles the actin-myosin transport
with the actin filaments (Noguez et al., in preparation). As
larger fraction of the clusters added the myosin-actin dymers
to the kinesin-tubulin transport, the cost and efficiency of the
transport would increase. However, this is a partial explanation.
A fuller account comes from the origins of the two short
distance slopes of the W charts, which are explained in the
following paragraphs.

Distribution of Endoplasmic Reticulum
The search for alternative ultrastructural candidates to explain
the ATPves expenses and thermodynamic efficiency of the first
half of the W distributions took us to the endoplasmic reticulum.
Electron micrographs showing release sites of neurons were
obtained by fixing neurons right after 1Hz stimulation (n = 5)
to maintain the resting ultrastructure of the transport pathway
(Trueta et al., 2004). The images in Figure 9 contain structures
immersed in the actin cortex, although the conventional fixation
technique that we used to prepare the sections does not allow to
resolve its structure. Figure 9A contains a cluster of electrodense
vesicles resting distantly from the plasmamembrane. Subsequent
vesicles are bound by small fine filaments. The vesicle cluster was
bound indirectly to the plasma membrane via a thick bundle of
microtubules, according to the diameter of the individual fibers.
Single vesicles appeared along the microtubules, presumably
on their way to the plasma membrane (Leon-Pinzon et al.,
2014; Figure 1). As explained in Figure 1, this vesicle migration
explains the reduction of the number of vesicles as the peripheral
clusters rest closer to the plasma membrane. An alignment of
endoplasmic reticulum bags bordered the intracellular side of
the plasma membrane; deeper and smaller bags of endoplasmic
reticulum were scattered between the vesicles and the plasma
membrane. One may wonder that vesicles being transported to
the plasma membrane will find these bags on their way forming
a bottleneck.

Electronmicrographs obtained from neurons fixed after 20Hz
stimulation confirmed this idea. The image in Figure 9B shows
vesicles from a large cluster reaching the plasma membrane
by passing between endoplasmic reticulum. These obstacles
bottlenecked the flux of vesicles and can be considered as sources
of friction forces that reduce the thermodynamic efficiency of
somatic exocytosis.

Countings of the distance between the plasma membrane
and the center of mass of endoplasmic reticulum bags are
presented in Figure 9C. The green and red lines fit the data
distribution to two Gaussians, one with a mean 0.36 ± 0.11µm
(SD) distance from the plasma membrane, corresponding to
the more external layer of endoplasmic reticulum. The red
line fits the distribution of the scattered internal bags of
endoplasmic reticulum, rendering a mean 0.93 ± 0.12µm
distance. This distribution supports that the endoplasmic
reticulum is a source of friction forces that reduce the
thermodynamic efficiency. Smaller vesicle clusters facing the
plasma membrane seem to rest between the external layer of
endoplasmic reticulum in absence of further obstacles to reach
the plasma membrane.

Multiple Variables Affect the
Thermodynamic Efficiency
The multivariable schemes in Figure 10 integrate the data on the
possible variables that determine the thermodynamic efficiency
of somatic exocytosis. Each element of the transport pathway has
been scaled based on the experimental evidence. The diameter
of the circles representing each cluster was calculated from
its number of vesicles. Peripheral clusters are organized in an
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FIGURE 9 | Distribution of smooth endoplasmic reticulum in the soma shell. (A) Electron micrograph of a neuron that had been stimulated at 1Hz. Vesicles remain at

their resting states. A somatic vesicle cluster (vc) is bound to the membrane (pm) via a bundle of cytoskeletal fibers, most likely microtubules (mt). Peripheral

endoplasmic bags (er) rest closely apposed to the plasma membrane. More internally, another layer of endoplasmic reticulum (er) contains smaller bags. Individual

vesicles (v) can be seen in an apparent migration to the membrane, along the microtubule bundles (see also Figure 1). Glial cell processes (g) in an invagination of the

Retzius neuron, right at the anchor site of microtubules to the plasma membrane. (B) Electron micrograph of a release site in a neuron that had been stimulated with

20Hz trains. Vesicles in a large cluster are apposed to the membrane. Transport occurs through a bottleneck of endoplasmic reticulum. Mitochondria (mit) are

common satellites of the clusters that travel with them. Multi-vesicular bodies (mvb) result from the incorporation of vesicles after exo/endocytosis (Trueta et al., 2012).

Note that exocytosis occurs onto the glia. (C) Distribution of endoplasmic reticulum in the soma shell. The distances have the plasma membrane as reference.

Peripheral (er) and internal (er) pools of endoplasmic reticulum were distinguished by Gaussian fittings to the histograms. The mean values for each distribution

are indicated.

ascending order of efficiency. The distance from the plasma
membrane to the center of mass of the clusters was determined
by the model fittings. Pairs of clusters releasing in the same
spot are associated by a black line representing the microtubule
bundles. The efficiency of the ATP expenses per vesicle is
indicated in the center of each cluster; the velocity of the
transport is indicated on the right of each cluster. The actin
cortex and endoplasmic reticulum are represented according
to the morphometric analysis descried above. At first glance
there is a good correlation between the size, the resting distance
and the efficiency of peripheral clusters. The thermodynamic
efficiency of the exocytosis process from vesicles in these
peripheral clusters was inversely proportional to their resting
distance. Similar correlations are unclear for the internal clusters
in this representation, because although they were associated
to a peripheral cluster, their biophysical properties were not
correlated. The correlations between different variables of the
clusters and the ultrastructure of the transport pathway are
simplified in Figure 10B. The vesicle clusters were grouped
from I to IV based on the distance, efficiency, size, velocity,

and ultrastructural interactions. Both regions in which the
ATP hydrolysis and efficiency had increasing slopes also had
higher transport velocities. On the contrary, the regions in
which the energy and efficiency had decreasing trends had
slower velocity ranges. This result, which can be predicted
from the formula of the thermodynamic efficiency in Equation
(12), acquires a morphological correlate in Figure 10. Table 3
summarizes the data according to the groups of vesicle clusters.
For the small peripheral clusters in Group 1, the additive
action of two motors and the clusters resting already between
endoplasmic reticulum in the more peripheral layer may favor
higher velocities and efficiencies at the expenses of the high
ATPves cost. Group II has two friction barriers represented by
the two layers of endoplasmic reticulum. As vesicles enter the
barriers the thermodynamic efficiency decreases. This can be
attributed to the friction exerted by the endoplasmic reticulum
on the vesicle clusters. In group III, the large clusters are at
least in part, immersed in the actin cortex. The assembly of
two motors may increase the ATP expenses and efficiency.
However, the effect of the endoplasmic reticulum barriers is
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FIGURE 10 | Structural and biophysical correlations of the thermodynamic efficiency of the ATPves hydrolysis. (A) Pairs formed by peripheral (green circles) and

internal (red circles) vesicle clusters that discharged in the same site are represented attached to microtubules (black lines). The distances were calculated by the

model fittings from the mass center of the cluster to the plasma membrane. The diameter of the clusters corresponds to the number of vesicles in the cluster. For

each cluster, the red numbers inside indicate the efficiency (%), and the black numbers on the right the transport velocity (nm/sec). The peripheral clusters are

presented from bottom to top according to their increasingly efficiency values. Their paired internal clusters had independent efficiency values, velocities, sizes and

traveling distances. The actin cortex is represented in pale orange. Both layers of endoplasmic reticulum, one immediately inside the plasma membrane (er1) and the

other ∼1µm inside (er2) are represented as pale sacs. The number of vesicles decreased as the clusters approached the plasma membrane. The efficiency of the

peripheral clusters decreased as the distance increased. The number of vesicles, the efficiency, the transport distance and velocity of their corresponding internal

clusters were uncorrelated with those of their peripheral pairs. (B) Vesicle clusters were groped according to their efficiency, size, distance, and velocity. The

thermodynamic efficiency of somatic exocytosis also correlated with the thickness of the actin cortex (pale orange) and both subsequent layers of endoplasmic

reticulum (gray bars). Group I contains the smallest and more peripheral clusters, which also had the highest thermodynamic efficiency values. These clusters rested

at the entrance of the submembrane barrier of endoplasmic reticulum (gray bar adjacent to the plasma membrane). Group II contained clusters embedded within the

second layer of endoplasmic reticulum, (more internal gray bar). The transport velocities and efficiencies of these clusters were smaller than those of Group I. Group III

(brown) rested in the limits of the actin cortex. These clusters were large, moved with high velocity and their efficiencies were above 1%. Group IV (red) contained large

internal clusters that rested inside the actin cortex. Their velocities were smaller than those in Group III. The smaller cluster was the deeper (gray arrowhead). This

cluster did not correlate with the rest of group IV for its size and for having a relatively large 1.1 efficiency, in spite of its low 26 nm/s velocity. Its size and position

suggest that it was in the assembly process at the time of the stimulation series.

diminished. This can be explained if the flow of the peripheral
clusters that precede the larger internal clusters has already

diminished the friction forces by displacing the endoplasmic
reticulum to the side, thus widening the spaces though which

the internal clusters will flow. If so, the pairing of clusters
in the same microtubule pathway would favor the transport
of the internal larger vesicle clusters. The ATP expenses and

thermodynamic efficiency of vesicles in Group IVmay stem from
their longer traveling distance, part of which is solely covered
by the force of kinesin motors. In addition, entering the actin
cortex may impose friction forces due to the accommodation

of the vesicles within the entanglement of the actin fibers,
before the coupling of the myosin motors. Another group
that can be predicted contains the small clusters that are

assembled and transported from the parikaryon (see Trueta
et al., 2012). However, more evidence is required to strengthen
this argument.

DISCUSSION

The application of thermodynamic theory to the study of somatic
exocytosis predicts how the cytoarchitecture of the vesicle
trafficking pathway influences the cost and thermodynamic
efficiency of serotonin release. In spite of the common belief that
biological systems operate with high efficiency levels, somatic
exocytosis is far from an ideal system. Isolated myosin motors
moving on actin fibers have efficiencies of 45% (Kjelstrup et al.,
2013). Therefore, the low efficiency reported here shows the
additive effects of the low efficiency of the motors and the frictive
effects imposed by the ultrastructure of the transport pathway.
Surprisingly, the thermodynamic efficiency of the simple calcium
ATPase immersed in the plasma membrane, depends on the lipid
composition of the membrane, with low efficiency values ≤12%
(Lervik et al., 2012). Therefore, the values estimated here seem
reasonable by considering the number of variables affecting the
vesicle transport.
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TABLE 3 | Variables contributing to the energy cost and efficiency of somatic exocytosis.

Cluster group I II III IV

Distance to membrane (µm) 0.6–1.1 1.0–2.3 1.8–2.6 2.7–6.1

Efficiency (0%) 1.0–6.4 0.2–0.6 0.7–2.0 1.1

ATPves 27–45 11–43 28–260 13–30

Velocity nm/s 45–95 12–30 60–71 35–12

Size of cluster Small Intermediate Large Larger

Vesicles per cluster 95–169 174–260 229–641

(65)

262–930

(52)

Intracellular structures Actin cortex,

Endoplasmic

reticulum 1

Actin cortex,

Endoplasmic

reticulum 1+2

Actin cortex interface

Endoplasmic

reticulum 1+2

Cytoplasm

Actin cortex interface

Endoplasmic reticulum 1+2

Transport system Kinesin

Myosin

Kinesin

Myosin

Kinesin

Some Myosin

Kinesin

Later Myosin

The red numbers correspond to the decreasing slopes of the W distributions of ATPves expenses and efficiency; the blue numbers correspond to the increasing slopes of the W

distribution. Other colors underscore different structures; the tones indicate gradations. The number of vesicles in parenthesis are out of range. The value in Group IV corresponds to the

most internal cluster, most likely under formation at the time of the stimulation of exocytosis. Endoplasmic reticulum 1 and 2 correspond to the external and internal layers in Figures 9,

10, respectively.

It is pertinent to discuss a potential source of error in our
measurements. The reports of the rate constant values of the
ATP cleavage that fuels the actin and myosin motors have
considerable variations depending on the subtype of motor
and the experimental conditions of the measurements. Since
these variations span over similar ranges 100–300 s−1, we could
choose one single value to represent both rate constants for our
calculations. The choice for the low 100 s−1 value seemed the
most accurate for our purposes, because the 18◦C temperature
at which our experiments were carried out—leeches are cold
blooded animals—decreases the rate constants of chemical
processes. We have no way to justify that this choice reflects the
real values with which the vesicle transport operates in Retzius
neurons since their motor subtypes are only superficially known.
Antibodies against myosin type IV succeeded to bind myosin in
other set of experiments and the contribution of each motor to
somatic exocytosis has been blocked pharmacologically (Noguez
et al., in preparation), but we still lack estimates of their rate
constants. If the rate constant values were higher, the estimate
of the efficiency would decrease linearly in proportion to the
increase in the rate constant values, as predicted from Equation
(12). For example, a 20% increase in the rate constant value
from 100 to 125 s−1 would reduce the efficiency from 6.0 to
4.8%; likewise, a 200% increase in the rate constant value to
300 s−1 -which is near the largest estimate available (Johnson
and Taylor, 1978; Apell et al., 1996; Higuchi et al., 1997; De La
Cruz et al., 1999; Cross, 2004; De la Cruz and Ostap, 2009)-
would reduce the efficiency to 0.2%. In any case, the values
would move downwards linearly but not logarithmically. The
additional possibility that each motor operates with a different
rate constant value cannot be resolved with the tools of our study.
The measures of the average velocity of the transport normalize
these possible variations without sensitivity to separate them.

A duality has emerged between the structure/function
relationship of the release sites and the thermodynamic efficiency
of somatic exocytosis. Each slope of the W distribution of the
efficiency vs. distance plot is influenced by the interaction of

vesicles with a particular building block of the exocytosis process.
The same structures that regulate the exocytosis machinery
hamper the thermodynamic efficiency of the transport. For
example, the endoplasmic reticulum is the fundamental source
for intracellular calcium that first activates the vesicle transport
in response to high frequency stimulation (Trueta et al., 2004),
and later maintains the large-scale exocytosis in response to the
activation of serotonin autoreceptors (Leon-Pinzon et al., 2014).
In a previous study (Trueta et al., 2004) we have shown that very
large vesicle clusters become apposed to the plasma membrane
in response to electrical stimulation. This observation implies
that they occupy positions that at rest contained endoplasmic
reticulum. The endoplasmic reticulum may then be moved
aside during transport of the peripheral vesicle cluster. As
a positive consequence, the internal cluster that follows the
same trajectory may find a cleared pathway to the plasma
membrane, with a concomitant saving of energy and reduced
heat dissipation.

The actin cortex adds another duality to neurons and excitable
endocrine cells by preventing the entry of the vesicle clusters
at rest and by propelling vesicles in response to electrical
stimulation (Vitale et al., 1995; Lang et al., 2000; Oheim and
Stühmer, 2000; Giner et al., 2005; Tobin and Ludwig, 2007;
Gutiérrez and Gil, 2011; Torregrosa-Hetland et al., 2011). The
third player is mitochondria, the fuel generator that in response
to calcium produces ATP that activates themotors. Mitochondria
travel along with the vesicle clusters, as suspected because both
organelles appear together in electron micrographs after 1 or
20Hz stimulation. The cargo imposed by the mitochondria
may be as large as, or even larger than that imposed by
the cluster of vesicles. Therefore, it is most likely that the
mobilization of the energy generators along with the vesicle
clusters increases the friction forces at the expenses of the
thermodynamic efficiency.

A final question from our study concerns its general
significance. Somatic exocytosis is part of a wider communication
complex system that involves not only the soma, but every part
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of the neuron. A remarkably similar mechanism for somato-
dendritic exocytosis has been demonstrated in thalamic
neurons releasing the peptides vasopressin and oxytocin
(Ludwig and Stern, 2015). Moreover, the mobilization of
serotonin-containing exocytosis structures in the isolated
soma of Raphe neurons from mammals follow similar steps
(Sarkar et al., 2012). The soma and dendrites of thalamic
neurons releasing peptides contain an actin cortex whose
activation promotes the vesicle transport and exocytosis
(Tobin and Ludwig, 2007). The ATP expenses and efficiency
of exocytosis have not been explored in those or in other
types of neurons, but the highly conserved mechanism of
somatic and in general extrasynaptic exocytosis (Trueta
et al., 2012) suggest that the effects presented here may be of
general interest. The dendrites and small axon varicosities,
for example release of serotonin through a mechanism
similar to that in the soma, although the transport distances
of the vesicles are downscaled. The ATP expenses and the
thermodynamic efficiency of the vesicle transport for their
exocytosis may be scaled accordingly. Such smaller traveling
distances may require less ATP and may operate with higher
thermodynamic efficiencies.

The mechanism for somatic exocytosis seems to be
highly conserved also for most signaling molecules in
the central and peripheral nervous system (For review
see Trueta and De-Miguel, 2012; Del-Bel and De-Miguel,
2018). Secretory cells follow similar mechanistic rules by
transporting vesicles across an actin cortex in response to
stimulation (Vitale et al., 1995; Lang et al., 2000; Oheim
and Stühmer, 2000; Giner et al., 2005; Gutiérrez and Gil,
2011; Torregrosa-Hetland et al., 2011). These arguments
suggest that our results represent general mechanisms
in biology.

AUTHOR CONTRIBUTIONS

PN and FD-M designed and carried out the experiments,
conducted the analysis and prepared the figures. MR designed the
mathematical approach. FD-M wrote the manuscript.

FUNDING

Our work was funded by a Dirección General de Asuntos
del Personal Académico (DGAPA) grant IN210317 from
the Universidad Nacional Autónoma de México (UNAM)
and grant 130031 from the Consejo Nacional de Ciencia
y Tecnología (CONACyT) to FD-M. MR was supported
by MINECO of the Spanish Government under grant Fis
2015-67837-P. PN is a doctoral student from Programa de
Doctorado en Ciencias Biomédicas, Universidad Nacional
Autónoma de México (UNAM) and received fellowship 193987
from CONACYT.

ACKNOWLEDGMENTS

Wewish to express our gratitude toMr. BrunoMendez Ambrosio
his excellent technical assistance during this study, and to Mrs.
Sara Flores González for her invaluable assistance in the animal
and laboratory care. We also express our gratitude to Mr.
Francisco Perez for his continuous support in the computer
unit and to Mr. Rodlfo Paredes and Dr. Fernando García
Hernandez for their invaluable help in the preparation el the
electron micrographs and fluorescence microscopy. The animal
care facility at our Institute was fundamental for the good
conditions of our animal colony. Professor J. G. Nicholls, Dr.
Sharlen Moore, and Mrs. Sorel Achouna made critical readings
of our manuscript.

REFERENCES

Alberty, R. A., and Goldberg, R. N. (1992). Standard thermodynamic

formation properties for the adenosine 5’-triphosphate series. Biochemistry 3,

10610–10615. doi: 10.1021/bi00158a025

Apell, H. J., Roudna, M., Corrie, J. E., and Trentham, D. R. (1996). Kinetics of

the phosphorylation of Na, K-ATPase by inorganic phosphate detected by a

fluorescence method. Biochemistry 35, 10922–10930.

Betz, W. J., and Bewick, G. S. (1993). Optical monitoring of transmitter release

and synaptic vesicle recycling at the frog neuromuscular junction. J. Physiol.

460, 287–309.

Betz, W. J., Bewick, G. S., and Ridge, R. M. (1992). Intracellular movements of

fluorescently labeled synaptic vesicles in frog motor nerve terminals during

nerve stimulation. Neuron 9, 805–813. doi: 10.1016/0896-6273(92)90235-6

Bruno, L., Salierno, M., Wetzler, D. E., Despósito, M. A., and Levi, V.

(2011). Mechanical properties of organelles driven by microtubule-

dependent molecular motors in living cells. PLoS ONE 6:e18332.

doi: 10.1371/journal.pone.0018332

Caplan, S. R., and Essig, A. (1999). Bioenergetics and Linear Nonequilibrium

Thermodynamics: The Steady State. Cambridge, MA: Harvard University Press.

Coggeshall, R. E. (1972). Autoradiographic and chemical localization of 5-

hydroxytryptamine in identified neurons in the leech. Anat. Rec. 172, 489–498.

doi: 10.1002/ar.1091720303

Cross, R. A. (2004). The kinetic mechanism of kinesin. Trends Biochem Sci. 29,

301–309. doi: 10.1016/j.tibs.2004.04.010

De Groot, S. R., and Mazur, P. (1969). “Chapter 7,” in Non-equilibrium

Thermodynamics (New York, NY: Dover Publications Inc.), p. 510.

De la Cruz, E. M., and Ostap, E. M. (2009). Kinetic and equilibrium

analysis of the myosin ATPase. Methods Enzymol. 455, 157–192.

doi: 10.1016/S0076-6879(08)04206-7

De La Cruz, E. M., Wells, A. L., Rosenfeld, S. S., Ostap, E. M., and Sweeney, H. L.

(1999). The kinetic mechanism of myosin V. Proc. Natl. Acad. Sci. U.S.A. 96,

13726–13731. doi: 10.1073/pnas.96.24.13726

Del-Bel, E., and De-Miguel, F. F. (2018). Extrasynaptic neurotransmission

mediated by exocytosis and diffusive release of transmitter

substances. Front. Synaptic Neurosci. 10:13. doi: 10.3389/fnsyn.

2018.00013

De-Miguel, F. F., and Fuxe, K. (2012). Extrasynaptic neurotransmission

as a way of modulating neuronal functions. Front. Physiol. 3:16.

doi: 10.3389/fphys.2012.00016

De-Miguel, F. F., and Nicholls, J. G. (2015). Release of chemical transmitters from

cell bodies and dendrites of nerve cells. Phil. Trans. R. Soc. B 370:20140181.

doi: 10.1098/rstb.2014.0181

De-Miguel, F. F., Santamaría-Holek, I., Noguez, P., Bustos, C.,

Hernández-Lemus, E., and Rubí, J. M. (2012). Biophysics of active

vesicle transport, an intermediate step that couples excitation and

exocytosis of serotonin in the neuronal soma. PLoS ONE 7:e45454.

doi: 10.1371/annotation/b72afb21-407c-46e9-9870-7c59ab9e582c

De-Miguel, F. F., and Trueta, C. (2005). Synaptic and extrasynaptic exocytosis of

serotonin. Cell Mol. Neurobiol. 2, 297–312. doi: 10.1007/s10571-005-3061-z

Frontiers in Physiology | www.frontiersin.org 14 May 2019 | Volume 10 | Article 473

https://doi.org/10.1021/bi00158a025
https://doi.org/10.1016/0896-6273(92)90235-6
https://doi.org/10.1371/journal.pone.0018332
https://doi.org/10.1002/ar.1091720303
https://doi.org/10.1016/j.tibs.2004.04.010
https://doi.org/10.1016/S0076-6879(08)04206-7
https://doi.org/10.1073/pnas.96.24.13726
https://doi.org/10.3389/fnsyn.2018.00013
https://doi.org/10.3389/fphys.2012.00016
https://doi.org/10.1098/rstb.2014.0181
https://doi.org/10.1371/annotation/b72afb21-407c-46e9-9870-7c59ab9e582c
https://doi.org/10.1007/s10571-005-3061-z
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Noguez et al. Thermodynamic Efficiency of Somatic Exocytosis

Dietzel, I. D., Drapeau, P., and Nicholls, J. G. (1986). Voltage dependence of 5-

hydroxytryptamine release at a synapse between identified leech neurones in

culture. J. Physiol. 372, 191–205.

Fuxe, K., Dahlström, A., Höistad, M., Marcellino, D., Jansson, A., Rivera,

A., et al. (2007). From the Golgi-Cajal mapping to the transmitter based

characterization of the neuronal networks leading to two modes of brain

communication: wiring and volume transmission. Brain Res. Rev. 55, 17–54.

doi: 10.1016/j.brainresrev.2007.02.009

Giner, D., Neco, P., Francés Medel, M., López, I., Viniegra, S., and Gutiérrez, L. M.

(2005). Real-time dynamics of the F-actin cytoskeleton during secretion from

chromaffin cells. J. Cell Sci. 118, 2871–2880. doi: 10.1242/jcs.02419

Gutiérrez, L. M., and Gil, A. (2011). Modeling F-actin cortex influence on the

secretory properties of neuroendocrine cells. Commun. Integr. Biol. 4, 413–415.

doi: 10.4161/cib.15251

Higuchi, H., Muto, E., Inoue, Y., and Yanagida, T. (1997). Kinetics of force

generation by single kinesin molecules activated by laser photolysis of caged

ATP. Proc. Natl. Acad. Sci. U.S.A. 94, 4395–4400. doi: 10.1073/pnas.94.9.4395

Hirasawa, H., Contini, M., and Raviola, E. (2015). Extrasynaptic release of GABA

and dopamine by retinal dopaminergic neurons. Phil. Trans. R. Soc. Lond. B

Biol. Sci. 370:20140186. doi: 10.1098/rstb.2014.0186

Johnson, K. A., and Taylor, E. W. (1978). Intermediate states of subfragment 1 and

actosubfragment 1 ATPase: reevaluation of the mechanism. Biochemistry. 17,

3432–3442. doi: 10.1021/bi00610a002

Kjelstrup, S., Bedeaux, D., Johannessen, E., and Gross, J. (2010). Non-Equilibrium

Thermodynamics for Engineers. Singapore: World Scientific.

Kjelstrup, S., Rubi, J. M., Pagonabarraga, I., and Bedeaux, D. (2013). Mesoscopic

non-equilibrium thermodynamic analysis of molecular motors. Phys. Chem.

Chem. Phys. 28, 19405–19414. doi: 10.1039/c3cp52339j

Kohler, F., and Rohrbach, A. (2015). Synchronization of elastically coupled

processive molecular motors and regulation of cargo transport. Phys. Rev. E

Stat. Nonlin. Soft. Matter. Phys. 91:012701. doi: 10.1103/PhysRevE.91.012701

Kuffler, D. P., Nicholls, J., and Drapeau, P. (1987). Transmitter localization and

vesicle turnover at a serotoninergic synapse between identified leech neurons

in culture. J. Comp. Neurol. 256, 516–526. doi: 10.1002/cne.902560404

Lang, T., Wacker, I., Wunderlich, I., Rohrbach, A., Giese, G., Soldati, T.,

et al. (2000). Role of actin cortex in the subplasmalemmal transport

of secretory granules in PC-12 cells. Biophys. J. 78, 2863–2877.

doi: 10.1016/S0006-3495(00)76828-7

Leon-Pinzon, C., Cercós, M. G., Noguez, P., Trueta, C., and De-Miguel, F. F.

(2014). Exocytosis of serotonin from the neuronal soma is sustained by a

serotonin and calcium-dependent feedback loop. Front. Cell Neurosci. 8:169.

doi: 10.3389/fncel.2014.00169

Lervik, A., Bresme, F., Kjelstrup, S., and Rubí, J. M. (2012). On the thermodynamic

efficiency of Ca²?-ATPase molecular machines. Biophys. J. 19, 1218–1226.

doi: 10.1016/j.bpj.2012.07.057

Llorente-Folch, I., Rueda, C. B., Amigo, I., del Arco, A., Saheki, T., Pardo,

B., et al. (2013). Calcium-regulation of mitochondrial respiration

maintains ATP homeostasis and requires ARALAR/AGC1-malate

aspartate shuttle in intact cortical neurons. J. Neurosci. 33, 13957–13971.

doi: 10.1523/JNEUROSCI.0929-13.2013

Ludwig, M., and Stern, J. (2015). Multiple signalling modalities mediated by

dendritic exocytosis of oxytocin and vasopressin. Philos. Trans. R. Soc. Lond.

B Biol. Sci. 370:20140182. doi: 10.1098/rstb.2014.0182

Newman, E. A. (2015). Glial cell regulation of neuronal activity and blood flow in

the retina by release of gliotransmitters. Philos. Trans. R. Soc. Lond. B Biol. Sci.

370:20140195. doi: 10.1098/rstb.2014.0195

Nicholls, D. G., Vesce, S., Kirk, L., and Chalmers, S. (2003). Interactions

between mitochondrial bioenergetics and cytoplasmic calcium in cultured

cerebellar granule cells. Cell Calcium 34, 407–424. doi: 10.1016/S0143-4160

(03)00144-1

Oheim, M., and Stühmer, W. (2000). Tracking chromaffin granules on their

way through the actin cortex. Eur. Biophys. J. 29, 67–89. doi: 10.1007/s00249

0050253

Rozanski, G. M., Kim, H., Li, Q., Wong, F. K., and Stanley, E. F. (2012). Slow

chemical transmission between dorsal root ganglion neuron somata. Eur. J.

Neurosci. 36, 3314–3321. doi: 10.1111/j.1460-9568.2012.08233.x

Rueda, C. B., Llorente-Folch, I., Amigo, I., Contreras, L., González-

Sánchez, P., Martínez-Valero, P., et al. (2014). Ca(2+) regulation of

mitochondrial function in neurons. Biochim. Biophys. Acta 1837, 1617–1624.

doi: 10.1016/j.bbabio.2014.04.010

Sarkar, B., Das, A. K., Arumugam, S., Kaushalya, S. K., Bandyopadhyay, A., Balaji,

J., et al. (2012). The dynamics of somatic exocytosis inmonoaminergic neurons.

Front. Physiol. 3:414. doi: 10.3389/fphys.2012.00414

Schnitzer, M. J., and Block, S. M. (1997). Kinesin hydrolyses one ATP per 8-nm

step. Nature 388, 386–390. doi: 10.1038/41111

Svoboda, K., and Block, S. M. (1994). Force and velocity measured for single

kinesin molecules. Cell 77, 773–784. doi: 10.1016/0092-8674(94)90060-4

Tobin, V. A., and Ludwig, M. (2007). The role of the actin cytoskeleton in oxytocin

and vasopressin release from rat supraoptic nucleus neurons. J. Physiol. 582,

1337–1348. doi: 10.1113/jphysiol.2007.132639

Torregrosa-Hetland, C. J., Villanueva, J., Giner, D., Lopez-Font, I., Nadal, A.,

Quesada, I., et al. (2011). The F-actin cortical network is a major factor

influencing the organization of the secretory machinery in chromaffin cells. J.

Cell Sci. 2011 124, 727–734. doi: 10.1242/jcs.078600

Trueta, C., and De-Miguel, F. F. (2012). Extrasynaptic exocytosis and its

mechanisms: a source of molecules mediating volume transmission in the

nervous system. Front. Physiol. 3:319. doi: 10.3389/fphys.2012.00319

Trueta, C., Kuffler, D. P., andDe-Miguel, F. F. (2012). Cycling of dense core vesicles

involved in somatic exocytosis of serotonin by leech neurons. Front. Physiol.

3:175. doi: 10.3389/fphys.2012.00175

Trueta, C., Méndez, B., and De-Miguel, F. F. (2003). Somatic exocytosis of

serotonin mediated by L-type calcium channels in cultured leech neurons. J.

Physiol. 547, 405–416. doi: 10.1113/jphysiol.2002.030684

Trueta, C., Sánchez-Armas, S., Morales, M. A., and De-Miguel, F. F.

(2004). Calcium-induced calcium release contributes to somatic

exocytosis of serotonin in leech retzius neurons. J. Physiol. 547, 309–316.

doi: 10.1002/neu.20055

Vitale, M. L., Seward, E. P., and Trifaró, J. M. (1995). Chromaffin cell

cortical actin network dynamics control the size of the release-ready

vesicle pool and the initial rate of exocytosis. Neuron 14, 353–363.

doi: 10.1016/0896-6273(95)90291-0

Wang, Y. F., and Hatton, G. I. (2006). Mechanisms underlying oxytocin-

induced excitation of supraoptic neurons: prostaglandin mediation of actin

polymerization. J. Neurophysiol. 3933–3947. doi: 10.1152/jn.01267.2005

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Noguez, Rubí and De-Miguel. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 15 May 2019 | Volume 10 | Article 473

https://doi.org/10.1016/j.brainresrev.2007.02.009
https://doi.org/10.1242/jcs.02419
https://doi.org/10.4161/cib.15251
https://doi.org/10.1073/pnas.94.9.4395
https://doi.org/10.1098/rstb.2014.0186
https://doi.org/10.1021/bi00610a002
https://doi.org/10.1039/c3cp52339j
https://doi.org/10.1103/PhysRevE.91.012701
https://doi.org/10.1002/cne.902560404
https://doi.org/10.1016/S0006-3495(00)76828-7
https://doi.org/10.3389/fncel.2014.00169
https://doi.org/10.1016/j.bpj.2012.07.057
https://doi.org/10.1523/JNEUROSCI.0929-13.2013
https://doi.org/10.1098/rstb.2014.0182
https://doi.org/10.1098/rstb.2014.0195
https://doi.org/10.1016/S0143-4160(03)00144-1
https://doi.org/10.1007/s002490050253
https://doi.org/10.1111/j.1460-9568.2012.08233.x
https://doi.org/10.1016/j.bbabio.2014.04.010
https://doi.org/10.3389/fphys.2012.00414
https://doi.org/10.1038/41111
https://doi.org/10.1016/0092-8674(94)90060-4
https://doi.org/10.1113/jphysiol.2007.132639
https://doi.org/10.1242/jcs.078600
https://doi.org/10.3389/fphys.2012.00319
https://doi.org/10.3389/fphys.2012.00175
https://doi.org/10.1113/jphysiol.2002.030684
https://doi.org/10.1002/neu.20055
https://doi.org/10.1016/0896-6273(95)90291-0
https://doi.org/10.1152/jn.01267.2005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Olivas-Aguirre et al. Cell Death and Disease          (2019) 10:779 

https://doi.org/10.1038/s41419-019-2024-0 Cell Death & Disease

ART ICLE Open Ac ce s s

Cannabidiol directly targets mitochondria and
disturbs calcium homeostasis in acute
lymphoblastic leukemia
Miguel Olivas-Aguirre 1, Liliana Torres-López1, Juan Salvador Valle-Reyes1, Arturo Hernández-Cruz2,
Igor Pottosin 1 and Oxana Dobrovinskaya 1

Abstract
Anticancer properties of non-psychoactive cannabinoid cannabidiol (CBD) have been demonstrated on tumors of
different histogenesis. Different molecular targets for CBD were proposed, including cannabinoid receptors and some
plasma membrane ion channels. Here we have shown that cell lines derived from acute lymphoblastic leukemia of T
lineage (T-ALL), but not resting healthy T cells, are highly sensitive to CBD treatment. CBD effect does not depend on
cannabinoid receptors or plasma membrane Ca2+-permeable channels. Instead, CBD directly targets mitochondria
and alters their capacity to handle Ca2+. At lethal concentrations, CBD causes mitochondrial Ca2+ overload, stable
mitochondrial transition pore formation and cell death. Our results suggest that CBD is an attractive candidate to be
included into chemotherapeutic protocols for T-ALL treatment.

Introduction
Acute lymphoblastic leukemia (ALL) of T lineage (T-

ALL) represents a highly aggressive cancer, resistant to
chemotherapy and with increased risk of relapse, which
occurs in 15% of childhood and 25% of adult ALL cases.
In T-ALL, a long-term remission fails in ~20% of children
and 40% of adult patients. The prognosis for these groups
remains poor, with a 5-year survival rate of <25%1–5.
Thus, novel therapeutic strategies for the T-ALL treat-
ment are needed.
Cannabinoids are a group of more than 60 structurally

related terpenophenolic compounds. Most of them exert
their effects through cannabinoid CB1 and CB2 receptors,
which belong to the family of G protein-coupled

receptors. Lymphocytes mainly express CB2, whereas CB1
are highly expressed in the central nervous system (CNS).
Cannabinoids have been used for decades in the field of
palliative care. Recently two phytocannabinoids, Δ9-tet-
rahydrocannabinol (THC) and cannabidiol (CBD), were
found to possess antitumorigenic properties6,7. Contrary
to THC, a well-known strong CB1 agonist with psycho-
tropic effect, CBD has a low binding affinity for CB1/2
receptors and is considered as a “non-intoxicating drug”8.
Molecular targets for CBD are uncertain. Among putative
candidates, some members of the TRP channels´ family,
orphan cannabinoid receptor GPR55, 5HT and PPARγ
receptors have been proposed6,9.
In the present study we addressed the immediate targets

for CBD in leukemic cell lines, derived from T-ALL
patients in relapse.

Results
CBD suppresses viability and impairs migration of
leukemic T cells
Cytotoxic effect of CBD was first evaluated in leukemic

cell lines of different lineages, including T-ALL, B lineage-

© The Author(s) 2019
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Igor Pottosin (pottosin@ucol.mx) or
Oxana Dobrovinskaya (oxana@ucol.mx)
1Laboratory of Immunobiology and Ionic Transport Regulation, University
Center for Biomedical Research, University of Colima, Av. 25 de Julio 965, Col.
28030 Colima, Mexico
2Department of Cognitive Neuroscience and National Laboratory of
Channelopathies (LaNCa), Institute of Cellular Physiology, National
Autonomous University of Mexico, Mexico-City, Mexico
Edited by M. Diederich

Official journal of the Cell Death Differentiation Association

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

http://orcid.org/0000-0002-4832-128X
http://orcid.org/0000-0002-4832-128X
http://orcid.org/0000-0002-4832-128X
http://orcid.org/0000-0002-4832-128X
http://orcid.org/0000-0002-4832-128X
http://orcid.org/0000-0002-9657-9226
http://orcid.org/0000-0002-9657-9226
http://orcid.org/0000-0002-9657-9226
http://orcid.org/0000-0002-9657-9226
http://orcid.org/0000-0002-9657-9226
http://orcid.org/0000-0003-1526-6517
http://orcid.org/0000-0003-1526-6517
http://orcid.org/0000-0003-1526-6517
http://orcid.org/0000-0003-1526-6517
http://orcid.org/0000-0003-1526-6517
http://creativecommons.org/licenses/by/4.0/
mailto:pottosin@ucol.mx
mailto:oxana@ucol.mx


derived ALL (B-ALL), and chronic myelogenous leukemia
(CML) by means of metabolic assay. T-ALL were the
most CBD-sensitive among tested cell lines (Fig. 1a).
However, there is an uncertainty in the interpretation of
this result, which may be explained by mitochondrial
metabolism inhibition, decreased proliferation rate,
increased level of cell death, or combination of these
effects. Then survival and proliferation of CBD- treated
Jurkat cells were evaluated in long-lasting (72 h) cultures
by counting live and dead cells CBD at 30–100 μM
induced cell death, while at 10 μM the cells remained alive,
but did not proliferate. Noteworthy, at low (1 μM) con-
centration, CBD stimulated the cell proliferation (Fig. 1b,
left). Stimulation was also obtained in experiments with a
sequential (1 μM every 24 h) CBD administration (Fig. 1b,
right). Strikingly, dose dependence was very similar in both
cases, irrespective to supposed CBD accumulation during
sequential application. Apparently, cell fate was defined
already by the first CBD administration.
In additional experiments, cervical and breast cancer

cell lines were included for a comparison, because CBD
effect on these types of cancer was reported earlier. Again,
among 10 cell lines tested, cytotoxic effect of CBD was the
most pronounced in T-ALL (Fig. 1c).
We also tested CBD toxicity in non-tumoral cells.

Murine bone marrow-derived cell line OP9 displayed high
resistance to CBD (Fig. 1d). Strikingly, in contrast to
activated human CD4+ T cells, resting CD4+ T cells were
relatively insensitive to CBD. Noteworthy, resting CD4+

T cells pretreated with CBD (30 μM, 24 h) were able to
respond to activating stimuli. At 72 h of activation their
proliferative response was statistically indistinguishable
from that of untreated CD4+ cells (Fig. 1e).
The infiltration of lymph nodes and CNS by leukemic

cells and formation of a mediastinal mass are tightly
related to disease relapse and unfavorable prognosis in T-
ALL10. Thus, the effect of CBD on the T-ALL cells
migration was addressed. Since CXCL12/CXCR4 axis
plays a significant role in the dissemination of leukemic
cells11,12, CXCL12 was used as a chemoattractant.
Migration of T-ALL cells was shown to be significantly
suppressed by 2 h preincubation with 30 μM CBD (Fig. 1f).
CBD (30–100 μM) triggered apoptosis in a part of the

cell population (Annexin V - single positive cells). At the
same time, loss of plasma membrane integrity was
observed in a large cell population as early as at 4 h of
treatment (Annexin V/ propidium iodide (PI) – double
positive cells), indicating necrosis (Fig. 1g–i).
Transmission electron microscopy (TEM) imaging

revealed multiple dramatic changes in cell morphology
already after 2 h of CBD (30 μM) exposure (Fig. 2). Two of
the most characteristic features were extensive cyto-
plasmic vacuolation and numerous swollen mitochondria,
devoid of cristae. Golgi complex and endoplasmic

reticulum (ER) were disassembled, which seems to be
related to cytoplasmic vacuolation. Plasma membrane
blebbing and apoptotic bodies (ApoBDs) formation were
detected. The observed morphological changes pointed
out to a complex mechanism, with both apoptotic and
necrotic symptoms. In addition, double membrane
vacuoles, containing degrading material (autophago-
somes), were much more numerous in CBD-treated cells
as compared to control.

Sublethal CBD concentrations activate autophagy in
leukemic cells
Autophagy is a catabolic cellular process, representing

an important strategy to ensure cell homeostasis by the
elimination of defunct organelles in both physiological
and pathological conditions13. Basal levels of autophagy
serve a housekeeping function, whereas stress stimulates
autophagy. CBD was shown to cause cell death by indu-
cing a crosstalk between apoptosis and autophagy in
breast cancer14. To reveal the ability of CBD to induce
autophagy in T-ALL, LC3-I to LC3-II conversion and
LC3-II turnover were monitored by immunoblotting. In
the course of autophagy, microtubule-associated protein
LC3-I first conjugates with phosphatidylethanolamine,
forming LC3-II, followed by the LC3-II translocation to
autophagosomes. An increased LC3-II level is considered
as an indicator of the autophagy, but LC3-II is degraded
by lysosomal proteases after autophagosome-lysosome
fusion. Chloroquine (CQ) is known to prevent
autophagosome-lysosome fusion and to inhibit the LC3-II
degradation, thus LC3-II is accumulated in the presence
of CQ15,16. Western blot analysis of LC3 variants
demonstrated that sublethal CBD concentration (10 µM)
effectively induced autophagy in Jurkat cells (Fig. 3a, b),
since LC3-II level was higher in cells treated with both
CBD (10 µM) and CQ (20 µM) when compared to either
20 µM CQ (basal autophagy) or 10 µM CBD treatment
alone. Note that accumulation of LC3-II was diminished
by its degradation during the autophagic flux in the
samples without CQ.
Proceeding of the autophagic flux at the single-cell level

was monitored using mCherry-GFP-LC3 expressing Jur-
kat cells. The mCherry-GFP-LC3 experimental strategy is
based on the fact that GFP is quenched at acidic pH,
found in the autophagolysosome, while mCherry is not.
Accordingly, enhancement of the mCherry/GFP ratio
sensitive to CQ indicates the autophagolysosome forma-
tion17. Figure 3c shows representative images from the
experiment, in which Jurkat GFP-mCherry-LC3 cells were
incubated with CBD (10 and 30 µM) and CQ, alone or in
combination. High mCherry/GFP ratio, efficiently equal-
ized by CQ, was observed in samples, treated with 10 µM
CBD (Fig. 3d, e), evidencing a throughput of the autop-
hagic pathway. In samples treated with 30 µM CBD this
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Fig. 1 (See legend on next page.)
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ratio was low (Fig. 3d, e). However, the number of
autophagosomes was increased at early times after CBD
administration (30 µM), as it was revealed by an enhanced
level of both GFP+ and mCherry+ puncta (Fig. 3f, g).
These data may be explained by a truncation of basal, and,
possibly, also CBD-induced autophagy at late phases in
damaged cells.

CBD causes mitochondrial damage and induces
cytochrome C release
Dissipation of the mitochondrial transmembrane

potential (ΔΨm) is a hallmark of the mitochondrial per-
meability transition (MPT) - driven necrosis as well as of
intrinsic apoptosis. It involves an irreversible mitochon-
drial outer membrane permeabilization and a release of
various pro-apoptotic factors, including cytochrome C
(Cyt-C), to the cytosol. In the cytosol, Cyt-C contributes
to the apoptosome formation, with a consequent activa-
tion of the initiator caspase 9, which cleaves and activates
executioner caspases18.
We monitored ΔΨm in Jurkat cells double-stained with

green fluorescent dye MtGreen, which covalently binds to
mitochondrial matrix proteins, and tetramethylrhodamine
ethyl ester (TMRE), a cationic fluorescent dye that is
readily sequestered by energized mitochondria (Fig. 4a).
When exposed to CBD (30 μM), the intensity of TMRE
fluorescence, in contrast to that of MtGreen, was gradually
decreased within the first 10min of treatment, indicating a
rapid ΔΨm loss (Fig. 4a, Supplementary Movie 1). The loss

of TMRE fluorescence was dose-dependent (Fig. 4b). To
monitor Cyt-C release from mitochondria in a response to
CBD treatment, Jurkat cells were transfected with EYFP-
Cyt-C. In untreated cells, Cyt-C localization was restricted
to mitochondria, as confirmed by punctate distribution of
EYFP-Cyt-C staining and its colocalization with TMRE
(Fig. 4c, d). After treatment with CBD (30 μM), EYFP-Cyt-
C distribution in the cytoplasm of treated cells became
more diffuse (Fig. 4e), indicating Cyt-C release from
mitochondria, observed as early as within the first 20min
of treatment (Fig. 4f). Concomitantly, cell volume was
significantly reduced, as it was previously reported for
CBD-treated Jurkat cells by others19. Jurkat cells, exposed
to CBD, exhibited an enhanced activity of caspases 9 and
3, confirming the triggering of intrinsic apoptotic pathway
(Fig. 4g).
Collapse of the ΔΨm is frequently associated with the

induction of the mitochondrial permeability transition
pore (mPTP), a wide channel formed through inner and
outer mitochondrial membranes. The formation of mPTP
is potently blocked by cyclosporine A (CsA)20. Two dis-
tinct mechanisms, leading to the Cyt-C release from
mitochondria were suggested: one is related to the mPTP
and inhibited by CsA and another is Bax-dependent but
CsA-insensitive21,22. In our experiments both CBD-
induced phenomena, Cyt-C release from mitochondria
and cell shrinkage were inhibited by CsA (Fig. 4h). mPTP
opening is associated with the oxidative stress20. CBD-
induced reactive oxygen species (ROS) overproduction

(see figure on previous page)
Fig. 1 CBD effect on viability in different cancer cell lines. a Cell viability, evaluated by resazurin-based metabolic assay, as a function of CBD
concentration in human leukemic cell lines of different lineages at 24 h of treatment. Cell lines derived from T-ALL (Jurkat, MOLT-3, and CEM), B-ALL
(RS4;11 and Reh) and CML (K562) were tested. Data (resorufin fluorescence intensity, arbitrary units) were normalized to the vehicle-treated control
and shown as mean ± SD (n= 8; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant; one-way ANOVA). b Live cell count (trypan blue
exclusion test) in long-lasting Jurkat cells cultures exposed to different CBD concentrations (0–100 μM). Left: cell count at 72 h after single CBD
administration; right: fresh CBD was added, 50% of medium volume was changed and cells were counted every 24 h. Data are normalized to the
initial point (0 h) and shown as mean ± SD (n= 3; **p < 0.01; ***p < 0.001; ****p < 0.0001, one-way ANOVA test). c Cell viability was evaluated by
resazurin-based metabolic assay at 24 h of treatment with CBD (30 μM) in human tumor cell lines of different histogenesis, including CML (K562), B-
ALL (Reh and RS4;11), T-ALL (CEM, MOLT-3, and Jurkat), cervical cancer (SiHa and HeLa), and breast cancer (MCF7-7 and MDA-MB-231). Data (resorufin
fluorescence intensity) were normalized to vehicle-treated control and reported as mean ± SD (n= 8 of four independent experiments; (*p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001, Student’s t-test). d Cell viability was evaluated by resazurin-based metabolic assay at 24 h of treatment with
CBD (30 μM) in non-cancerous cells. Human CD4+ cells were activated with anti-CD3/CD28 antibodies as described in Materials and Methods section.
Data (resorufin fluorescence intensity) are normalized to the vehicle-treated control and reported as mean ± SD (n= 8 in at least three independent
experiments; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; Student’s t-test). e After preincubation with CBD (30 μM, 24 h), non-cancerous CD4+

cells were activated by anti-CD3/antiCD28 antibodies. Cell viability was evaluated by resazurin-based metabolic assay every 24 h. Data (resorufin
fluorescence intensity) were normalized to 0 h time point and shown as mean ± SD (n= 8 in at least three independent experiments). Statistical
comparison between control and pretreated samples was undertaken at each time point (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, Student’s
t-test). f Migration capacity of Jurkat cells pretreated with CBD (10 or 30 μM, 2 h) was evaluated by chemotactic migration assay, using a Transwell
system. Cells were allowed to migrate for 4 h, CXCL12 was used as a chemoattractant. The percentage of migrated cells was determined by cells
count in the lower chamber. Data are mean ± SD (n= 4). Statistical comparison was made with respect to positive control (CXCL12) (*p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001, one-way ANOVA test). g–i Cell death was evaluation by flow cytometry (g, h) and fluorescent microscopy (I) in
Jurkat cells treated with different concentrations of CBD using Annexin V-AF488/PI double staining. Representative dot plots (2, 4, and 6 h) and
images (12 h) are shown in g and i, correspondingly. Scale bar: 20 μm. In every dot plot lower left quadrant represents Annexin V−PI− (DN) live cells,
in the lower right quadrant are Annexin V+PI− (early apoptotic) cells, Annexin V−PI+ (primary necrotic) cells are in the upper left quadrant, whereas
the double-stained population Annexin V+PI+ (DP) in the upper right quadrant represents dead cells, which may include necrotic and late apoptotic
ones. Statistical analysis of flow cytometry data is given in h (n= 3; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, one-way ANOVA test)
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was previously reported in different cell models14,23. As
shown in the Fig. 4i, CBD within few minutes provoked a
dose-dependent increase in ROS generation.

CBD-induced mitochondrial Ca2+ overload is responsible
for the formation of mPTP
CBD-mediated elevation of the cytosolic free

Ca2+ ([Ca2+]i) has been observed in several cancer and
non-cancerous cells24,25. Calcium signal signature defines
the cell fate, survival, or death scenarios26. Elevated
intramitochondrial Ca2+ ([Ca2+]m) is a prerequisite for
the mPTP formation20. It is generally assumed that [Ca2+]m
increase is triggered by an increase of [Ca2+]i. In many

cases, Ca2+ source can be ER, whose membranes come to a
very close proximity with the outer mitochondrial mem-
brane (OMM)27.
CBD promoted a dose-dependent elevation of [Ca2+]i

from the resting level of 100 nM up to 300 nM, both in T-
ALL cells (Fig. 5a–d) and in healthy lymphocytes
(Fig. 5e, f). Pharmacological analysis revealed that neither
CB1/2 nor GPR55 receptors were involved in the CBD-
induced [Ca2+]i rise. Importantly, CBD-induced [Ca2+]i
rise was neither dependent on Ca2+ permeable channels
in plasma membrane nor on extracellular Ca2+ (Fig. 5g–j).
Thus, the source of CBD-induced [Ca2+]i rise were
intracellular Ca2+ stores. Blockage of plasma membrane

Fig. 2 CBD induces ultrastructural alterations in Jurkat cells. a, b Representative TEM images of untreated Jurkat cells (a) and Jurkat cells, fixed
after 2 h of incubation with CBD (30 μM, b). Scale bars are indicated. c, d High-resolution TEM images of control (c) and CBD-treated cells (d). Scale
bar: 2 μm. Cell components are indicated as following: nucleus (N), Golgi apparatus (GA), mitochondria (M), endoplasmic reticulum (ER), and
autophagic vacuoles (AV). Note autophagic bodies (ABd) in b, panel a; inclusion of condensed chromatin in one of ABds is indicated by arrow. An
electron dense lysosome in the neighborhood of an autophagic vacuole is indicated by arrow in c
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Ca2+ permeable channels by Gd3+ and ruthenium red
(RR) did not protect leukemic cells against CBD (Fig. 5i, j).
To monitor [Ca2+]m, Jurkat cells were transfected with a

Ca2+-sensitive, mitochondrial targeted indicator CEPIA3mt
(Kd= 11 μM)28. Specific mitochondrial targeting of

CEPIA3mt was confirmed by its colocalization with TMRE
(Fig. 6a). Concurrent measurement of [Ca2+]i were con-
ducted with cells loaded with a conventional cytosolic
ratiometric dye Fura-2. CBD-induced [Ca2+]i increase was
preceded by [Ca2+]m transient (Fig. 6b). Peak value for

Fig. 3 CBD induces autophagy in Jurkat cells. a Representative Western blot of LC3-I/II protein expression in vehicle- or CBD- treated Jurkat cells
(24 h). CQ was used to prevent the fusion of autophagosomes with lysosomes, where LC3-II is otherwise degraded. The concentrations of CQ and
CBD are indicated. GAPDH was used as a loading control. Note that in absence of CQ the accumulation of LC3-II was observed neither in control
(basal autophagy) nor in CBD-treated samples. In the presence of CQ LC3-II is accumulated and corresponding bands are more intense. b LC3-II/
GAPDH density ratio in samples, obtained from Jurkat cells, grown in different conditions (as in example shown in a). Data are mean ± SD (n ≥ 4; *p <
0.05; **p < 0.01). Control and different treatments were compared, using one-way ANOVA with Tukey’s multiple comparisons tests. c Confocal
microscopy images of mCherry-GFP Jurkat cells, incubated over 24 h at different conditions as indicated. CQ was used to prevent the fusion of
autophagosomes with lysosomes during the autophagy flux. Note that the inhibition of autophagolysosomes formation by CQ results in prevention
of GFP quenching in the acidic environment within a lysosome. d mCherry/GFP puncta ratio was calculated from confocal images of Jurkat cells as
shown in c, incubated at different conditions. Quantification of the average number of mCherry and GFP puncta was performed using ImageJ
“Particle analysis” tool. For each condition, 3 fields (10–20 cells/ field) were analyzed. Data from three independent experiments were averaged and
are shown as mean ± SD. One-way ANOVA with Tukey’s post-hoc tests were employed to compare statistical significance between groups (**p <
0.01; ****p < 0.0001). e–g LC3 puncta counts, where GFP and mCherry puncta were counted and analyzed separately in Jurkat cells in control samples
or in samples treated with different combinations of CBD and CQ, and incubated during 24 h (e), 4 h (f) or 2 h (g). Quantification of the average
number of mCherry and GFP puncta was performed using ImageJ “Particle analysis” tool. For each condition, 3 fields (10–20 cells/field) were
analyzed. Data from four independent experiments were averaged and are shown as mean ± SD. Significance is depicted in green, when comparing
GFP puncta between groups and in red for mCherry puncta comparison. Significance in black represents differences between GFP/mCherry puncta
(n ≥ 4, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; two-way ANOVA with Tukey’s post-hoc tests)

Olivas-Aguirre et al. Cell Death and Disease          (2019) 10:779 Page 6 of 19

Official journal of the Cell Death Differentiation Association



Fig. 4 CBD impairs mitochondrial function, induces Cyt-C liberation and ROS production. a Monitoring of Δψm loss in CBD-treated leukemic cells.
Jurkat cells were double-stained with MtGreen and TMRE, mitochondria (ROI) were selected (upper panel) and intensity of fluorescence was monitored by
confocal microscopy after CBD (30 μM) administration (lower panel, n= 36; see also Supplementary movie 1). b Intensity of TMRE fluorescence as an indicator
of Δψm in Jurkat cells, treated with different concentrations of CBD (0–100 μM) during 10min. FCCP (10 μM) was used as a positive control. Data are mean ±
SD (n= 8 in three independent experiments). Statistical comparison with control was performed by means of one-way ANOVA test (*p< 0.05; ****p< 0.0001).
c EYFP-Cyt-C is localized in mitochondria of Jurkat cells after 12 h of transfection. EYFP-Cyt-C and TMRE fluorescence are colocalized (200 nM TMRE, 200 ng
EYFP-Cyt-C, pseudocolor). Images were acquired by confocal microscopy at 12 h after transfection, scale bar: 10 μm. d Representative images of five Jurkat
cells, transfected with EYFP-Cyt-C (as in c). Dense green fluorescent puncta (pseudocolor) reflect Cyt-C localization in intact mitochondria. Scale bar: 10 μm. e
Representative images of five Jurkat cells, transfected with EYFP-Cyt-C (as in c) and treated with CBD (30 μM, 1 h). Cyt-C was released from mitochondria as
evidenced by a diffuse EYFP-CytC distribution. Scale bar: 10 μm. f EYFP-Cyt-C distribution in Jurkat cells, expressing EYFP-Cyt-C, at 0, 5, and 20min with CBD
(30 μM). Scale bar: 10 μm. g Caspase-9 and caspase-3 activity in vehicle- and CBD- treated (30 μM, 12 h) Jurkat cells. Staurosporine (STS, 5 μM) was used as a
positive control. After incubation, cells were lysed, and caspase activity was determined by colorimetric assay (BioVision). Fold increase in activity compared to
control was plotted as mean± SE (four independent experiments). One-way ANOVA test was performed to compare CBD-treated to control group (*p< 0.05;
**p< 0.01). h Pretreatment with mPTP inhibitor CsA (10 μM) prevents Cyt-C release, induced by CBD (30 μM; 1 h). Compare these images with Fig. 4d, e
(vehicle- and CBD-treated cells) and note the protective effect of CsA. Scale bar: 10 μm. i ROS production as evaluated by fluorescent microscopy in DCF-
loaded (2 μM) Jurkat cells. CBD effect on ROS production was monitored after 1 h of incubation. PMA (1 μM) was used as a positive control
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[Ca2+]m signal was ~5 μM, basing on the titration curve for
CEPIA3mt28. Notably, CBD-induced [Ca2+]m transient
occurred at time when [Ca2+]i remained at the resting level.
Thus, causal relation between CBD-induced [Ca2+]m and
[Ca2+]i increases was further addressed. Jurkat cells highly
express functional H1 histamine receptors and histamine
treatment was proved to induce the inositol 1,4,5-trispho-
sphate receptor (IP3R)-dependent Ca

2+ release from the ER
for this cell model29. Artificial depletion of the ER Ca2+ by
histamine or thapsigargin and block of the ER Ca2+ release
via IP3R channels by 2-aminoethoxydiphenyl borate (2-
APB) abolished the CBD-induced [Ca2+]i increase. Thus,
ER was the source of the CBD-induced [Ca2+]i rise (Fig.

6c, d, f). CBD-induced [Ca2+]m rise was potentiated by ER
Ca2+ release (and concomitant cytosolic Ca2+ rise) and
reduced upon the conditions, when ER Ca2+ release was
blocked (Fig. 6c–e). Thus, ER Ca2+ release partly fuels the
CBD-induced [Ca2+]m rise. However, note that [Ca2+]m
rise was switched first upon CBD administration, not by
Ca2+ release from the ER per se. Mitochondria act as a
sink for Ca2+, artificially released from the ER prior to
CBD application as evidenced by an abrupt decrease of
[Ca2+]i in a response to CBD (Fig. 6c, f).
Ca2+ uptake from the cytosol to mitochondria is

mediated by voltage-dependent anion channel (VDAC) in
the OMM and the mitochondrial Ca2+ uniporter (MCU)

Fig. 5 CBD induces cytosolic Ca2+ rise in human T-ALL cell lines and non-cancerous T cells. a–c [Ca2+]i monitoring in leukemic cells, treated
with CBD. Traces represent the mean ± SD of at least six samples from independent experiments. d Dose dependence of peak [Ca2+]i values in T-ALL
cell lines, exposed to CBD. Data are mean ± SD for at least six samples from independent experiments. e, f [Ca2+]i monitoring in non-cancerous T cells
in resting (e) and activated (f) states. Traces represent the mean ± SD of at least six samples from independent experiments. g Pharmacological
analysis of [Ca2+]i rise in response to CBD. Before CBD treatment, cells were preincubated over 20 min with either CB1 antagonist, rimonabant (1 μM),
CB2 inverse agonist, AM630 (2 μM), or GPR55 antagonist, CID16020046 (3 μM); values Δ [Ca2+]i were obtained by subtracting the [Ca2+]i baseline level
from [Ca2+]i maximum increase. Data are mean ± SD of at least 6 samples from independent experiments. h [Ca2+]i monitoring in Jurkat cells,
suspended in Ca2+-free HBSS. Traces represent the mean ± SD of at least six samples from independent experiments. i, j Effect of Gd3+ and RR, non-
selective blockers of plasma membrane Ca2+- permeable channels, on [Ca2+]i (i and j, left) and cell viability evaluated by resazurin-based metabolic
assay (i and j, right). Gd3+ (1 μM) or RR (1 μM) were added to Jurkat cells 20 min before the [Ca2+]i measurement. i, j left: traces represent the mean ±
SD of at least six samples from independent experiments. i, j right: data (resorufin fluorescence intensity) were normalized to vehicle-treated control
and reported as mean ± SD (n= 8 of four independent experiments (****p < 0.0001, Student’s t-test)
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in the inner mitochondrial membrane (IMM). In our
experiments, CBD-induced [Ca2+]m rise was completely
suppressed by a permeable MCU blocker Ru360 (Fig. 6g),
but not significantly affected by CGP-37157, the inhibitor
of the inner membrane Na+/Ca2+ exchanger, NCX (Fig.
6h). Specific inhibitor of mPTP, CsA, stabilized
[Ca2+]m at a high level (Fig. 6h). Of special note, the
inhibition of mitochondrial Ca2+ overload and of mPTP
by Ru360 and CsA, respectively, precluded the cytosolic
Ca2+ rise (Fig. 6i–j). Thus, the ER Ca2+ release is causally
dependent on the mitochondrial response. Collectively,
our [Ca2+]m data imply that CBD-induced Ca2+ uptake
into the mitochondrial matrix via MCU caused a rapid
[Ca2+]m overload, which induced the mPTP opening and
a subsequent [Ca2+]m release. Thus, mitochondria appear

to be a primary target for CBD and mPTP opening is
required for the induction of Ca2+ release from the ER.
MCU inhibitor Ru360 prevented CBD-induced ROS for-
mation, Cyt-C release and cell death as revealed by
Annexin V/PI assay (Fig. 6k–m). The last result is very
essential, because it links mitochondrial Ca2+ overload to
cell death. Remarkably, CsA, albeit per se possessing
immunosuppressing activity, partially improved cell via-
bility of CBD-treated cells, while CB2 inverse agonist
AM630 and 2-APB were inefficient (Fig. 6n).

CBD interacts directly with mitochondria to promote the
organelle dysfunction
To verify the conclusion that mitochondria are direct

targets for CBD action, mitochondria were freshly isolated

Fig. 6 (See legend on next page.)

Olivas-Aguirre et al. Cell Death and Disease          (2019) 10:779 Page 9 of 19

Official journal of the Cell Death Differentiation Association



from Jurkat cells. Mitochondria were stained with
MtGreen and fluorescent Ca2+ indicator Rhod-2, and
evaluated by flow cytometry. High percentage of double-
stained particles evidenced high purity of mitochondria
population (Fig. 7a). Upon exposure to 30 μM CBD iso-
lated mitochondria exhibited [Ca2+]m increase at external
free Ca2+ of 100 nM, equal to the resting cytosolic Ca2+

level (Fig. 7b). The response of high affinity Ca2+ indicator
Rhod-2 (Kd ~ 0.6 μM) was saturated, implying that free
[Ca2+]m level was above 1 μM for a long time. Incubation
of isolated mitochondria with CBD over 10min produced
a strong dose-dependent decrease of ΔΨm (Fig. 7c),
similar to that in whole cells (Fig. 4b).

CBD binding to VDAC: in silico evidences
In some cell models CBD can induce cell death via

direct interaction with VDAC, promoting its closure to a
conformational substate30. This substate possesses a
reduced capacity to transport metabolites and increased
Ca2+ permeability31. We performed in silico analysis of
VDAC- CBD interactions. VDAC surface and N-terminus
were tested for CBD binding. Among the main VDAC
cavities, β9–12 and N-terminus regions exhibited the
most suitable sites for the CBD binding, basing on
respective free energy changes (docking score, see Sup-
plementary Table 1). 3D analysis of the CBD-VDAC

interaction revealed that more likely CBD interacts with 3
residues, Thr9, Asp12, and Leu13 at the N-terminus and
neighboring pore residues Val146, Gln157, Gly175,
Gln182, and His184 (Fig. 7d). Further analysis revealed
that CBD binding is stabilized mainly by steric interac-
tions and hydrogen bonds (Fig. 7e). Of putative CBD-
interacting residues, Thr9, Asp 12, and Hist184 have a
highest contribution to the overall binding energy (Sup-
plementary Fig. 1, Supplementary Table 1).

Discussion
A crucial role of mitochondria in cell metabolism and

bioenergetics, as well as in signaling pathways, regulation
of transcriptional activity, proliferation, migration, and
cell death is tightly related to their involvement into the
intracellular Ca2+ dynamics32. In the present study, by
means of concurrent monitoring of [Ca2+]m and [Ca2+]i
in a response to the CBD treatment, we have provided the
experimental evidences that mitochondria are primary
CBD target in T-ALL. In the first place, acute transient
[Ca2+]m rise, preceding the [Ca2+]i increase, was observed
in a response to CBD (Fig. 6b). Furthermore, [Ca2+]m
increase together with a dissipation of ΔΨm was observed
also in isolated mitochondria, treated with CBD (Fig. 7b, c).
Ca2+ accumulation in mitochondrial matrix requires the
crossing of both OMM and IMM. VDAC channel,

(see figure on previous page)
Fig. 6 CBD directly induces mitochondrial Ca2+ overload and mPTP opening. a CEPIA3mt fluorescence is colocalized with mitochondrial marker
TMRE in Jurkat cells. Scale bar: 10 μm. b–d Concurrent monitoring of [Ca2+]i and [Ca2+]m in Jurkat cells. [Ca2+]i and [Ca2+]m changes were evaluated
with Fura-2 (2 μM) and CEPIA3mt, respectively. Note that cells were loaded either with Fura-2 or with CEPIA3mt; individual time courses for Fura-2
and CEPIA3mt, were synchronized with respect to the timepoint of CBD addition and averaged [Ca2+]i and [Ca2+]m responses were plotted at the
upper and lower panels, respectively. CBD (30 μM), histamine (10 μM) and membrane-permeable IP3R blocker 2 APB (50 μM μM) were added as
indicated. Traces are mean ± SD of at least six samples from independent experiments. e Peak values for [Ca2+]m changes, induced by CBD, from the
experiments shown in b–d, with a variable level of [Ca2+]i due to manipulations with Ca2+ release from the ER. Bars represent mean ± SD of at least
six samples from independent experiments. One-way ANOVA test (*p < 0.05). f [Ca2+]i monitoring in Jurkat cells, loaded with Fura-2 (2 μM). ER Ca2+

was depleted by thapsigargin (1 μM). Experiments were performed in Ca2+-free medium (HBSS). Addition of CBD causes an abrupt decrease of [Ca2+]i
(cf with c). Traces are mean ± SD of at least three samples from independent experiments. g, h [Ca2+]m monitoring in Jurkat cells, transfected with
CEPIA3mt. CBD (30 μM) was added as indicated. When indicated, cells were preincubated over 20 min with either MCU blocker RU360 (1 μM), mPTP
inhibitor CsA (10 μM), or inhibitor of mitochondrial Na+/Ca2+ exchanger NCLX CGP37157 (1 μM). Traces are mean ± SD of at least six samples from
independent experiments. i [Ca2+]i monitoring in Jurkat cells, loaded with Fura-2 (2 μM). CBD (30 μM) was added as indicated. Cells were
preincubated during 20 min with vehicle or CsA (10 μM), specific inhibitor of the mPTP. Values Δ [Ca2+]i were obtained by subtracting the [Ca2+]i
baseline level from the peak [Ca2+]i. Traces are ±SD of at least six samples from independent experiments. j Cytosolic Ca2+ response to CBD (30 μM)
in Jurkat cells was abolished by a preincubation with the MCU blocker Ru360 (1 μM) over 20 min. Values Δ [Ca2+]i were obtained by subtracting the
[Ca2+]i baseline level from peak [Ca2+]i. Data are mean ± SD of a minimum of six independent experiments (**p < 0.01; ***p < 0.001; Student’s t-test).
k Representative images of Jurkat cells, transfected with EYFP-Cyt-C, pretreated with RU360 (1 μM, 20 min), and subsequently treated with CBD
(30 μM, 1 h). Discrete green fluorescent puncta (pseudocolor) represent Cyt-C localization in intact mitochondria whereas Cyt-C release from
mitochondria is evidenced by a more diffuse EYFP-Cyt-C distribution. Compare these images with Fig. 4d, e (vehicle- and CBD-treated cells) and note
the protective effect of RU360. Scale bar: 10 μm. l MCU blocker RU360 effectively prevents CBD-induced cell death in Jurkat cells. Cell death was
evaluated by flow cytometry, using Annexin V-AF488/PI double staining. Cells were preincubated with vehicle or RU360 (1 μM, 2 min), and then
treated with CBD (30 μM, 6 h). Data of three independent experiments are present (**p < 0.01, one-way ANOVA test).m ROS levels were evaluated by
DCF fluorescence intensity. Cells were either only treated with CBD (10 or 30 μM, 1 h, light and dark green bars, respectively) or additionally
pretreated with RU360 (1 μM, 20 min). In all, 50 cells from at least three independent experiments were analyzed for each condition. Data are mean of
±SD. Statistic comparisons between control and CBD-treated samples, or between RU360-pretreated and non-pretreated samples were performed.
****p < 0.0001, one-way ANOVA. n Effects of the CB2 inverse agonist, AM630 (n= 8), mPTP inhibitor CsA (n= 6) and membrane-permeable IP3R
blocker 2APB (n= 6) on the viability of Jurkat cells, treated with CBD. Cell viability was evaluated by resazurin-based metabolic assay (24 h). Data are
mean ± SD. Statistical comparison was made in relation to CBD-treated samples; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, one-way ANOVA
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ubiquitously expressed in OMM, is normally responsible
for the OMM permeability to Ca2+33. Under physiological
conditions, VDAC permeability to Ca2+ at levels, required
for an optimal function of TCA enzymes, is regulated by
VDAC interaction with IP3R in ER and chaperone 75 kDa
glucose-regulated protein GRP7534. Our in silico analysis
which demonstrated that CBD may interact directly with
VDAC (Fig. 7) is in agreement with findings by others that
CBD colocalizes with VDAC-rich mitochondrial

membranes fraction from BV-2 microglia cell line and
that purified VDAC, incorporated into lipid bilayers, is
switched from fully open to major subconductance state
by CBD30. Such “closed” channel state is known to be
highly permeable for Ca2+, due to the exposure of anionic
groups within the channel pore31.
Based on the available data, the following working model

can be proposed (Fig. 8). Due to its direct interaction with
CBD, VDAC1 is “fixed” in the Ca2+-permeable state. This

Fig. 7 CBD directly interacts with mitochondria. a Isolation of mitochondria from Jurkat cells was corroborated by flow cytometry analysis.
Representative experiment is shown. The purity of mitochondria population was determined as a percentage of double positive particles after
staining (20 min) with MtGreen (200 nM) and Rhod-2 (2 μM). First, the mitochondria population was visualized in FSC/SSC dot blot (upper left panel).
Non-stained mitochondria were used to determine the autofluorescence interval (gray histograms and corresponding intervals in upper right and
lower left panels). Accordingly, positive intervals for MtGreen (green histogram and corresponding interval in upper right panel) and Rhod-2 (red
histogram and corresponding interval in lower left panel) were determined. More than 90% of freshly isolated mitochondria were double-positive
(lower right panel). Freshly isolated mitochondria were assayed immediately. b [Ca2+]m uptake by freshly isolated mitochondria in a response to
vehicle or CBD (30 μM) treatments. Traces are mean ± SD for three independent experiments. c CBD effect on membrane potential (Δψm) in isolated
mitochondria. Freshly isolated mitochondria were stained with TMRE (400 nM) and exposed to different CBD concentrations for 10 min. FCCP was
used as a positive control. Data are mean ± SD of at least three independent experiments (****p < 0.0001, one-way ANOVA test). d In silico analysis
predicts that CBD interacts with VDAC1 at N-terminus and β9–11 residues. e Residues, interacting with CBD are depicted; hydrogen bonding
interactions are colored in red, whereas steric interactions are depicted in blue
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causes Ca2+ entry into the intermembrane space. Ca2+

needs to concentrate to micromolar level there, to unlock
and activate the MCU35. This is commonly believed to be
induced by a substantial increase of extramitochondrial
Ca2+. Our data suggest that mitochondrial Ca2+ overload
occurred already at resting 0.1 μM cytosolic Ca2+ (Figs. 6b,
d and 7b). The driving force for Ca2+ accumulation within
the intermembrane space could be a negative Donnan
potential of −20 to −40mV across the OMM36. This
allows the concentration of Ca2+ in the intermembrane
space up to 20-fold as compared to the cytosolic Ca2+

concentration, providing that the outer membrane is
permeable for Ca2+. The magnitude of the Donnan
potential across the OMM depends on the accumulation
of impermeable large anions within the intermembrane
space. Such accumulation, e.g. of ATP, may be provoked
by the same conformational shift within VDAC1, which
not only increases its Ca2+ permeability, but also makes it
adenine nucleotide-impermeable36. Activation of MCU
along with a large negative potential across the IMM

drives Ca2+ entry into the mitochondrial matrix, leading to
a rapid [Ca2+]m overload (Fig. 6). The latter triggers a
stable mPTP formation, which causes depolarization of the
IMM, mitochondrial dysfunction, severe oxidative stress,
and Ca2+ and Cyt-C release into the cytosol.
Noteworthy, multiple leukemic phenotypes express

higher levels of VDAC in a comparison to healthy cells
and VDAC expression is increased upon chemotherapy.
Moreover, the degree of overexpression is positively cor-
related with the cell death induction by anticancer
agents37–39.
We have observed different outcome of the CBD

treatment depending on its concentration. At high CBD
concentration, various scenarios of regulated cell death
may be triggered in LLA-T (Fig. 8). In the present study,
we reported apoptotic features such as Cyt-C release from
mitochondria to cytosol, activation of caspases 9/3 and
externalization of phosphatidylserine. On the other hand,
appearance of the huge Annexin V+PI+ population in the
early phases of CBD treatment evidenced MPT-driven

Fig. 8 Proposed mechanism for the CBD effect on T-ALL cells. Highly lipophilic CBD readily permeates plasma membrane and enters the cytosol,
approaching mitochondria. Direct CBD interaction with VDAC favors the channel closed substate with increased Ca2+ permeability. It favors
mitochondrial Ca2+ uptake through VDAC and MCU, leading to the mitochondrial Ca2+ overload that promotes the mPTP formation, Δψm loss,
mitochondrial swelling, and cristae disruption. mPTP opening promotes the Cyt-C release from mitochondria. In cytoplasm, Cyt-C may orchestrate
the apoptosome formation, caspases´ activation, and triggers the intrinsic apoptosis. mPTP rapidly triggers Ca2+ release from the ER, which tends to
promote the mitochondrial Ca2+ overload in a feedforward manner. The CBD-induced dysfunction of mitochondria is accompanied by severe
oxidative stress and rapid loss of ATP production, resulting in the MPT-driven necrosis. Autophagy occurs in T-ALL cells treated with sublethal CBD
concentrations
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necrosis. One can hypothesize that development of MPT-
driven apoptosis may be blocked due to energy penalty, a
decreased ATP level caused by a cessation of oxidative
phosphorylation by defunct mitochondria40. At sublethal
(10 μM CBD) concentration, autophagy was induced and
apparently efficiently prevented cell death (Fig. 1b, c, g, h;
Fig. 3a–d). Low CBD concentrations even stimulated cell
proliferation (Fig. 1b). This phenomenon may be
explained in the frame of the same basic model, providing
they promoted only limited [Ca2+]m increase. Such
moderate [Ca2+]m accelerates metabolism due to
Ca2+-dependence of TCA cycle enzymes41.
In conclusion, CBD directly targets mitochondria in T-

ALL and changes their capacity to handle Ca2+, which in
turn affects multiple cellular functions, including ROS
production and Ca2+ signaling, metabolic switch and the
induction of autophagy and cell death. The latter is
directly proved for our experimental model as the inhi-
bitor of mitochondrial Ca2+ uptake Ru360 protected T-
ALL cells from the CBD-induced cell death. Considering
the pivotal role of mitochondria in oncogenic re-pro-
gramming, CBD may be plausible candidate to be inclu-
ded into chemotherapeutic protocols. Importantly, resting
T cells, representing major T lymphocyte population,
were resistant to CBD and retained their ability to antigen
activation. Healthy activated T cells were CBD-sensitive,
but this population is small in T-ALL patients with a
weakened immunologic system. However, contrasting
effects of low and high CBD concentrations and possible
differences in its tissue distribution and bioavailability
requires further studies on animal models, with a focus on
safety issues.

Materials/subjects and methods
Cell lines and culture conditions
Leukemic cell lines Jurkat (ATCC®TIB™, Clone E6-1,

male, 14 years), MOLT-3 (ATCC®CRL-1552™, male, 19
years), CCFR-CEM (ATCC®CCL-119™, T-ALL, female, 4
years), K562 (ATCC®CCL-243™, female, 53 years), Reh
(ATCC®CRL-8286™, female) and RS4;11 (ATCC®CRL-
1873™, female, 32 years) purchased from ATCC® (Man-
assas, VA, USA) were grown in suspension in Advanced
RPMI 1640 medium, supplemented with 5% (v/v) of heat-
inactivated fetal bovine serum (FBS), 100 U/mL of peni-
cillin, 100 µg/mL streptomycin and 1% of GlutaMAX™ (all
from Invitrogene, Carlsbad, CA, USA). Tandem-labeled
mCherry-GFP-LC3 Jurkat cells (gift from Dr. A. Thor-
burn, Colorado, USA) were maintained in complete
growth medium (as for wild type Jurkat cells), additionally
supplemented with 400 µg/mL of hygromycin B (Sigma,
H3274) for selection. Suspension cells were maintained in
the logarithmic growth phase by daily medium refresh-
ment. Adherent cell lines MDA-MB-231 (ATCC®HTB-
26™, female, 51 years), MCF7 (ATCC®HTB-22™, female,

69 years), SiHa (ATCC®HTB-35™, female, 55 years) and
HeLa (ATCC®CCL-2™, female, 31 years) were maintained
in DMEM medium supplemented with 10% (v/v) of heat-
inactivated FBS, 100 U/mL of penicillin, 100 µg/mL
streptomycin and 1% of GlutaMAX™. Adherent cells were
passaged when they were in the logarithmic growth phase.
All cells were cultured in a humidified incubator in 5%
CO2/95% air atmosphere at 37 °C.

Human samples
Blood samples (10 mL) from non-cancerous, apparently

healthy volunteers (6 males and 6 females, younger than
35 years) were collected by capacitated personal under
aseptic conditions. A written informed consent was
obtained from all persons, prior to sample collection,
according to the Declaration of Helsinki. Sample acqui-
sition protocol was evaluated and approved by the
Bioethics and Biosecurity Committee of the Biomedical
Research Centre and the Faculty of Medicine of the
University of Colima, in agreement with the federal laws
(Artículo 100, Ley General de Salud).

Cannabidiol
CBD solution in methanol (10 mg/mL, equivalent to

32mM) was purchased from Cayman Chemical (90081)
and stored at −20 °C. Working solutions in complete
growth medium were prepared daily. Methanol (154903,
Merck) was used in vehicle-treated controls. Reference
methanol concentration for a vehicle control was 0.3% v/v,
which corresponds to that applied with the highest tested
CBD concentration (100 μM).

Purification and activation of CD4+ lymphocytes
Heparinized freshly isolated blood samples were diluted

1:1 with cold PBS. Peripheral blood mononuclear cells
(PBMC) were separated by centrifugation in Ficoll (17-
144002, Ficoll-Paque 1.073, GE Healthcare) gradient
(1:1.5 blood/Ficoll ratio, 1000 × g, 30 min, RT). PBMC
were collected from the interphase and carefully washed
in PBS. Finally, cells were resuspended in a fresh RPMI
1640 medium, supplemented with 10% of FBS and incu-
bated overnight for cell recovery. Next day, PBMC were
subjected to negative selection (to avoid activation) with
human CD4+ T cell isolation kit (130-096-533, Miltenyi
Biotec Miltenyi Biotec), following manufacturers’ specifi-
cations. Briefly, PBMC were collected, washed (400 × g,
5 min) and the pellet was resuspended in cold MACS
buffer. Live cells were counted (trypan blue exclusion test)
and incubated with CD4+ T cell biotin-antibody cocktail
(1 μL/1 × 106 cells) against CD8a, CD11b, CD11c, CD19,
CD45R (B220), CD49b (DX5), CD105, Anti-MHC Class
II, Ter-119, and TCRγ/δ, for 20 min at 4 °C with agitation,
followed by incubation with microbeads, conjugated to
monoclonal anti- biotin antibodies (2 μL/1 × 106 cells)
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over 20min at 4 °C. Next, 1 mL of MACS buffer was
added, cells were centrifuged (400 × g, 5 min), supernatant
was discarded to remove the excess of antibodies and cells
were resuspended in 1mL of cold MACS buffer. CD4+ T
cell population was separated using a MACS separator. LS
column was placed in the MAC separator, rinsed with
3 mL of MACS buffer and cell suspension was added.
Enriched CD4+ T (negative) cells were collected and
column was washed three times with MACS buffer for a
complete CD4+ harvesting. Enriched CD4+ T cell popu-
lation was centrifuged (400 × g, 5 min), resuspended in
complete Advanced RPMI 1640 medium and incubated at
37 °C in a humidified atmosphere (5% CO2, 95% air) prior
to the experiments. The population purity was more than
95% as verified by flow cytometry (FACSCanto II, BD
Biosciences), using antiCD4 antibodies (BioLegend
357404).
For polyclonal activation, resting CD4+ lymphocytes

were pretreated in 96-well plates with antiCD3 mono-
clonal antibodies (5 µg/mL) (BD, 555336) for 2 h at 37 °C.
Medium excess was removed and cells were further
incubated with antiCD28 monoclonal antibodies (2 µg/mL)
(BD, 555725) for 4 days. Ligation of CD3/CD28 provides an
antigen-independent activation stimulus by cross-linking T
cell receptor (TCR), resulting in transit from quiescent to
proliferation state.

Resazurin-based metabolic assay
To estimate cell drug toxicity, resazurin-based meta-

bolic assay was used. Bioreduction of resazurin reagent
(Tox 8, Sigma-Aldrich) by viable cells reduces the amount
of its oxidized form and concomitantly increases the
amount of its fluorescent intermediate resorufin. The
amount of dye conversion in solution was measured
fluorometrically, using a fluorescence plate reader Glo-
Max Discover (PROMEGA). Cells (106/mL) were seeded
into 96-well plates in 180 µL of complete RPMI medium
per well. Cells were incubated 24 h without or with CBD
(1–100 μM). For assay, 20 μL aliquots of resazurin reagent
were added to each well to a final volume of 200 μL and
cells were further incubated for 4 h (37 °C). Samples’
fluorescence was measured by excitation at 520 nm and
emission was collected at 580–640 nm. RPMI fluores-
cence was subtracted for each condition. Samples were
run in triplicate, in at least three independent experi-
ments. Data obtained from resorufin fluorescence were
averaged, normalized to their controls and expressed as
cell viability.

Sequential CBD administration
Jurkat cells (2.5 × 105/mL per well) were seeded into a

48-well plate in complete Advanced RPMI medium. Cells
were exposed to CBD (1–100 µM, dissolved in 500 μL of
RPMI) and incubated for 24 h. After incubation, cell

culture was gently resuspended, and 10 μL of suspension
was taken for cell counting, using a hemocytometer and
trypan blue exclusion test, to determine the number of
viable cells. A second dose of CBD was administered, and
cells were incubated for the next 24 h. The procedure was
repeated one more time, so that total assay was completed
in 72 h. Initial cell number was taken as 100%, and daily
cell count was normalized to this point. Three cell counts
(n= 3) from three independent experiments were aver-
aged and expressed as percentage of viability.

CD4+ T cell recovery test
Non-cancerous CD4+ T-cells from healthy donors were

cultured (1 × 106 cells/mL) in complete Advanced RPMI
1640 medium. Cells were preincubated with CBD (30 μM)
or vehicle over 24 h. After CBD treatment, cells were
washed and resuspended in a CBD-free medium and used
for activation with antiCD3 and antiCD28 antibodies, as
described earlier. Cell viability was determined by
resazurin-based metabolic assay (Tox8, Sigma-Aldrich) as
previously described, using a fluorescence plate reader
(GloMax Discover, PROMEGA). Samples were excited at
520 nm and emission was collected at 580–640 nm. RPMI
fluorescence was subtracted for each condition and data
was generated in triplicate, in at least three independent
experiments. Data obtained from resorufin fluorescence
were averaged, normalized to their control values and
expressed as cell viability.

Migration assay
Leukemic cells were seeded in 12-well plates (3422,

Transwell system, Corning Inc.) and preincubated for 1 h
with CBD. Pretreated cells (2 × 105) were placed in 400 µL
of serum-free medium in the upper chamber of Transwell
inserts (8 μM pore size). Recombinant human CXCL12
(Sigma-Aldrich) was used as a chemoattractant
(100 ng/mL) in the lower chamber, filled with complete
RPMI (10% FBS) medium. Cells were allowed to migrate
over 4 hours. After incubation, insert was removed and
cells from the lower chamber were counted, using
hemocytometer. Migration was expressed as a percentage
of migrated cells in relation to the total cell number.

Cell death analysis
For this assay, Alexa Fluor® 488 Annexin V/Dead Cell

Apoptosis Kit (V13241, Thermo Fisher Scientific) was
used, following manufacturer specifications. Kit provides
a nucleophilic marker (propidium iodide, PI, Ex/Em max
= 535/617 nm) as an indicator of plasma membrane
damage and Annexin V-Alexa Fluor 488 (Ex/Em max=
488/510 nm), binding to externalized phosphatidylserine
(a hallmark of apoptosis). Jurkat cells (106/mL) were
seeded in a 24 well plate and incubated with or without
CBD (0–100 μM) for determined period (2, 4, 6, or 12 h).
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After the incubation period, cells were centrifuged (400 ×
g) and washed with cold PBS. Then cells (1 × 106) were
resuspended in 100 μL of 1X Annexin V-binding buffer
and 5 μL of Annexin V conjugate with 1 μL of PI working
solution (200 μg/mL) were added. The mixture was
incubated for 20min at room temperature (protected
from light), 200 μL of Annexin V - binding buffer was
added and cells were analyzed either by confocal micro-
scopy (LSM 700, Carl Zeiss) or by flow cytometry
(FACSCanto II, BD Biosciences).
For confocal microscopy, cells were placed into home-

made coverslips-bottomed chambers (poly-L-lysine-
coated coverslips were fixed at the bottom of chamber
using Dow corning® high vacuum grease). 40×/63x oil-
immersion objectives were used. For excitation, 488 nm
laser was used for both Alexa Fluor 488 and PI. Raw data
were further processed, and images were generated using
Zen software (Zeiss).
For flow cytometry analysis, color compensation (Alexa

Fluor 488 vs PI) was performed previously to data
acquisition. 488 nm laser was used for excitation. PI
fluorescence was measured using 556LP mirror and 585/
42 filter, Alexa Fluor 488 fluorescence was measured
using 502LP mirror and 530/30 filter. Debris and doublets
were gated out, and 10,000 events of single cells per
sample were collected. Autofluorescence control was used
to determine the positive fluorescence threshold. Annexin
V−PI− populations were classified as healthy, Annexin
V+PI− as early apoptotic, Annexin V-PI+ as primary
necrotic, and Annexin V+PI+ as necrotic/late apoptotic.
Data analysis was performed with FlowJo 10.2 software.

Determination of mitochondrial membrane potential
Jurkat cells (106/mL) were double-labeled with Mito-

TrackerTM Green (100 nM, Ex/Em max= 490/518 nm;
M7514, Thermo Fisher Scientific) and TMRE (200 nM,
Ex/Em max= 555/582 nm; T669, Thermo Fisher Scien-
tific), both from Thermo Fisher Scientific, by incubating
over 30min. After incubation period, cells were cen-
trifuged (400 × g, 10 min) and washed with Hanks
Balanced Salt Solution (HBSS; NaCl 143 mM, KCl 6 mM,
MgSO4 5mM, CaCl2 1 mM, HEPES 20mM, BSA 0.1%,
glucose 5 mM, pH 7.4, ≈300mOsm) to remove excessive
dye. For imaging, cells were placed in home-made cov-
erslips-bottomed chambers and analyzed by confocal
microscopy (LSM 700, Carl Zeiss) in a time series mode.
Images were acquired every second and raw data were
further processed by ImageJ program, where regions of
interest (ROI) were defined, based on MitoTracker Green
distribution. The fluorescence of each ROI for both dyes
(TMRE/MtGr) was then averaged and expressed as a
temporal ratio between the fluorescence of each frame
and the initial fluorescence (F/F0). To evaluate drugs’
effect, CBD (0–100 μM) or FCCP (10 μM; C2920, Merck)

were administered, and cells were incubated for 10min,
centrifuged (400 × g, 10 min), resuspended in HBSS, and
transferred to a 96-well plate. TMRE retention was
assessed by measurement of fluorescence intensity, using
a GloMax Discover plate reader, by exciting the sample at
549 nm and collecting the emission signal at 575 nm. Data
from independent experiments were averaged and the
effect of CBD/FCCP was expressed as percentage of
TMRE signal in comparison to control.

EYFP-Cyt c transfection
DH5α competent bacteria (18258012, Thermo Fisher

Scientific) were transformed by heat shock and EYFP-Cyt-
C construct42 was added and incubated for 14 h at 37 °C
in LB agar (22700025, Thermo Fisher Scientific), supple-
mented with 100 μg/μL of ampicillin (11593027, Thermo
Fisher Scientific). Colonies were selected and transferred
to supplemented media for further incubation during 14 h
for bacterial growth. Plasmid DNA was purified by
NucleoBond XtraMidi (740410.10, Macherey-Nagel) kit,
and DNA purity and concentration were evaluated spec-
trophotometrically by absorption at 260/280 nm. For
transfection, 105 Jurkat cells were starved in Optimem
reduced media for 12 h, then exposed to complexes
composed by lipofectamine 3000 (L3000015, Thermo
Fisher Scientific) and plasmidic DNA (500 ng) and cen-
trifuged (400 × g) for 30 min to promote interaction.
Transfected cells were incubated at 37 °C, with 5% CO2

overnight, whereas FBS (10%) was added at the next day.
Protein expression was monitored, and experiments were
performed 12 h after transfection. Images were acquired
using a confocal microscope (LSM 700, Carl Zeiss)
equipped with ×40/×63 oil-immersion objectives.

Cyt-C release microscopic assay
Jurkat cells transfected with EYFP-Cyt-C (Ex/Em max

= 514/526 nm) were labeled with TMRE (200 nM,
30min) to confirm mitochondrial EYFP-Cyt-C localiza-
tion. EYFP-Cyt-C expression and distribution were eval-
uated in Jurkat cells 12 h after transfection by confocal
microscopy. The effect of CBD (30 μM) was monitored in
transfected cells incubated for indicated period with the
drug. To evaluate the effects of CsA and Ru360, cells were
preincubated with one of these drugs for 10min, followed
by treatment with CBD. For data acquisition, cells were
placed in home-made coverslips-bottomed chambers. The
images were acquired using a confocal microscope (LSM
700, Carl Zeiss), equipped with ×40/×63 oil-immersion
objectives.

ROS production
To evaluate ROS production, 2′,7′-Dichlorofluorescin

diacetate (DCFDA, D6883, Merck) was used following
manufacturer’s recommendations. Jurkat cells (106/mL)
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were loaded with permeable DCFDA (2 μM) for 30min in
HBSS. After this, cells were washed to remove extracellular
dye. Cells were resuspended in RPMI1640 medium and
allowed to recover and to hydrolyze the AM groups, pro-
ducing the insoluble form. Culture media was removed,
and cells were resuspended in HBSS and treated either with
PMA (1 μM, P8139, Merck) as a positive control or with
CBD (10 and 30 μM). For data acquisition, cells were
placed in home-made coverslips-bottomed chambers.
Images were acquired by confocal microscopy (LSM 700,
Carl Zeiss), equipped with ×40/×63 oil-immersion objec-
tives and analyzed by ZEN imaging software.

Caspase 3/9 assay
Caspase 3/9 colorimetric assays (K106/119, BioVision)

were used following manufacturer’s recommendations.
Jurkat cells were grown in the presence of vehicle,
staurosporine (positive control) or CBD during 12 h. After
this period, 106 cells from each sample were washed,
resuspended in lysis buffer and incubated over 10 min on
ice. Then samples were centrifuged (10,000 × g, 15 min)
and supernatants (cytosolic fraction) were transferred into
new tubes. For caspase activity assays, 100 μg of protein
(as estimated by BCA protein quantification kit, Merck)
from every sample were mixed with 50 μL of reaction
buffer (containing 10mM DTT) and 5 μL (4 mM) of the
caspases´ substrates (DEVD-pNA for caspase 3, LEHD-
pNA for caspase 9). Mixtures were incubated for 2 h at
37 °C and placed into a 96-well plate. Absorbance was
measured at 405 nm, using a GloMax Discover plate
reader. Data from three independent experiments were
averaged and normalized in relation to non-treated cells,
yielding fold increase in caspase activity.

Transmission electron microscopy
Jurkat cells were treated with CBD (30 μM) for 2 h.

Next, control or treated cells were centrifuged (400 × g),
supernatants were discarded and the pellets were fixed
with 2.5% glutaraldehyde and post-fixed in 1% OsO4 and
0.8% K4Fe(CN)6 • 3H2O, and 5mM Ca2+. Post-fixed cells
were dehydrated in acetone and embedded in Epon.
Ultrathin sections were stained with uranyl acetate and
lead citrate and examined under a JEOL JEM 12 000 EII
transmission electron microscope at the Unidad de Ima-
genología, Instituto de Fisiología Celular (IFC), UNAM,
Mexico City.

CEPIA3mt transfection
DH5α competent bacteria (18258012, Thermo Fisher

Scientific) were transformed by heat shock and
CEPIA3mt/pCMV construct (58219, Addgene) was
added27. Samples were incubated for 14 h at 37 °C in LB
agar (22700025, Thermo Fisher Scientific), supplemented
with 100 μg/μl of ampicillin (11593027, Gibco). Colonies

were selected and transferred to supplemented media for
further incubation during 14 h for bacterial growth.
Plasmid DNA was purified by NucleoBond XtraMidi
(740410.10, Macherey-Nagel) kit and purity and DNA
concentration were determined by spectrophotometry
(absorption at 260/280 nm). For the transfection, 105

Jurkat cells were starved in Optimem reduced media over
12 h, collected, exposed to complexes of lipofectamine
3000 (L3000015, Thermo Fisher Scientific) and plasmidic
DNA (1 µg), and centrifuged (400 × g) for 30 min to pro-
mote interaction. Cells were incubated at 37 °C with 5%
CO2 overnight, whereas FBS (10%) was added at the next
day. Protein expression was monitored, and experiments
were performed 24 h after transfection. For confocal
imaging, cells were placed in home-made coverslips-bot-
tomed chambers. Images were acquired using a confocal
microscope (LSM 700, Carl Zeiss) equipped with ×40/×63
oil-immersion objectives.

Determination of the intracellular free Ca2+ concentration
For free [Ca2+]i measurements, cells were loaded with

ratiometric Ca2+ indicator Fura-2 (F1201, Thermo Fisher
Scientific). Cells were twice washed with PBS and resus-
pended in a loading solution (HBSS, 0.01% pluronic acid,
2 µM Fura-2/AM), incubated for 30min at room tem-
perature protected from light, washed, and resuspended
in HBSS. Changes in fluorescence were recorded with a
F7000 spectrophotometer (Hitachi High-Technologies).
Measurements were realized in quartz cuvettes, contain-
ing 1.5 × 106 cells/mL. Loaded cells were excited alter-
nately at 340/380 nm and the fluorescence emission was
collected every 2 s at 510 nm. Fluorescence was recorded
by means of the FL-solutions software. Maximum and
minimum free [Ca2+] levels were determined at the end of
each experiment by adding 0.3% Triton X-100 and con-
sequent addition of EGTA to a final concentration of
35mM, respectively. Free [Ca2+]i was calculated by using
the following equation:

Ca2þ
� �

i ¼ Kd R� RMINð Þ= RMAX � Rð Þ

where R stays for the ratio of fluorescence intensity upon
excitation at 340 to that at 380 nm and RMIN and RMAX

correspond to maximal and minimal values of this ratio,
determined as described above43.
In some experiments Ca2+-free HBSS was used (NaCl

143mM, KCl 6 mM, MgSO4 5mM, HEPES 20mM, BSA
0.1%, glucose 5 mM, EGTA 1mM, pH 7.4, ≈300mOsm).

Mitochondrial Ca2+ measurements
CEPIA3mt (Ex/Em max= 488/510 nm) expression and

its mitochondrial localization were confirmed in trans-
fected Jurkat cells, loaded with TMRE, by confocal
microscopy (LSM700, Carl Zeiss). For [Ca2+]m
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measurements, 105 cells (24 h after transfection) were
placed in a quartz cuvette and fluorescence was evaluated
by spectrofluorometry, using a F7000 HITACHI spec-
trofluorometer (FL solution software). Samples were
excited at 488 nm and fluorescence was measured at
510 nm. [Ca2+]m was evaluated as fluorescence intensity
in relation to the initial fluorescence intensity (F/F0).

Mitochondria isolation
Mitochondria were isolated as reported earlier39, with

some modifications. Jurkat cells were harvested and cen-
trifuged (400 × g) at 4 °C for 10min, washed twice with
PBS (pH 7.4) and resuspended in 10x of volume of iso-
lation buffer (IB, HEPES-KOH 20mM, PMSF 1mM,
sucrose 250mM, mercaptoethanol 1 mM, EGTA 1mM,
EDTA 1mM, MgCl2 1.5 mM, KCl 10mM). Cells were
incubated on ice for 10 min and homogenized with a
Dounce homogenizer. Homogenate was then centrifuged
at 650 × g for 10 min at 4 °C, pellet, containing nuclei, was
discarded and the supernatant was collected for a further
12500 × g centrifugation for 30min at 4 °C. Pellet con-
taining the heavy membrane fractions (HMF) was col-
lected and the supernatant was discarded. HMF were
washed with IB and resuspended in isotonic sucrose
buffer (sucrose 250mM, EDTA 1mM, Tris-HCl pH 7.4
10mM). Homogenate was placed in a discontinuous
sucrose gradient (sucrose 1/1.5M, EDTA 1mM, Tris-HCl
pH 7.4 10mM) and centrifuged for 25 min at 60,000 × g,
4 °C. Mitochondria were collected from the interphase,
washed and resuspended in the experimental buffer (KCl
125mM, KH2PO4 1mM, Tris-HCl 10mM, glutamate
5 mM, malate 2.5 mM, EGTA 1mM, CaCl2 0.7 mM).
Isolated mitochondria were suspended in the lysis buffer
(Nonidet P-40 0.5% w/v, Tris-HCL 50mM, NaCl
150mM, EDTA 1mM, and PMSM 1mM) for 1 h and
centrifuged at 15000 × g for 5 min. The supernatant was
collected, and isolation yield was estimated by the protein
content (BCA quantification assay). Finally, mitochondrial
samples, containing 50 µg of protein, were used in the
experiments. To evaluate the purity and integrity of iso-
lated mitochondria, a small fraction was stained with
MtGreen (200 nM, Ex/Em max= 490/510 nm; M7514,
Thermo Fisher Scientific) as mitochondrial marker, fol-
lowed by staining with Rhod (2 μM, Ex/Em max= 552/
581 nm; R1244, Thermo Fisher Scientific) or TMRE
(200 nM, Ex/Em max= 549/575 nm; T669, Thermo
Fisher Scientific). Samples were acquired by flow cyto-
metry (FACSCantoII, BD Biosciences) and data were
analyzed by FlowJo software.

Ca2+ measurement in isolated mitochondria
Freshly isolated mitochondrial samples (50 μg of protein

per sample) were incubated with Rhod2 (2 μM) over
30min, washed by centrifugation (12500 × g, 5 min) and

resuspended in experimental buffer (KCl 125mM,
KH2PO4 1mM, TrisHCl 10mM, glutamate 5 mM, malate
2.5 mM, EGTA 1mM, CaCl2 0.7 mM). Samples were
placed in a quartz cuvette, and fluorescence was evaluated
by F7000 spectrophotometer (Hitachi High-Technolo-
gies), using excitation at 552 nm and collecting the
fluorescence at 581 nm. Data was recorded using the FL-
Solution software (Hitachi). [Ca2+]m change was eval-
uated by taking fluorescence for each acquisition in
relation to the initial fluorescence value, F/F0.

Membrane potential measurements on isolated
mitochondria
Isolated mitochondria (50 μg of protein/sample) were

stained with TMRE (200 nM; 30min), treated with CBD
(0–60 μM) or FCCP (10 μM) for 10min, washed, resus-
pended in experimental buffer (KCl 125 mM, KH2PO4

1mM, TrisHCl 10 mM, glutamate 5 mM, malate 2.5 mM,
EGTA 1mM, CaCl2 0.7 mM) and placed in a 96-well
plate. Fluorescence was assayed using a GloMax Discover
plate reader, by exciting the sample at 549 nm and col-
lecting the emission at 575 nm. Data from independent
experiments were averaged and the effect of CBD or
FCCP on membrane potential value is defined as % of
TMRE fluorescence with respect to control.

Detection of autophagic flux by LC3 immunoblotting
During autophagy, the amount of LC3-I decreases and

that of LC3-II increases. But at the late phase after autop-
hagolysosome formation LC3-II disappears being degraded
by lysosomal proteases. If cells are treated with lysosomal
protease inhibitors or with drugs inhibiting autophagosome-
lysosome fusion, LC3-II degradation is prevented. Thus,
LC3-II amount at a certain time point does per se serve a
measure of the total autophagic flux. This flux should be
more accurately evaluated by comparison of the amount of
LC3-II between samples in the presence and absence of
lysosomal protease inhibitors or compounds preventing
autophagosome-lysosome fusion15,44. CQ was shown to
prevent autophagosome-lysosome fusion16 and was used
therefore in the present work.
For Western blot analysis, cells after corresponding

treatments (CQ, CBD, or CQ and CBD combination)
were harvested and lysed with RIPA buffer (Tris-HCl
25mM, pH 7.6, NaCl 150mM, EDTA 5mM, NP-40 1%,
sodium deoxycholate 1%, SDS 0.1%), supplemented with
protease inhibitors (11697498001, Complete, Roche). For
protein quantification, BCA Protein Assay Kit (Sigma)
was used. For each sample, 15 µg/line of protein were
loaded on a 15% SDS-PAGE gel. After electrophoresis
(100 V, ~2 h), proteins were transferred onto PVDF
membranes. Membranes were blocked for 1 hour with 5%
BSA in TBS Tween-20 buffer (TBS-T) and incubated
overnight at 4 °C with anti-human LC3 rabbit antibodies
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(Novus-Biologicals, NB100-2220, dilution 1:3000) and
mouse monoclonal anti-human GAPDH antibodies
(SCBT, sc-47724, dilution 1:1000) as a loading control. As
secondary
antibodies, HRP-conjugated goat anti-rabbit IgG (Novus-
Biologicals, NBP2-30348H, dilution 1:3000) and HRP-
conjugated anti-mouse IgGκ (SCBT, sc-516102, dilution
1:1000) were used for LC3 and GAPDH, respectively.
Membranes were incubated with secondary antibodies
over 1 h at room temperature, followed by incubation
with the ECL detection reagent (Bio-Rad, 170-5061).
Protein bands were visualized with Bio-Rad Universal
Hood II system and analyzed with Image Lab 5.0 software.

Autophagic flux measurement with mCherry-GFP-LC3
To measure autophagic flux at the single cell level,

Jurkat cells, stably expressing tandem mCherry-GFP-LC3,
were used45. Cells were cultured in the presence of CBD,
CQ or their combination for 2, 4, and 24 h. After these
periods, cells were collected by centrifugation (100 × g),
suspended in PBS and placed in a in home-made cover-
slips-bottomed chambers for microscopy imaging. Double
positive mCherry+ /GFP+ puncta represented autopha-
gosomes, whereas fusion with the lysosome (autophago-
lysosomes) caused quenching of the pH-sensitive GFP,
resulting in appearance of mCherry+GFP- puncta. CQ
prevents GFP quenching by inhibiting autophagosome-
lysosome fusion16. Samples were analyzed by confocal
microscopy (LSM700, Carl Zeiss). Alternatively, custom-
made confocal microscope (Solamere Technology Group,
Salt Lake City, USA) based on a Yakogawa spindisk
confocal scan head (CSUX1M1, Yokogawa Electronic Co.,
Tokio, Japan), equipped with solid state Coherent Obis
lasers (405, 488, 561 and 640 nm) was used. Autophagy
flux was evaluated by counting red (mCherry+) and green
(GFP+) puncta (0.5–3 µm2) in the cells. Data analysis was
performed using “Particle analysis” tool of ImageJ soft-
ware, as reported by others46–48. Three fields for each
condition (10–20 cells/ field) in at least three independent
experiments were analyzed. Data are presented as mean of
LC3 puncta/ cell or as mean of mCherry/GFP ratio.

Protein-ligand docking
To explore binding sites for CBD within human VDAC1

channel, molecular docking analysis was performed, using
Molegro virtual docker 6.0 software. Chemical structure of
CBD was obtained from Pubchem (NIH, 644019), whereas
hVDAC1 channel structure was downloaded from the
protein data bank (PDB, 2JK4). For the beginning, three
main cavities for hVDAC1 were defined and explored as
possible CBD-interacting sites. MolDock Optimizer was
selected as a search algorithm, 20 runs (number of times
that the docking is repeated for each ligand) was chosen,
and 1000 ligand binding conformations were established.

From them, the best 5, based on their docking score
(MolDock Score), were selected for each cavity. For all
15 selected binding conformations the contribution of
each participating residue in the CBD binding was eval-
uated (Ligand map > Ligand Energy Inspector). Finally,
basing on Total energy/MolDock Score, the best binding
conformation was revealed and plotted by creating back-
bone visualization in the workspace.
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A B S T R A C T

The association between a taste and gastric malaise allows animals to avoid the ingestion of potentially toxic
food. This association has been termed conditioned taste aversion (CTA) and relies on the activity of key brain
structures such as the amygdala and the insular cortex.
The establishment of this gustatory-avoidance memory is related to glutamatergic and noradrenergic activity

within the amygdala during two crucial events: gastric malaise (unconditioned stimulus, US) and the post-
acquisition spontaneous activity related to the association of both stimuli. To understand the functional im-
plications of these neurochemical changes on avoidance memory formation, we assessed the effects of phar-
macological stimulation of β-adrenergic and glutamatergic NMDA receptors through the administration of a
mixture of L-homocysteic acid and isoproterenol into the amygdala after saccharin exposure on specific times to
emulate the US and post-acquisition local signals that would be occurring naturally under CTA training. Our
results show that activation of NMDA and β-adrenergic receptors generated a long-term avoidance response to
saccharin, like a naturally induced rejection with LiCl. Moreover, the behavioral outcome was accompanied by
changes in glutamate, norepinephrine and dopamine levels within the insular cortex, analogous to those dis-
played during memory retrieval of taste aversion memory. Therefore, we suggest that taste avoidance memory
can be induced artificially through the emulation of specific amygdalar neurochemical signals, promoting
changes in the amygdala-insular cortex circuit enabling memory establishment.

1. Introduction

Classical conditioning has been used as a model to study how
neurotransmitters are involved in the acquisition and storage of in-
formation [1,2]. The neurochemical basis of memory formation
emerged through pharmacological manipulations of receptors’ activity
before or after the learning phase. However, there is scarce information
on how specific neurotransmitters participate in the encoding of both
the conditioned stimulus (CS) and the unconditioned stimulus (US),
triggering the mechanisms associated with the establishment of
memory [3–7].

Taste aversion memory has been widely used as an associative
learning paradigm in the search of the neurobiological mechanisms
involved in memory processes. Animals’ survival depends on their ca-
pacity to adapt to the environment by efficiently store the consequences

of the ingestion of a specific food; specially the ones that might be toxic,
this way, the animal will be able to display an avoidance response to
evade aversive outcomes. In order to associate and store these memory
traces, appropriate neurochemical representations on key brain struc-
tures have been described. Exposure to a novel taste produces incre-
ments of dopamine and norepinephrine in both the amygdala and the
insular cortex (IC) [3–6]. Conversely, a malaise-inducing agent such as
LiCl generates an elevation of glutamate [3,5,8] and norepinephrine [3]
within the amygdala, suggesting that these neurotransmitters are re-
lated to the signaling of the aversive outcome. Furthermore, taste
aversion memory can be enhanced by intra-amygdalar administration
of glutamate when a weak US is given (low concentration of LiCl) [9,5].
Blockade of either noradrenergic [10] or glutamatergic [11] receptors
within the amygdala before the induction of gastric malaise impairs
aversive taste memory establishment. Altogether, this evidence suggests
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that glutamatergic and noradrenergic activity within the amygdala
could be related to the encoding of the necessary signals to generate an
aversive taste memory trace.

Memory consolidation involves post-acquisition processes whereby
newly acquired information is maintained and established into long-
term memory [12,13]. As part of these consolidation mechanisms, data
suggest that electrical or neurochemical patterns of activity occur
during post-acquisition wakefulness and during sleep in the absence of
sensory information [3,4,14–17]. In this regard, it has been reported an
increase in norepinephrine levels within the amygdala that remained
elevated 2 h after inhibitory avoidance training [18]. Particularly, we
demonstrated an increase of the extracellular levels of glutamate and
norepinephrine within the amygdala [3], and dopamine and glutamate
within the IC [4] about 45min after taste and gastric malaise pairing.
These changes of neurotransmitters levels are related to taste aversion
consolidation, since amygdalar blockade of N-methyl-D-aspartate
(NMDA) and β-adrenergic receptors during the timeframe of reactiva-
tion disrupts long-term memory consolidation [3]. Moreover, reversible
inactivation of the amygdala at the time of reactivation impedes the
release of glutamate and dopamine within the IC and impairs stabili-
zation of conditioned taste aversion (CTA) [4]. These results strongly
suggest that the amygdala modulates post-acquisition events within the
IC required for CTA memory consolidation [19–21].

The aim of this study was to evaluate the effects of local amygdalar
stimulation of noradrenergic β-receptors and glutamatergic NMDA re-
ceptors, in pursuance of emulating the neurochemical signals related to
the US and to the post-acquisition spontaneous activity; that has been
described within this structure during CTA formation and long-term
stabilization. Thereby, we administrated a mixture of a NMDA receptor
agonist (L-homocysteic acid) and a β-adrenergic receptor agonist (iso-
proterenol) into the amygdala to mimic the neurochemical signals
triggered at different times. In addition, we monitored the neuro-
chemical levels within the IC during memory retrieval as a result of the
artificially induced taste avoidance and compared it with a naturally-
induced taste aversion retrieval as previously reported [21].

2. Material and methods

2.1. Animals

Two-months old male Wistar rats, weighing 260–280 g at the time
of surgery, were used in this study. Animals were obtained from the
Instituto de Fisiología Celular animals production facility. Rats were
housed individually and maintained on a 12 h light/12 h dark cycle
with water and food ad libitum except when noted on the behavioral
procedures. All procedures were completed during the light period and
were approved by the Animal Care and Ethics Committee of the
Instituto de Fisiología Celular (FBR 30-14) in accordance with the
National Institutes of Health guidelines.

2.2. Intra-amygdalar drugs administration and taste avoidance assessment

Rats were implanted bilaterally with 12mm long stainless-steel
guide cannulae (23 gauges) directed to the central and basolateral
amygdalar nuclei using standard stereotaxic procedures (AP-2.8mm,
L ± 4.8mm, DV-6.5mm relative to Bregma, [22]. After six days of
surgery recovery, animals were deprived of water for 24 h; rats were
allowed to drink 15mL of tap water from two graded bottles for 15min
between 10:00 and 11:00 in their home cage to obtain a baseline water
consumption over 6 days. Additional water access was allowed for
15min in the afternoon (around 5 pm) to ensure proper hydration of
the animals. To diminish handling-associated stress, daily handling was
performed during 3min every day prior to the infusion protocol. All
drugs were dissolved in saline solution (0.9% wt/vol). We administered
isoproterenol (2 μg/μL, Sigma Aldrich), L-homocysteic acid (18.315 μg/
μL, Sigma Aldrich, [23]) or a mixture of isoproterenol and L-

homocysteic acid (2 μg/μL; 18.315 μg/μL final concentrations respec-
tively). There is evidence of central and basolateral nuclei participation
in taste aversion formation, especially during LiCl administration
[3,5,24,25]. Therefore, a total volume of 1 μL was injected per hemi-
sphere in the amygdala (0.5 μL/min); the injector was left for another
minute to allow diffusion into the tissue. Drug administration was made
through 30-gauge dental needles that protruded 1mm from the tip of
the guide cannulae. Injection needles were connected via polyethylene
tubing to two 10-mL Hamilton syringes, driven by an automated micro
infusion pump (Carnegie Medicine).

On the acquisition day, rats were divided in 7 groups counter-
balanced according to their mean baseline consumption of tap water.
Two graded bottles were presented, one with 15mL of a 0.1% (wt/vol)
saccharin solution (Sigma Aldrich) and the other with 15mL of tap
water. Rats were allowed to drink for 15min. After a 15min delay, rats
received an intra-amygdalar injection and 30min later rats were in-
fused again according to the administration protocol. Experimental
groups were separated as follows (final number of animals on each
group is shown): saline solution - saline solution (SS-SS, n= 6); iso-
proterenol - isoproterenol (ISO - ISO, n=6); L-homocysteic acid - L-
homocysteic acid (LHa-LHa, n=6); saline solution-mix of iso-
proterenol and L-homocysteic acid (SS-MIX, n=6); mix of iso-
proterenol and L-homocysteic acid-saline solution (MIX-SS, n= 6) and
mix of isoproterenol and L-homocysteic acid-mix of isoproterenol and
L-homocysteic acid (MIX-MIX, n= 7). We compared the behavioral
response of an artificially induced taste avoidance to a naturally in-
duced rejection through gastric malaise caused by LiCl; hence a positive
control group received an i.p. injection of LiCl (0.15M, 7.5 mL/kg)
(LiCl 0.15M, n= 5) 15min after saccharin acquisition consumption
during acquisition. Seventy-two hours after training, all animals could
drink from two graded bottles, one with saccharin solution (0.1% (wt/
vol) and the other with tap water for 15min; the consumption mea-
surements of each bottle were obtained. Data is presented as Preference
index (Preference index= Saccharin mL / Saccharin mL+ tap water
mL).

2.3. Collection of cortical neurotransmitters related to an artificially-
induced taste avoidance

Unilateral microdialysis cannula (22-gauge, shaft length 14mm.
CMA Microdialysis) aiming the insular cortex (AP+ 1.2mm;
L+5.5mm; DV -4.5mm, [22]) and bilateral steel cannulas (12mm
length and 23 gauge) aiming the amygdala (AP -2.8 mm, L ± 4.8mm,
DV −6.5, [22]) were implanted using standard stereotaxic protocols.
Six days after surgery, animals were deprived of water for 24 h and
placed in the microdialysis chamber during 3 h for six days to let them
habituate to the context and constant manipulation. Rats were allowed
to drink 30mL of tap water from a graded bottle for 15min to obtain a
water baseline consumption intake. Microinfused drugs were dissolved
in saline solution (0.9% wt/vol) and a total volume of 1 μL was injected
per hemisphere in the amygdala (0.5 μL/min) as described above. On
the acquisition day, rats were divided into 3 groups counterbalanced
according to their mean baseline tap water consumption and were ex-
posed for 15min to a graded bottle with 30mL of a 0.1% (wt/vol)
saccharin solution. After a 15min delay, rats received a first intra-
amygdalar injection and 30min later rats were infused again according
to the administration protocol. Experimental groups were separated as
follows: one group received saline solution-saline solution (SS-SS,
n=8); a second group received a mix of isoproterenol and L-homo-
cysteic acid-mix of isoproterenol and L-homocysteic acid (MIX-MIX,
n=8) and a third group (positive control) that received a LiCl i.p.
injection (0.15M, 7.5 mL/kg) (LiCl 0.15M, n= 6) 15min after sac-
charin consumption.

Seventy-two hours after training, a dialysis probe with a 3mm
membrane (CMA 12 MD Probe, CMA Microdialysis) was connected to
the microinfusion pump system (CMA Microdialysis), which infused
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artificial cerebrospinal fluid (NaCl 125mM, KCl 5mM, NaH2PO4H2O
1.25mM, MgSO4 •7H2O 1.5mM, NaHCO3 26mM, CaCl2 2.5 mM, glu-
cose 10mM) at a rate of 1 μL/min. After insertion of the probe, 1 h of
fluid stabilization was allowed; samples were collected every 4min in
vials containing 1 μL of an antioxidant mixture (0.25mM ascorbic acid,
Na2EDTA 0.27mM, 0.1M acetic acid) and immediately frozen at
−80 °C. Three fractions were collected as baseline samples, afterward,
a 0.1% (wt/vol) saccharin solution was presented for 15min. We ob-
tained five more fractions after CS exposure onset. The saccharin con-
sumption was measured during retrieval and it was reported as per-
centage of consumption of saccharin during the acquisition intake
(acquisition consumption percentage= saccharin solution intake
during retrieval × 100/saccharin intake during acquisition). During
microdialysis experiments, animals were trained and evaluated with
one bottle of saccharin to avoid changes in neurotransmitter levels as-
sociated with water preference.

2.4. Analysis of glutamate, norepinephrine and dopamine in microdialysis
samples

Neurotransmitters levels were determined by capillary electro-
phoresis. Briefly, microdialysis samples were derivatized with 6 μL of
16.58mM 3-(2-furoyl) quinoline-2-carboxaldehyde (Molecular Probes,
Eugene, OR, USA) in the presence of 2 μL of KCN 25mM in 10mM
borate buffer (pH 9.2) and 1 μL of internal standard (0.075mM O-me-
thyl-L-threonine). The mixture was allowed to react in the dark at 65 °C
for 15min. Separation and analysis were conducted in a capillary
electrophoresis system (Beckman-Coulter PACE/MDQ, Glycoprotein
System, Beckman Coulter, Brea, CA, USA) with laser-induced fluores-
cence detection; light at 488 nm from an argon ion laser was used to
excite the 3-(2-furoyl) quinoline-2-carboxaldehyde-labeled analytes. A
micellar electrokinetic chromatography buffer system was used to se-
parate the dialyzed compounds. The borate buffer included 35mM
borates, sodium dodecylsulphate 25mM, 13% (vol/vol) methanol
HPLC grade, final pH 9.6. The samples were injected hydro-dynami-
cally at 0.5 psi for 5 s in a 75 μm i.d. capillary (Beckman Coulter); then
the separation was performed at 25 kV. After each sample, the capillary
was flushed with 0.1M NaOH, water and running buffer. The gluta-
mate, norepinephrine and dopamine peaks were identified by matching
the migration pattern with those in a spiked sample and corrected by
relating the area under the curve of the unknown sample with the area
under the curve of the internal standard. Data were analyzed using
Karat System Gold (Beckman Coulter). Results are expressed as per-
centage of basal concentration (percentage of basal concentra-
tion= analyte concentration × 100/mean of the three first samples).

2.5. Histology

Cannulae placement was verified at the end of behavioral proce-
dures, animals were sacrificed with an overdose of sodium pento-
barbital and transcardially perfused with a physiological saline solu-
tion. Brains were removed and stored in paraformaldehyde (4%
solution in phosphate buffered saline) for 24 h. After a sucrose gradient
treatment, coronal sections of 40 μm were cut and stained with cresyl
violet. Samples were then examined under a light microscope to cor-
roborate the correct placement of cannulas; those tips that were not
located in the aimed area were removed from the statistical analysis
(Fig. 3).

2.6. Statistical analysis

For all experiments, animals were assigned to each treatment group
after balancing their average consumption of tap water. Preference
consumption indexes were calculated as follows: mL saccharin con-
sumption/mL saccharin+mL tap water consumption. A preference
consumption index equal to 0.5 reflects a random choice for saccharin.

Preference consumption indexes were analyzed using One-sample
Student’s t-tests compared to a hypothetical value of 0.5 (chance level)
to determine taste preference. Additionally, we used a One-way ANOVA
with Dunnet’s post hoc test to compare preference consumption indexes
of the different groups in comparison to the control group and effect
size was calculated with Cohen’s d. In order to assure that treatments
did not cause adipsia or a general reduction in consumption, we com-
pared total fluid intake (mL saccharin+mL tap water) among groups
with One-way ANOVA (Fig. 2).

Changes in the extracellular levels of neurotransmitters within the
insular cortex were analyzed using Repeated measures ANOVA with
Bonferroni post hoc test. For the behavioral response during micro-
dialysis protocol, one-way ANOVA with Dunnet’s post hoc test was used
to compare avoidance response during test in contrast with the control
group. The accepted level of significance was p-value ≤0.05. Data are
presented as mean ± SEM. Statistical analysis was performed using
StatView version 4.57 and graphs were obtained with GraphPad Prism
version 6.00, GraphPad software.

3. Results

3.1. Emulation of amygdalar representation of the US and reactivation
signals by pharmacological activation of NMDA and β-receptors elicits taste
avoidance

From the histological analysis the following rats with cannulae
misplacement were removed from results and statistical analysis: ISO-
ISO n=1; MIX-SS n=2; MIX-MIX n=1. Fig. 1A represents the be-
havioral protocol previously described in the methodology. The two-
bottle protocol was used because is considered more sensitive since the
animals have access to saccharin and water at the same time, enhancing
the detection of the avoidance. The animals got accustomed to having
two-bottles available for drinking during the baseline monitoring and
they alternate between bottles throughout the experiment (Table 1).
Table 2 shows the mean consumption of liquid during acquisition and
test; no difference on total volume consumption (water+ saccharin)
was observed among groups during long-term memory test
(F6,35)= 1.376, p=0.253). Table 3 shows the raw consumption of the
different groups during the long-term memory test; statistical analysis
showed significant differences in the saccharin preference among
groups (F6,35)= 6.629, p < 0.001), post hoc analysis revealed that
both naturally (LiCl 0.15M) and artificially induced (MIX-MIX) taste
avoidance are reflected as a significantly lower saccharin preference
when compared to the SS-SS group (p < 0.001, d= 4.721 and
p=0.003, d=3.461, respectively). The ISO-ISO, LHa-LHa, MIX-SS
and SS-MIX groups exhibited a similar saccharin preference compared
to SS-SS groups and did not have significant differences (SS-SS vs ISO-
ISO p=0.970, d= 0.367; SS-SS vs Lha-Lha p= 0.269, d=0.901; SS-
SS vs MIX-SS p=0.995, d= 0.245; SS-SS vs SS-MIX p=0.854,
d= 0.879). Moreover, no differences were observed in saccharin pre-
ference between LiCl 0.15M and MIX-MIX groups (p= 0.807 d= 1.4).
The groups LiCl 0.15M (p= 0.004) and MIX-MIX (p=0.017) showed
preference indexes below chance, indicating a clear avoidance of sac-
charin, whereas the SS-SS (p= 0.003) and SS-MIX (p=0.018) groups
showed a preference index above chance, demonstrating a predilection
for saccharin, hence no avoidance. Therefore, only double intra-
amygdalar infusions of a mixture of isoproterenol and L-homocysteic
acid, which resemble the US encoding and reactivation signaling, in-
duced a long-term avoidance memory, which is like a naturally devel-
oped response after taste and malaise pairing (Fig. 1B).

3.2. Artificially and naturally induced taste avoidance elicit similar
neurochemical representations within the insular cortex

During microdialysis experiments (protocol representation in
Fig. 2A), regarding extracellular levels of glutamate, repeated measures
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ANOVA analysis revealed significant differences among fractions
(F8,190)= 2.232, p=0.030) and an interaction effect (F16,190)= 1.777,
p=0.044) with no groups differences (F2,190)= 1.058, p= 0.349).
Bonferroni's post hoc test showed that artificially induced avoidance
(MIX-MIX) and LiCl 0.15M groups were different in comparison to SS-
SS group at fraction 6 (p=0.006 and p= 0.028, respectively), i.e.,
when animals were exposed to the conditioned stimulus during re-
trieval. Our data demonstrated that a naturally or artificially induced
taste avoidance caused a significant augmentation in the extracellular
levels of glutamate within the IC during memory retrieval (Fig. 2B).

For norepinephrine release, statistical analysis showed significant
differences among fractions (F8,167)= 2.117, p=0.041) with an in-
teraction effect (F16,167)= 1.770, p= 0.043), without group effect
(F2,167)= 0.477, p=0.621). Bonferroni's post hoc analysis revealed
that MIX-MIX (p < 0.001) and LiCl 0.15M (p < 0.001) groups were
different in comparison to SS-SS group at fraction 6 (saccharin ex-
posure). Therefore, memory retrieval produces an elevation of nor-
epinephrine levels in the IC during both artificial and natural-induced
avoidance (Fig. 2C).

Regarding the dopamine release (Fig. 2D), two-way ANOVA re-
vealed differences in dopamine levels among fractions (F8,185)= 3.345,
p=0.015) with no group effect (F2,185)= 0.414, p= 0.668) and no
interaction effect (F16,185)= 1.187, p= 0.288). Post-hoc analysis
showed that MIX-MIX (p < 0.001) and LiCl 0.15M (p= 0.01) groups
were different in comparison to SS-SS group at fraction 6 when the
animals were exposed to the conditioned stimulus. We observed a clear
increase in dopamine extracellular levels within the IC when animals
were exposed to the saccharin after artificial or natural induced
avoidance.

In the behavioral assessment of these animals we observed sig-
nificant differences in saccharin consumption during taste avoidance

retrieval among groups (F2,18)= 6.017, p=0.039), post hoc analysis
showed that saccharin consumption in LiCl 0.15M (p=0.021,
d= 1.89) and MIX-MIX (p= 0.044, d=1.046) groups were different
from SS-SS group, whereas no difference was observed between LiCl
0.15M and MIX-MIX groups (p= 0.588, d=0.290) (Fig. 2E).

4. Discussion

During the last decades, memory research has focused on how cel-
lular and molecular mechanisms are involved in the codification and
consolidation of memory. In CTA memory establishment, the amyg-
dalar glutamatergic activity has been related to visceral signaling of the
US [3,5,8,11,25]; whereas noradrenergic transmission is probably im-
plicated with a stress response due to the administration of the malaise-
inducing agent [3]. Specifically, β-adrenergic and NMDA receptors
within the amygdala play an essential role in the US processing
[5,9–11]. However, it has been reported that microinfusions of gluta-
mate into the amygdala did not generate taste aversion or avoidance,
unless it was paired with a subthreshold dose of LiCl [10,5]. Our ex-
periments confirm that concomitant activation of β-adrenergic and
NMDA receptors at 15min post-intake is not enough to induce an
avoidance response during retrieval, and subsequent reactivation of
these receptors appears to prompt the long-term memory.

Long-term memory stabilization involves post-acquisition reactiva-
tion patterns of activity [17] that can be reflected as extracellular
changes in neurotransmitters after the CS-US pairing [3,4]. Coactiva-
tion of NMDA and β-adrenergic receptors during the post-acquisition
reactivation timeframe has demonstrated to be necessary for taste
aversion memory consolidation within the amygdala [3]. The present
results further support the idea that glutamatergic and noradrenergic
activities during the post-acquisition period are part of the

Fig. 1. Effect of pharmacological manipulation
in the amygdala over saccharin preference
during taste avoidance retrieval. (A) Schematic
representation of the behavioral and micro-
infusion protocols used. (B) Long-term memory
(LTM) for saccharin preference, MIX-MIX and
LiCl 0.15M groups showed reduced preference
for saccharin during taste avoidance retrieval,
whereas SS-SS, ISO-ISO, LHa-LHa, MIX-SS, and
SS-MIX did not. Dark arrows represent micro-
infusions into the amygdala (Amy); gray arrow
represent LiCl i.p. administration. The graphic
is expressed as means of saccharin preference
index ± SEM. Dotted line represents con-
sumption on chance level (0.5); ** p < 0.01
versus SS-SS group. LHa: L-homocysteic acid;
ISO: isoproterenol; MIX: L-homocysteic
acid+ isoproterenol; SS: saline solution; LTM:
Long-term memory.
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neurobiological mechanisms involved in the consolidation of taste
aversive memory. According to our observations, it is indispensable to
generate both the US signaling and the post-acquisition signaling in the
amygdala to induce a reliable taste avoidance response reflecting or
representing the establishment of a taste memory trace. Therefore, it is
possible that US signaling through the activation of NMDA and β-
adrenergic receptors initiates molecular pathways involved in synaptic
modifications, whereas post-learning reactivation activity patterns un-
derlies long-term memory persistence.

Although the period between administrations was calculated ac-
cording to the US and post-acquisition events reported previously, it is
possible that kinetics of drug’s action may be altered by the co-ad-
ministration of isoproterenol and LHa. It has been reported that iso-
proterenol promotes LHa release from astrocytes, as it is an endogenous
excitatory aminoacid [26]. Therefore, it is possible that β-adrenergic
activation leads to a higher concentration of LHa within the amygdala
altering the kinetics of NMDA activation.

The activation of β-adrenergic and NMDA receptors leads to a sy-
nergistic effect for the establishment of taste avoidance memory. It has
been demonstrated that synaptic plasticity is facilitated by β-adrenergic
activation, probably as a result of the enhancement of P/Q type calcium
currents in amygdalar neurons, generating an increase in intracellular
calcium levels [27]. In addition, isoproterenol enhances synaptic
transmission through an increase in presynaptic Ca2+ influx in the
amygdala [28], producing a higher response mediated by AMPA [27]
and NMDA currents [29]. Activation of β-adrenergic receptorsTa
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Total fluid intake during acquisition and test stages. (Mean ± standard error).

Group Consumption during acquisition
(mL)

Consumption during test
(mL)

SS-SS 17.50 ± 2.48 17.50 ± 2.50
ISO-ISO 18.17 ± 1.37 18.00 ± 1.52
LHa-LHa 16.83 ± 1.22 17.33 ± 1.45
MIX-SS 17.17 ± 1.24 16.33 ± 1.60
SS-MIX 19.00 ± 1.15 22.17 ± 1.55
MIX-MIX 16.14 ± 1.68 21.29 ± 1.01
LiCl 0.15M 18.33 ± 1.99 16.83 ± 0.94
SS-SS 17.50 ± 2.48 17.50 ± 2.50
ISO-ISO 18.17 ± 1.37 18.00 ± 1.52
LHa-LHa 16.83 ± 1.22 17.33 ± 1.45
MIX-SS 17.17 ± 1.24 16.33 ± 1.60
SS-MIX 19.00 ± 1.15 22.17 ± 1.55
MIX-MIX 16.14 ± 1.68 21.29 ± 1.01
LiCl 0.15M 18.33 ± 1.99 16.83 ± 0.94
SS-SS 17.50 ± 2.48 17.50 ± 2.50
ISO-ISO 18.17 ± 1.37 18.00 ± 1.52
LHa-LHa 16.83 ± 1.22 17.33 ± 1.45
MIX-SS 17.17 ± 1.24 16.33 ± 1.60
SS-MIX 19.00 ± 1.15 22.17 ± 1.55
MIX-MIX 16.14 ± 1.68 21.29 ± 1.01
LiCl 0.15M 18.33 ± 1.99 16.83 ± 0.94

Table 3
Mean consumption ± standard error and preference index values during test.

Group Saccharin consumption
(mL) during test

Water consumption
(mL) during test

Preference index

SS-SS 12.83 ± 1.24 4.66 ± 1.38 0.76 ± 0.05
ISO-ISO 12.17 ± 1.53 5.83 ± 2.023 0.69 ± 0.09
Lha-Lha 9.83 ± 2.12 7.5 ± 2.094 0.56 ± 0.12
MIX-SS 11.67 ± 1.68 4.66 ± 1.94 0.72 ± 0.09
SS-MIX 14.33 ± 0.42 7.83 ± 1.64 0.66 ± 0.04
MIX-MIX 8.00 ± 1.17 13.29 ± 0.68 0.36 ± 0.04 **

LiCl 5.16 ± 1.60 11.67 ± 1.46 0.29 ± 0.09**

** p < 0.01 vs SS-SS. Preference index= Sac mL/(Sac mL+H2O mL).
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promotes the stimulation of adenylate cyclase that triggers cAMP for-
mation and subsequent activation of cyclic-AMP-dependent kinase
(PKA) and mitogen-activated protein kinase (MAPK) [30]. The

activated PKA phosphorylates many synaptic and intracellular targets
including cAMP response element binding pathway (CREB) [31,32].
The β-adrenergic activation causes the strengthening of intracellular

Fig. 2. Taste avoidance responses and extracellular levels of glutamate, norepinephrine, and dopamine in the insular cortex during taste avoidance retrieval. (A)
Schematic representation of the microdialysis protocol used. Changes in (B) glutamate, (C) norepinephrine, and (D) dopamine levels in SS-SS, LiCl 0.15M and MIX-
MIX groups during retrieval of either naturally or artificially induced avoidance. Exposure to saccharin elicits an augmentation in glutamate, norepinephrine, and
dopamine in the LiCl 0.15M and MIX-MIX groups during taste avoidance retrieval. (E) Saccharin consumption during microdialysis procedure as percentage of the
first saccharin exposure. MIX-MIX and LiCl 0.15M groups display a taste avoidance response during memory retrieval. Dark arrows represent micro-infusions into the
amygdala (Amy); gray arrow represents LiCl i.p. administration; and dotted arrow represent the insertion of the microdialysis probe in the insular cortex. Graphics
are expressed as means of percentage of basal concentration ± SEM. (∗) p < 0.05 and (∗∗) p < 0.01 versus SS-SS group. Behavioral response graph is expressed as
the mean of percentage of saccharin intake during acquisition phase ± SEM. (#) p < 0.05 versus SS-SS group. MIX: L-homocysteic acid+ isoproterenol; SS: saline
solution. LTM: Long-term memory.
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processes, resulting in a greater response to a given input, in this case
the activation of glutamatergic receptors. PKA also facilitates AMPA
receptors trafficking [33] and phosphorylation of NMDA receptors by
PKA enhances Ca2+ conductivity [34,35]. The increased intracellular
flow of Ca2+ promotes the activation of adenylate cyclase through
calcium / calmodulin kinase by improving cAMP production [36] and
the subsequent intracellular events described before. Therefore, the
synergistic activation of adenylate cyclase, as a consequence of the
activation of β-adrenergic receptors and NMDA, improves the activity
of MAPK, CREB and transcription factors; that determine in a co-
ordinated way the transcription and translation of genes. All these
processes culminate in the increase in protein synthesis required for
neuronal remodeling within the neural networks necessary to acquire
and consolidate taste avoidance memories [37].

In this regard, it has been proposed that a single molecular event
triggered during acquisition may not be sufficient to maintain long-
term memory; and the persistence of memory requires rounds of con-
solidation-like processes during different time windows [38–41].
Therefore, we suggest that emulation of US amygdalar events is ne-
cessary to initiate the molecular pathways involved in modifications of
the amygdala-insular network and the coactivation of NMDA and β-
adrenergic receptors during the post-learning period facilitates the taste
avoidance memory consolidation through protein synthesis-dependent
mechanisms.

Although unspecific modifications between the amygdala and dif-
ferent brain structures could be induced by our pharmacological ma-
nipulations, we focused on the response in the IC considering that taste
aversion memory involves the functional integrity of this structure
[42–46]; it is also possible that the communication of the amygdala-
insular cortex had been modified affecting the trace of the taste in a
way that an avoidance response is displayed in a second encounter.

The amygdala has afferents to the IC [47,48] and receives feedback
information from the insula [49]. The functional connectivity between
the amygdala and the IC has been demonstrated by the tetanic stimu-
lation of the amygdala that generates a long-term potentiation in the IC,
promoting an improved retention of CTA [19,50]. Although the
amygdala-IC pathway appears to be predominantly glutamatergic
[9,43,50], it can also be modulated by dopaminergic activity from the
ventral area tegmental [51], and norepinephrine from the locus coer-
uleus [52]. During the time frame following the acquisition of CTA,
levels of dopamine and glutamate involved in the maintenance of long-
term memory also increase within the IC. Interestingly, when the
amygdala is transiently inactivated, there is an impairment of the re-
activation signaling within the IC and CTA memory consolidation [4].
All these results suggest that the interaction of the amygdala-IC plays an
important role in the formation and stabilization of taste memories
where an aversive outcome is avoided.

Recently, it has been demonstrated that during the taste aversion

Fig. 3. Summary of injector tips and microdialysis probes. (A) Representation of the tips of the injectors aiming the amygdala in the pharmacological activation
experiment. (B) Representation of the tips of the injectors aiming the amygdala and the microdialysis probes within the insular cortex.
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retrieval, the presentation of a CS stored as aversive induces an eleva-
tion of glutamate, dopamine and norepinephrine levels within the IC
[21]. As shown, the artificial induction of taste avoidance promoted a
similar increase in glutamate during memory retrieval. Glutamatergic
neurotransmission seems to be relevant for the retrieval and main-
tenance of CTA since the infusions of α-amino-3-hidroxi-5-metilo-4-
isoxazolpropionic (AMPA) receptor antagonists in the IC hinders taste
aversion retrieval [21,53]. Moreover, the presentation of an aversive or
stressful stimulus causes an increase in norepinephrine levels in the
forebrain [54], including the IC [55]. Similarly, injections of the ma-
laise-inducing agent (the US) induce an increase in norepinephrine le-
vels within the IC [4]. Thus, exposure to an aversively-conditioned taste
stimulus generates an elevation of norepinephrine within the IC as re-
ported previously [56]. In relation to dopamine release, a novel or
salient stimulus cause activation of dopaminergic neurons [57,58].
Hence, consumption of an aversively conditioned taste stimulus pro-
motes an increase in dopamine levels within the IC. This elevation of
dopamine probably reflects the response to the salient stimulus gener-
ated by the relevance of the aversive taste. Therefore, the consumption
of a taste stimulus associated with aversive signals, artificially stimu-
lated or naturally associated with gastric malaise, produces an elevation
of the extracellular levels of glutamate, norepinephrine and dopamine
inside the IC. Our results demonstrate that the pharmacological acti-
vation of NMDA and β-adrenergic receptors in the amygdala could in-
duce behavioral and neurochemical responses like a naturally-induced
taste avoidance memory.

Even though other neurotransmitter systems are involved in CTA
formation, such as acetylcholine [59,60], cortical extracellular changes
of this neurotransmitter have been related mostly to the novelty of the
stimulus [6] and apparently is not required during CTA retrieval
[59,61]. Other monoamines, such as serotonin participate in the CTA
formation within the IC or the amygdala, but have been less studied
during the retrieval phase in the amygdala [62] or the insular cortex
[63].

5. Conclusion

The confirmation of the functional role of the neurochemical signals
that have been described during and after the acquisition of an aversive
taste memory allow us to better understand the mechanisms that un-
derly memory formation. We suggest that the induction of an artificial
taste aversion memory, through pharmacological activation of NMDA
and β-adrenergic receptors within the amygdala, promotes changes in
the amygdala-insular cortex circuit enabling aversive memory estab-
lishment. It is important to note that during memory retrieval, beha-
vioral and neurotransmitters patterns response within the IC are in-
distinguishable from an artificially induced or true avoidance memory.
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H I G H L I G H T S

• Anisomycin induces state-dependent recognition memory.

• DRB, an elongation RNA inhibitor, induces state-dependent recognition memory.

• The duration of drug action is a boundary condition for the induction of state-dependent recognition memory.

• Drugs induce state-dependent memory only when infused at early consolidation window.

A R T I C L E I N F O

Keywords:
Anisomycin
DRB
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Recognition memory

A B S T R A C T

It is well established that newly acquired information is stabilized over time by processes underlying memory
consolidation, these events can be impaired by many drug treatments administered shortly after learning. The
consolidation hypothesis has been challenged by a memory integration hypothesis, which suggests that the
processes underlying new memories are vulnerable to incorporation of the neurobiological alterations induced
by amnesic drugs generating a state-dependent memory. The present experiments investigated the effects of
amnesic drugs infused into the insular cortex of male Wistar rats on memory for object recognition training. The
findings provide evidence that infusions of several amnesic agents including a protein synthesis inhibitor, an
RNA synthesis inhibitor, or an NMDA receptor antagonist administered both after a specific period of time and
before retrieval induce state-dependent recognition memory. Additionally, when amnesic drugs were infused
outside the early consolidation window, there was amnesia, but the amnesia was not state-dependent. Data
suggest that amnesic agents can induce state-dependent memory when administered during the early con-
solidation window and only if the duration of the drug effect is long enough to become integrated to the memory
trace. In consequence, there are boundary conditions in order to induce state-dependent memory.

1. Introduction

Memory consolidation refers to the post-learning processes by
which recently acquired information is stabilized and strengthened into
long-term memory (Müller and Pilzecker, 1900; McGaugh, 1966,
2000). There is extensive evidence that memory consolidation can be
either impaired or enhanced by post-learning administration of treat-
ments that affect neuronal functioning. Many kinds of treatments, in-
cluding electroconvulsive shock (Duncan, 1949) and protein synthesis
inhibitors impair consolidation when administered shortly after

learning but not when administered several hours after learning
(Agranoff, 1967; Davis and Squire, 1984; Packard and Teather, 1997;
Lechner et al., 1999; Roullet et al., 2001). Some evidence suggests that
memory consolidation may consist of multiple stages, at least during
two sensitive windows in which amnesic agents can induce amnesia,
one early phase immediately after memory acquisition and a second
period of time between 120 and 240min later (Bourtchouladze et al.,
1998; Roullet et al., 2001; Igaz et al., 2002). Such findings indicate that
there are different post-learning time-windows when memories are la-
bile and vulnerable to amnesic events.
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Early studies reported that administration of protein-synthesis in-
hibitors immediately after acquisition impairs long-term memory
(Flexner et al., 1963; Agranoff et al., 1965). These findings, and those of
many subsequent experiments using protein synthesis inhibitors, sug-
gested that memory consolidation depends on de novo protein synthesis,
in which newly synthesized proteins modify functional connectivity
between neurons that were involved in learning (Dudai, 2004). Sub-
sequent experiments investigated the effects of many different protein
synthesis inhibitors, including anisomycin, acetoxycycloheximide, cy-
cloheximide and puromycin. Each of these drugs blocks the translation
of proteins by a different mechanism of action (see Davis and Squire,
1984; Rao and Grollman, 1967; Barbacid and Vazquez, 1975; Hazzalin
et al., 1998; Alberini, 2008).

The findings of these and many other studies appear to provide
compelling evidence that protein synthesis inhibitors impair memory
by blocking memory consolidation. However, a recent study reported
evidence that memory impairment induced by injections of cyclohex-
imide after training was reversed by the re-administration of cyclo-
heximide before retrieval. These findings suggest that under some
conditions the amnesia induced by protein-synthesis inhibitors is due to
a difference in the brain state induced by the protein synthesis inhibitor
shortly after learning, i.e., during the consolidation process, and the
brain state during subsequent testing. That is, the brain state occurring
after learning, during consolidation, may be required for subsequent
memory retrieval (Gisquet-Verrier and Riccio, 2012; Gisquet-Verrier
et al., 2015).

Memory consolidation impairment has also been found in experi-
ments using the RNA elongation inhibitor 5,6-dichloro-1-β-D-ribofur-
anosylbenzimidazole (DRB) (Sherry et al., 2010; Prado-Alcalá et al.,
2017; Ozawa et al., 2017; Steinmetz et al., 2017). Also, NMDA receptor
antagonists impair memory consolidation based on aversive (Ferreira
et al., 2002; Guzmán-Ramos et al, 2010; Guzmán-Ramos et al., 2012),
as well as non-aversive training experiences (Baker and Kim, 2002;
Winters and Bussey, 2005). The possibility that memory consolidation
impairments induced by treatments affecting RNA elongation and
NMDA receptors might also be the consequence of state-dependent
memory induction, as suggested by the memory integration hypoth-
esis), has not, as yet been investigated (Gisquet-Verrier et al., 2015). To
investigate this issue the present experiments examined the effects of
several amnesic agents to determine whether integration hypothesis
might account for their influences on memory.

The experiments investigated drug influences on the consolidation
of object recognition memory (ORM) (Brown and Aggleton, 2001).
ORM is assessed by a single brief training session and a testing session
and does not use aversive or rewarded training. Rodents have a natural
tendency to explore novel objects rather than previously encountered
ones. Consolidation of ORM involves several brain areas including the
insular cortex (Bermudez-Rattoni et al., 2005; Balderas et al., 2008).
The insular cortex has been proposed as a dynamic center in the sal-
ience network (Menon, 2015) that is critical to process novel-familiar
information in recognition memory (Bermudez-Rattoni et al., 2005;
Balderas et al., 2008; Bermudez-Rattoni, 2014; Schmahmann et al.,
2007). The aim of this study was to determine whether amnesic treat-
ments other than protein synthesis inhibitors also induce state-depen-
dent recognition memory when infused into the insular cortex and
provide additional understanding of dissociation between memory
consolidation impairments and state-dependent memory.

2. Material and methods

2.1. Animals

A total amount of 210 adult male Wistar rats weighing 260–280 g
were used in this study. Animals were obtained from the Instituto de
Fisiología Celular and were housed individually at 22 °C in a 12 h light/
12 h dark cycle starting at 7 a.m. All procedures were performed during

the light cycle and were approved by the animal care and ethics com-
mittee of the institute (IFC-FBR 30–14). Rats had ad libitum access to
water and food.

2.2. Guide cannulae implantation

Rats were implanted bilaterally with 9 mm (23G) steel cannulae
aiming at the insular cortex using standard stereotaxic procedures. The
coordinates for the insular cortex were AP + 1.2 mm; L± 5.5 mm; DV
-3 mm from Bregma (Paxinos and Watson, 1998). Cannulae were fixed
to the skull using two screws with dental acrylic cement. Stylets were
inserted to prevent clogging. Animals were allowed to recover from
surgery for six days before behavioral protocols.

2.3. Object recognition memory protocol

The apparatus and general protocol used have been reported pre-
viously (Balderas et al., 2008, 2012). Briefly, all procedures were
conducted in the experimental room where animals were left for 1 h
before and 1 h after each session. During three consecutive days, ani-
mals were introduced into the open-field arena without any objects for
10min and afterwards, rats were handled for 3min to avoid handling-
stress effects at the infusion sessions. During the sample session, rats
were placed in the arena facing to the wall opposite the objects and
were allowed to freely explore two identical objects (O1 and O2) for
5min. Memory recognition test session was conducted 24 h later. At
memory test, rats were allowed to explore freely one copy of the pre-
viously presented object (Familiar object, FO) together with a new one
(Novel object, NO) for 5min. The objects to be discriminated were
white glass bulbs (6 cm in diameter and 11 cm in length) and trans-
parent glass jars (5.5 cm in diameter and 5 cm in height). All objects
were fixed to the floor at the back corners of the arena (10 cm from
walls) with Velcro to prevent them from being displaced by the rats. To
avoid olfactory cues, objects were thoroughly cleaned with 70%
ethanol and the sawdust was stirred after each trial. Object exploration
was defined as directing the nose at a distance of less than 1 cm from
the object or touching the object with the nose. Object exploration was
not scored when animals sat on the object or when the rats used the
object to move backwards with the rat's nose facing the ceiling
(Balderas et al., 2008; Albasser et al., 2010).

2.4. General microinfusion procedure

During infusion session, stylets were removed, and injectors were
inserted into cannulae aiming at the insular cortex extending 2mm
bellow the tip. Injection needles were connected via polyethylene
tubing to 10 μL Hamilton syringes, driven by an automated micro-in-
fusion pump (Carnegie Medicine, Stockholm, SE). A volume of 1 μL
(0.5 μL/min) was injected per hemisphere in the insular cortex
(Balderas et al., 2008; García de la Torre et al., 2009), the volume and
site of infusion have been demonstrated to be restricted to the insular
cortex (Adaikkan and Ronseblum, 2015; Merhav and RosenblumK,
2008; Levitan et al., 2016); the injectors were left for another minute to
allow diffusion into the tissue. Stylets were inserted again to prevent
clogging. Infusion times are described later.

2.5. Drugs

Protein synthesis inhibitor anisomycin (ANI 120mg/mL, Sigma-
Aldrich, Missouri, US) was dissolved in an equimolar HCl-Ringer solu-
tion (NaCl 118mM, KCl 4.7mM, NaH2PO4H2O 1.2 mM, MgSO47H2O
1.2 mM, NaHCO3 19mM, CaCl2 2.5mM, glucose 3.3mM; pH was ad-
justed to 7.4). Vehicle solution was Ringer solution with HCl and ad-
justed pH to 7.4 (VEH). The RNA elongation inhibitor 5,6-dichloro-1-β-
D-ribofuranosylbenzimidazole (DRB 40 ng/μL, Sigma-Aldrich, Missouri,
US) was dissolved in 1M PBS and 8% of dimethyl sulfoxide (DMSO,
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Sigma-Aldrich, Missouri, US). Vehicle solution was PBS 1M with 8%
DMSO (VEH). The NMDA receptor antagonist, DL-2-amino-5-phos-
phonovaleric acid (APV 10mg/mL, Tocris Bioscience; Bristol, UK) was
dissolved in saline solution (0.9% wt/vol). Saline solution was used as
vehicle (VEH). We have administered the doses that have been shown
to induce amnesia in various tasks and brain structures (Tronel and
Sara, 2003; Guzmán-Ramos et al., 2010; Igaz et al., 2002; Prado-Alcalá
et al., 2017; Balderas et al., 2008), since higher doses could cause
nonspecific reactions masking state-dependent memory.

2.6. Drug injection protocol

In order to determine whether the infusion of anisomycin, DRB or
APV induces state-dependent recognition memory, we used the fol-
lowing administration protocol. All drugs or vehicle were infused into
the insular cortex immediately after ORM sample phase and 15min
before ORM retrieval. This yielded VEH-VEH, ANI-VEH, VEH-ANI, ANI-
ANI, DRB-VEH, VEH-DRB, DRB-DRB, APV-VEH, VEH-APV and APV-
APV groups (Please see, Fig. 1A, Fig. 2A, and Fig. 3A).

It has been suggested that amnesic drugs generate amnesia during
the early stages of consolidation (Tronel and Sara, 2003). Thus, it is
possible that induction of state-dependent memory occurs during the
same sensitive window. To determine whether infusion of anisomycin
or DRB outside the early consolidation window (120min,
Bourtchouladze et al., 1998; Igaz et al., 2002; Roullet et al., 2001) in-
duces state-dependent recognition memory. We administrated vehicle,
anisomycin or DRB into the insular cortex 120min after ORM sample

phase and 15min before ORM retrieval. In order to reduce animal
testing, we focused only on the groups VEH-VEH, ANI-VEH, ANI-ANI,
DRB-VEH and DRB-DRB (see, Figs. 1C and 2C); since we have pre-
viously shown that administration of ANI before ORM retrieval did not
affect memory expression (VEH-ANI), and DRB infusion before test
(VEH-DRB) disrupts memory retrieval.

As anisomycin and DRB inhibit protein synthesis by different me-
chanisms, it is important to determine what anisomycin and DRB might
have in common that underlies induction of state-dependent memory in
comparison to APV. A possible explanation for this effect is the half-life
of these drugs, as it has been reported that anisomycin (Wanisch and
Wotjak, 2008) and DRB (Nguyen et al., 1994) induce sustained protein
synthesis inhibition effect (hours), whereas the APV plasticity inhibi-
tion lasted ∼60min (Ji et al., 2005). Therefore, we investigated whe-
ther a prolonged exposure to APV, by a double administration into the
insular cortex, could induce a state-dependent recognition memory. In
brief, vehicle or APV were administrated after ORM sample phase,
60min after ORM sample phase and 15min before ORM retrieval. We
aimed to evaluate VEH-VEH-VEH, VEH-APV-VEH, VEH-APV-APV, APV-
APV-VEH and APV-APV-APV groups considering that administration of
APV immediately after ORM sample phase induced recognition amnesia
(APV-VEH), memory impairment could not be reversed by the admin-
istration of APV before retrieval (APV-APV) and APV infusion did not
affect memory retrieval (VEH-APV); hence the APV-VEH-VEH, APV-
VEH-APV and VEH-VEH-APV groups were omitted in the study due to
the above-mentioned reasons (Please see Fig. 3C).

Considering that early consolidation phase is vulnerable to

Fig. 1. Protein-synthesis inhibitor induces state-dependent memory when infused into the insular cortex during early consolidation window. (A) Schematic re-
presentation of the behavioral and intra-cortical infusion protocol used. (B) Novel object recognition index during memory recognition test session, VEH-VEH, VEH-
ANI, and ANI-ANI groups showed preference for the novel object; whereas the group ANI-VEH did not. (C) Schematic representation of the behavioral and intra-
cortical infusion protocol used in anisomycin administration at 120 min. (D) Novel object recognition index during memory recognition test session, the group VEH-
VEH (120 min) showed preference for the novel object; whereas the groups ANI-VEH (120 min) and ANI-ANI (120 min) did not show preference for any object.
Object (O), Familiar Object (FO) and Novel object (NO). Arrows represent micro-infusions into the insular cortex. Graphics are expressed as means of recognition
index ± SEM. Dotted line represents exploration chance (0.5); **p < 0.01 versus VEH-VEH.
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induction of state-dependent recognition memory, we evaluated whe-
ther state-dependent recognition memory can occur when APV ad-
ministrations are separated by a longer time window (120min). We
infused vehicle or APV into the insular cortex immediately after ORM
sample phase, 120min after ORM sample phase and 15min before
ORM retrieval. We determined the following groups: VEH-VEH′-VEH,
VEH-APV′-VEH, VEH-APV′-APV, APV-VEH′-APV, APV-APV′-VEH and
APV-APV′-APV (Please see Fig. 4A). VEH-VEH′-APV and APV-VEH′-
VEH groups were excluded because we have observed that APV spared
recognition memory retrieval (VEH-APV) and APV impaired memory
recognition establishment (APV-VEH) (See, Fig. 3B).

2.7. Histology

At the end of the experiments, animals were injected i.p. with an
overdose of sodium pentobarbital, and perfused intracardially with
0.9% saline solution. The brains were removed and stored at 4 °C in 4%
paraformaldehyde in phosphate buffered saline. After treatment with
sucrose gradient, 40 μm coronal sections were cut and stained with
cresyl violet. Samples were examined by light microscopy to corrobo-
rate placement of the cannulae.

2.8. Experimental design and statistical analysis

For all experiments, objects and open-fields arenas were counter-
balanced. Animals were randomly assigned to each treatment group.
Timing and video analysis were conducted by an experimenter who was

blind to the treatment condition. Recognition indexes for each object
were calculated as follows: time of exploration of the object/total time
of exploration during test. Also, we calculated the percentage of ex-
ploration time in comparison to vehicle group. Percentage of vehicle
exploration time = (Total exploration time of experimental group/
Total exploration time of vehicle group) * 100. We compared the novel
object recognition indexes to a hypothetical value of 0.5 (chance level)
using One-sample Student's t-test in order to determine preference for
an object. Additionally, we used One-way ANOVA with Dunnett's post
hoc test to compare the mean novel object exploration indexes versus
the mean exploration index of control group. We compared the mean
percentage of exploration time during ORM test amongst groups with
One-way ANOVA with Dunnett's post hoc test. The accepted level of
significance was p value≤ 0.05. Data are presented as mean ± SEM.
Effect size was determined by calculating Cohen's d statistic. Statistical
analysis was performed using GraphPad Prism version 6.00, GraphPad
software.

3. Results

3.1. Verification of cannula placements

Coronal sections (40 μm) were cut and stained with cresyl violet.
The location sites of the cannulae for the micro-infusions were observed
in the insular cortex region (Please see Fig. 5). Twelve animals with
misplaced cannulae were not included in further analyses.

Fig. 2. RNA elongation inhibitor induces state-dependent memory when infused into the insular cortex during early consolidation window. (A) Schematic re-
presentation of the behavioral and intra-cortical infusion protocol used. (B) Novel object recognition index during memory recognition test session, the groups VEH-
VEH and DRB-DRB showed preference for the novel object; whereas VEH-DRB and DRB-VEH groups did not. (C) Schematic representation of the behavioral and
intra-cortical infusion protocol used in DRB administration at 120 min. (D) Novel object recognition index during memory recognition test session, VEH-VEH and
DRB-VEH groups (120 min) showed preference for the novel object; whereas DRB-DRB (120 min) group did not. Object (O), Familiar Object (FO) and Novel object
(NO). Arrows represent micro-infusions into the insular cortex. Graphics are expressed as means of recognition index ± SEM. Dotted line represents exploration
chance (0.5); *p < 0.05 versus VEH-VEH.
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3.2. Induction of state-dependent memory with anisomycin

During object recognition memory retrieval, the groups VEH-VEH
(n=8; t=4.225; p=0.003; Mean=0.625; SD=0.083; d=1.494; t-
test), VEH-ANI (n=8; t=3.278; p=0.013; Mean=0.641;
SD=0.122; d=1.159; t-test), and ANI-ANI (n=8; t=4.040;
p=0.004; Mean=0.684; SD=0.129; d=1.485; t-test) explored the
novel object above the chance; whereas the group ANI-VEH (n=8;
t=0.655; p=0.5337; Mean=0.480; SD=0.086; d=−0.231; t-test)
did not (Fig. 1, (B) Memory test session). One-way ANOVA analysis
showed significant differences in novel object recognition indexes
among groups (F(3,28) = 5.481, p=0.004, overall effect size
d=0.718). Dunnett's multiple comparison test revealed differences in
the ANI-VEH group (p=0.030; d=0.479) compared with the VEH-
VEH group. The groups VEH-ANI (p=0.988; d=0.053 ANI-ANI
(p=0.556; d=0.196 and VEH-VEH exhibited similar novel recogni-
tion indexes. ANOVA analysis showed that all groups spent a similar
percentage of vehicle exploration time during test session
(F(3,28) = 1.725, p=0.199) (Table 1). These data indicate that VEH-
VEH, VEH-ANI and ANI-ANI groups recognized the novel object,
whereas ANI-VEH group did not. These results show that anisomycin
did not affect ORM retrieval, and ORM was consolidated in a state-
dependent manner. Anisomycin induced recognition memory deficits
and could be reversed by the re-administration of anisomycin before
retrieval, exhibiting an anisomycin state-dependent memory.

3.3. Anisomycin impairs memory consolidation at 120min after acquisition

Concerning anisomycin experiments outside early consolidation
window (120min), only the VEH-VEH (n= 7; t=4.392; p=0.004;
Mean= 0.665; SD=0.099; d=1.660; t-test) explored the novel object
above the chance; regardless of ANI-VEH (n=7; t=0.272; p=0.794;
Mean= 0.503; SD=0.033; d=0.103; t-test) and ANI-ANI (n=7;
t=0.020; p=0.984; Mean=0.501; SD=0.098; d=0.008; t-test)
groups (Fig. 1, (D) Memory recognition test session). Statistical analysis
revealed significant differences in novel object recognition indexes
among groups (F(2,18)= 9.002, p=0.002, ANOVA; overall effect size
d=0.928); Dunnett's multiple comparison test showed that VEH-VEH
group was different in comparison to ANI-VEH (p=0.003; d=0.797)
and ANI-ANI (p=0.003; d=0.809) groups. During memory recogni-
tion test session, all groups spent a similar percentage of vehicle ex-
ploration time (F(2,18)= 0.615, p=0.552, ANOVA; Table 1). These
results show that during memory recognition test, VEH-VEH recognized
the novel object, whereas ANI-VEH and ANI-ANI groups did not.
Therefore, exposure to anisomycin 120min after sample phase dis-
rupted consolidation of recognition memory. However, memory deficits
could not be reversed by the re-administration of anisomycin before
memory retrieval. These results suggest that infusion of anisomycin into
the insular cortex outside the early consolidation induced amnesia, but
the amnesia was not state-dependent. Data obtained in this study evi-
dence that anisomycin induces a state-dependent recognition memory
only when administrated immediately after acquisition, and interrupts

Fig. 3. Prolonged exposure to APV generates state dependent recognition memory. (A) Schematic representation of the behavioral and intra-cortical infusion
protocol used. (B) Novel object recognition index during memory recognition test session, VEH-VEH and VEH-APV groups showed preference for the novel object;
whereas APV-VEH, and APV-APV groups did not show preference for novel object. (C) Schematic representation of the behavioral and intra-cortical infusion protocol
used in prolonged exposure to APV experiments. (D) Novel object recognition index during memory recognition test session, VEH-VEH-VEH and APV-APV-APV
groups showed preference for the novel object; whereas VEH-APV-VEH, VEH-APV-APV and APV-APV-VEH groups did not show preference. Object (O), Familiar
Object (FO) and Novel object (NO). Arrows represent micro-infusions within the insular cortex. Graphics are expressed as means of recognition index ± SEM. Dotted
line represents exploration chance (0.5); *p < 0.05 versus VEH-VEH or VEH-VEH-VEH, respectively.
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recognition memory consolidation when infused at a later stage of
consolidation.

3.4. Induction of state-dependent memory with DRB

Amongst DRB experiments, the groups VEH-VEH (n= 7; t=3.586;
p=0.031; Mean= 0.641; SD=0.104; d=1.355; t-test) and DRB-DRB
(n=6; t=3.048; p=0.028; Mean=0.629; SD=0.104; d=1.245; t-
test) explored the novel object above the chance, whereas VEH-DRB
(n=7; t=0.647; p=0.541; Mean= 0.470; SD=0.121; d=−0.244;
t-test) and DRB-VEH (n= 7; t=0.865; p=0.42; Mean=0.474;
SD=0.078; d=−0.327; t-test) groups did not. One-way ANOVA
analysis showed that novel object recognition indexes were different
among groups (F(3,23) = 4.378, p=0.004; overall size effect d=0.792)
(Fig. 2, (B) Memory test session); Dunnett's test revealed differences in
VEH-DRB (p=0.013; d=0.595) and DRB-VEH (p=0.016; d=0.580)
groups compared to VEH-VEH group. Animals in the VEH-VEH and
DRB-DRB groups exhibited similar novel recognition indexes
(p=0.995; d=0.036). During test session, percentage of vehicle ex-
ploration times were similar in all groups (F(3,23) = 0.388, p=0.762,
ANOVA) (Table 2). These results indicate that VEH-VEH and DRB-DRB
groups recognized the novel object during memory evaluation, whereas
VEH-DRB and DRB-VEH groups did not differentiate the novel object
from the familiar one. Our results show that DRB administration es-
tablished a state-dependent recognition memory. ORM could be re-
trieved only when the same condition induced by DRB is present during
consolidation and retrieval.

3.5. DRB does not induce state-dependent memory when infused 120min
after acquisition

Data obtained from intracortical administration of DRB outside
early consolidation window (120min) shows that VEH-VEH (n=8;
t=2.722; p=0.029; Mean=0.627; SD=0.133; d=0.962; t-test)
and DRB-VEH (n=8; t=3.535; p=0.009; Mean=0.646;
SD=0.117; d=1.249; t-test) groups explored the novel object above
the chance; DRB-DRB group did not show preference for the novel
object (n= 7; t=1.494; p=0.185; Mean=0.475; SD=0.442;
d=−0.565; t-test) (Fig. 2, (D) Memory recognition test session). Sta-
tistical analysis revealed significant differences in novel object re-
cognition indexes among groups (F(2,21) = 3.972, p=0.034, ANOVA;
overall size effect d=0.715); Dunnett's test showed that VEH-VEH
group was different in comparison to DRB-DRB (p=0.023; d=0.587),
whereas VEH-VEH and DRB-VEH explored the novel object similarly
(p=0.917; d=0.074). During memory recognition test session, all
groups spent a similar percentage of vehicle exploration time
(F(2,21) = 0.661, p=0.526, ANOVA; Table 2). In summary, VEH-VEH
and DRB-VEH recognized the novel object, whereas DRB-DRB group did
not. These results indicate that DRB infusion 120min after sample
phase did not impair consolidation of recognition memory and did not
induce state-dependent recognition memory. Memory deficits observed
in the DRB-DRB group are the consequence of DRB impairment on
memory retrieval as described previously in Fig. 2 (B, VEH-DRB group).
We observed that DRB infusion induces a state-dependent recognition
memory only when administered immediately after memory acquisi-
tion.

Fig. 4. Prolonged exposure to APV outside early
consolidation window does not induce state-depen-
dent recognition memory. (A) Schematic re-
presentation of the behavioral and intra-cortical in-
fusion protocol used. (B) Novel object recognition
index during memory recognition test session, VEH-
VEH′-VEH, VEH-APV′-VEH and VEH-APV′-APV
groups showed preference for the novel object;
whereas APV-VEH′-APV, APV-APV′-VEH and APV-
APV′-APV groups did not show preference. Object
(O), Familiar Object (FO) and Novel object (NO).
Arrows represent micro-infusions into the insular
cortex. Graphics are expressed as means of recogni-
tion index ± SEM. Dotted line represents explora-
tion chance (0.5); **p < 0.01 and * p < 0.05
versus VEH-VEH′-VEH, respectively.
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Taken together, administration of protein synthesis and RNA elon-
gation inhibitors in the insular cortex induces a state-dependent-re-
cognition memory only when infused immediately after acquisition,
whereas pharmacological manipulation outside the early consolidation
period does not induce state-dependent recognition memory.

3.6. APV impairs memory consolidation, but the amnesia is not state-
dependent

Regarding APV experiments, statistical analysis showed that VEH-
VEH (n=7; t=3.154; p=0.019; Mean= 0.664; SD=0.0818;
d=2.002; t-test) and VEH-APV groups (n=6; t=2.936; p=0.032;
Mean=0.581; SD=0.067; d=1.199; t-test) explored the novel object
above the chance; whereas APV-VEH (n= 7; t=0.722; p=0.497;
Mean=0.5117; SD=0.043; d=0.274; t-test) and APV-APV (n=6;
t=0.726; p=0.500; Mean= 0.459; SD=0.135; d=−0.296; t-test)
did not recognize the novel object above the chance (Fig. 3, (B) Memory
recognition test session). One-way ANOVA analysis showed that there
were significant differences in novel object recognition indexes among
groups (F(3,22) = 4.132, p=0.018; overall size effect d=0.853);
Dunnett's post hoc analysis unveil differences in the APV-VEH
(p=0.013; d=0.619) and APV-APV (p=0.011; d=0.799) groups
compared to the VEH-VEH group; whereas VEH-VEH and VEH-APV
(p=0.257; d=0.326) exhibited similar novel recognition indexes. All
groups spent a similar percentage of vehicle exploration time during
memory evaluation (F(3,22) = 0.427, p=0.735, ANOVA; Table 3).
These results indicate that during memory recognition test, VEH-VEH
and VEH-APV groups recognized the novel object, whereas APV-VEH
and APV-APV groups did not. These results enlighten that APV did not

hinder ORM retrieval but impaired recognition memory establishment.
Memory deficits could not be rescued by the re-administration of APV
before retrieval. Therefore, APV induced amnesia in a non-state de-
pendent manner.

3.7. The increase of APV duration effects establishes a state-dependent
memory

Statistical analysis show that VEH-VEH-VEH (n= 6; t=3.631;
p=0.015; Mean= 0.626; SD=0.085; d=1.482; t-test) and APV-
APV-APV (n=7; t=4.473; p=0.004; Mean= 0.646; SD=0.086;
d=1.00; t-test) groups explored the novel object above the chance,
whereas VEH-APV-VEH (n=7; t=0.382; p=0.715; Mean=0.475;
SD=0.172; d=−0.144; t-test), VEH-APV-APV (n=7; t=0.655;
p=0.536; Mean=0.454; SD=0.184; d=−0.248; t-test) and APV-
APV-VEH (n= 7; t=1.779; p=0.135; Mean= 0.478; SD=0.747;
d=−0.290; t-test) groups did not. One-way ANOVA analysis showed
that exploration indexes for the novel object were different among
groups (F(5,37) = 3.351, p=0.026; overall size effect d=0.768)
(Fig. 3, (D) Memory test session); Dunnett's multiple comparison ana-
lysis revealed novel object recognition index differences in the VEH-
APV-VEH (p=0.042; d=0.435), VEH-APV-APV (p=0.025;
d=0.495) and APV-APV-VEH (p=0.046; d=0.425) groups com-
pared with VEH-VEH-VEH group; whereas VEH-VEH-VEH and APV-
APV-APV groups exhibited similar novel recognition indexes
(p=0.936; d=0.059). ANOVA analysis showed no differences in the
percentage of vehicle exploration time among groups (F(4,29) = 0.825,
p=0.5219) (Table 4). These results indicate that VEH-VEH-VEH and
APV-APV-APV groups recognized the novel object during the memory
test, while VEH-APV-VEH, VEH-APV-APV, and APV-APV-VEH did not.
These data provide evidence that a single administration of APV at
60min after acquisition impaired recognition memory, which was not
state-dependent. However, an extended duration of APV effects by a
double administration of APV, immediately and 60min after acquisi-
tion, induced a state-dependent recognition memory. Our results sug-
gest that the duration of drug effects is a boundary condition in state-
dependency formation.

3.8. Prolonged APV duration effects can induce state-dependent memory
only when administered during the early consolidation window

Statistical analysis in APV experiments outside early consolidation
window (120min) showed that VEH-VEH′-VEH (n=7; t=4.526;
p=0.004; Mean= 0.624; SD=0.073; d=1.710; t-test), VEH-APV′-
VEH (n= 7; t=4.420; p=0.004; Mean= 0.639; SD=0.083;
d=1.671; t-test), VEH-APV′-APV groups (n= 8; t=4.396; p=0.003;
Mean= 0.662; SD=0.104; d=1.554; t-test) explored the novel object
above the chance; in spite of APV-VEH′-APV (n=7; t=1.194;
p=0.277; Mean= 0.449; SD=0.112; d=−0.451; t-test), APV-APV′-
VEH (n= 7; t=0.046; p=0.964; Mean= 0.467; SD=0.108;
d=−0.300; t-test) and APV-APV′-APV (n=7; t=0.329; p=0.752;
Mean= 0.442; SD=0.117; d=−0.500; t-test) groups (Fig. 4, (B)
Memory recognition test session). Statistical analysis revealed sig-
nificant differences in novel object recognition indexes among groups
(F(5,37) = 5.056, p=0.001, ANOVA; overall size effect d=0.950);
Dunnett's test revealed that APV-VEH′-APV (p=0.010; d=0.508)
APV-APV′-VEH (p=0.032; d=0.437) and APV-APV′-APV (p=0.011;
d=0.509) groups were different in comparison to VEH-VEH′-VEH
group. In addition, VEH-APV′-APV (p=0.923; d=0.112) and VEH-
APV′-VEH (p=0.9985; d=0.043) exhibited similar novel object re-
cognition indexes compared to VEH-VEH′-VEH. During memory re-
cognition test session all groups spent a similar amount of percentage of
vehicle exploration time (F(5,37)= 0.897, p=0.491, ANOVA; Table 5).
Our results show that VEH-VEH′-VEH, VEH-APV′-VEH and VEH-APV′-
APV groups recognized the novel object, whereas APV-VEH′-APV, APV-
APV′-VEH and APV-APV′-APV groups did not. These findings indicate

Fig. 5. Representation of the injector tips within the insular cortex. (A)
Representative microphotographs of the insular cortex with injector tip. (B)
Representation of injector tips location areas.
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that administration of APV 120min after sample phase did not impair
recognition memory and confirm that recognition memory was im-
paired by the infusion of APV immediately after acquisition and could
not be rescued by the re-administration of APV before retrieval. Infu-
sion of APV into the insular cortex at both times, 120min after ORM
acquisition and 15min before retrieval, spared recognition memory.
This effect seems to be as a result of lack of APV effect in memory
recognition on late consolidation window and memory retrieval.
However, memory impairment observed in APV-APV′-APV group was
the result of the immediate infusion of APV after ORM acquisition, since
a long temporal separation between administrations restrained drug-
induced state integration in recognition memory.

Altogether, our results indicate that there are boundary conditions
in order to establish a state-dependent recognition memory: a short
half-life of the drug seems to be insufficient to be integrated to the
memory trace; and the timing of pharmacological manipulation, since
drug administration during the early but not late consolidation window
induces state-dependent recognition memory.

4. Discussion

Previous studies have provided experimental evidence of state-de-
pendent memories; memories may be more readily retrieved when a
drug-induced brain state during recall is similar to the drug-induced
brain state when learning occurred (Overton, 1991; Jovasevic et al.,
2015). There is also some evidence suggesting that drugs that are ad-
ministered shortly after learning may induce state-dependent learning.
Such findings propose that, while new memories are active and being
consolidated, they may integrate the drug effects into the memory and
thus require a similar drug state for subsequent expression of memory
(Thompson and Neely, 1970; Thompson and Grossman, 1972;
Hinderliter et al., 1975; Mactutus and Riccio, 1978; Mactutus et al.,
1980; Bradley and Galal, 1988; Millin and Newman, 2008; Briggs and
Olson, 2013; Gisquet-Verrier and Riccio, 2012; Gisquet-Verrier et al.,
2015).

In this study, we found that immediate post-training infusions of
anisomycin into the insular cortex induces state-dependent recognition
memory. This finding is similar to the effect previously observed with
cycloheximide (Briggs and Olson, 2013; Gisquet-Verrier et al., 2015).
We also found that administration of DRB, an RNA elongation inhibitor,
also induced a state-dependent recognition memory. It is important to
note that administration of anisomycin or DRB 120min after ORM
acquisition did not induce state-dependent recognition memory. Thus,
our findings provide additional support for the idea that as suggested by
the integration hypothesis, newly formed memories are susceptible to
integrate drug-induced effects that can induce state-dependent
memory.

Unlike the state-dependency generated by anisomycin or DRB,
cortical administration of APV immediately after training induced
amnesia that was not recovered by the infusion of APV before retrieval.
Interestingly, the absence of state dependent memory with APV has
been reported previously when infused into the amygdala (Maren et al.,
1996). However, this lack of effect on state-dependent memory for-
mation might be due to the short half-life of APV (Ji et al., 2005)
compared to anisomycin (Wanisch and Wotjak, 2008) and DRB
(Nguyen et al., 1994). In support of this possibility, we investigated
whether state-dependent memory could be induced when we extended
the duration of the APV effect by a double administration, immediately
and 60min after memory acquisition. Our results indicate that the ef-
fects of a prolonged duration of APV could be integrated into the pro-
cesses mediating the newly-formed recognition memory. Importantly, a
brief exposure to APV immediately or 60min after ORM acquisition,
impaired memory recognition and could not be reversed when APV was
administered before memory retrieval. As the half-life of APV is short,
amnesia is observed as a result of an incomplete incorporation of the
brain state induced by APV. Our results suggest that induction of state-

dependent memory with APV depends on the extended effect that
comprises the early consolidation window between 0 and 120min,
since administration of APV during later consolidation window failed to
induce state-dependent recognition memory.

Previous findings suggest that progressive stabilization of newly
learned information occurs at least during two sensitive windows in
which protein-synthesis inhibitors induce amnesia, one early phase
immediately after training and a second phase between 2 and 4 h later
(Bourtchouladze et al., 1998; Quevedo et al., 1999; Igaz et al., 2002).
Here, we observed that infusion of anisomycin into the insular cortex
immediately or 120min after ORM training impaired recognition
memory. Additionally, DRB administration into the insular cortex im-
mediately after training impaired recognition memory, but not when
administered 120min after training. Memory deficits induced by ani-
somycin or DRB administration have been also found in many memory
studies using different learning tasks (Balderas et al., 2008; Sherry
et al., 2010; Prado-Alcalá et al., 2017; Ozawa et al., 2017; Steinmetz
et al., 2017). Thus, memory consolidation may be sensitive to two-time
periods (Igaz et al., 2002) in which differential effects of anisomycin or
DRB are due to differences in time of infusion and concentration used
(Agranoff, 1967; Igaz et al., 2002). In addition, infusion of APV into the
insular cortex immediately or 60min after the acquisition impairs re-
cognition memory; APV administration 120min after training is in-
effective. Previously, we have reported that memory consolidation is
affected by the administration of APV into the insular cortex up to
45min after training (Guzmán-Ramos et al., 2010). However, admin-
istration of APV 120min after training does not alter consolidation
processes (Roullet et al., 2001; Tronel and Sara, 2003).

In general, our findings support the idea that induction of state-
dependent memory and memory deficits could be differentially gener-
ated during two sensitive windows, an early consolidation stage af-
fected by anisomycin, DRB and APV up to 60min, and a late con-
solidation phase blocked only by anisomycin. A possible explanation for
the differential effects observed between times of drug-administration,
is that during early consolidation window, NMDA receptor activation
constitutes the principal cellular mechanism for initiating memory
processes. NMDA receptor activity has been associated with the reg-
ulation of protein synthesis; calcium entry through NMDA receptors
modulates several signaling pathways including, among others, CREB
and elongation factors (Hoeffer and Klann, 2006; Tran et al., 2007).
Thus, increased phosphorylation of CREB factor promotes RNA synth-
esis, new RNA and pre-existing RNA are translated in proteins required
for setting up permanent synaptic changes (Igaz et al., 2002; Tran et al.,
2007; Stewart and Schuman, 2001). Modification in any of these mo-
lecular events during early consolidation window, disrupts memory
establishment. Nevertheless, protein synthesis is critical in both early
and late consolidation windows; during the early phase, the pre-existing
RNA of the immediate genes is translated into proteins necessary for the
synaptic modifications, while the window of late consolidation under-
goes structural changes that require new proteins involved in the long-
term synaptic remodeling (Igaz et al., 2002; Stewart and Schuman,
2001).

As mentioned, the IC belongs to a dynamic network for salience
detection; the salience network has been principally associated with the
IC and the nucleus accumbens, but also includes limbic areas such as
the amygdala, ventral striatum, dorsomedial thalamus, hypothalamus,
substantia nigra and the ventral tegmental area (Menon, 2015).
Therefore, the possible key role of the IC of the salience network is
recognizing familiar/novel stimuli. In this regard, it has been observed
that the IC activity is increased with the strength on familiarity (Morin
et al., 2011; Kafkas and Montaldi, 2014). Therefore, the IC can be seen
as a dynamic center for detection and selection of salient stimuli (novel
vs familiar) (Menon, 2015) and the IC-limbic pathway is critical for
processing novel-familiar information (Schmahmann et al., 2007). In
addition, there is evidence from animal and human studies suggesting
that a network of temporal cortical regions, including the perirhinal,
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parahippocampal, entorhinal and insular cortices and the hippocampus
participates in recognition memory (Tang et al., 1997; Aggleton and
Brown, 1999; Malkova and Mishkin, 2003; Reed et al., 2004;
Bermúdez-Rattoni et al., 2005; Balderas et al., 2008; Bermúdez-Rattoni,
2014). Thus, a suggested key role of the IC is the detection of beha-
viorally relevant stimuli during recognition tasks (Menon, 2015). The
induction of state-dependent recognition memory through pharmaco-
logical manipulations within the IC could be explained as a result of the
incorporation of the drug-induced state into the familiar trace of the
memory of the object necessary for the novel-familiar recognition.

Interestingly, our results provide evidence that induction of memory
dependent on the state could be supported by several brain regions,
since intracortical administration of a protein synthesis inhibitor gen-
erates state-dependent memories similar to those injected in the hip-
pocampus or intracerebroventricular (Gisquet-Verrier et al., 2015
Jafari-Sabet et al., 2016). However, it remains to study the cellular and
molecular mechanisms involved in the formation of state-dependent
memory (Radulovic et al., 2017).

Despite the extensive evidence that amnesia induced by anisomycin,
DRB or APV is explained by well-known molecular mechanisms, our
data indicate that, under some special conditions, memory consolida-
tion is not impaired by such treatments, but rather, is consolidated in a
state-dependent manner. Induction of state dependent memory occurs
during early consolidation window when memory establishment takes
place; it is possible that infusion of drugs with long-lasting effects alters
the molecular events of the insular cortex that are capable of inducing a
brain state that becomes part of the novel-familiar memory trace in a
state-dependent manner. However, amnesia is induced as a result of an
incomplete incorporation of the brain state induced by drugs with
short-lasting effect during early consolidation window, or by hindering
memory long-term structural changes during late consolidation phase.

Differences in the time required for the consolidation and retrieval
processes may explain why the integration of a prolonged exposure to
drugs during consolidation is necessary, whereas a single injection is
sufficient to induce a state that serves as a reference for retrieval.
Memory consolidation events are required to make persistent mod-
ifications in functional connectivity that are accomplished within the
first minutes to hours after memory acquisition (Dudai, 2004). How-
ever, memory retrieval processes are consummated very quickly, even
in less than a second (Thorpe et al., 1996). Therefore, it is possible that
the integration of the brain state induced by a drug requires a longer
exposure to drugs compared to a short exposure that serves as a cue-

signal during memory retrieval.
In agreement with previous studies (Rodríguez-Ortiz et al., 2012;

Igaz et al., 2002; Ozawa et al., 2017; García-Delatorre et al., 2014,
Osorio-Gómez et al., 2016; Liang et al., 1996; Izquierdo et al., 2002;
Roullet et al., 2001; Winters and Bussey, 2005), we observed that an-
isomycin and APV do not disrupt memory retrieval. However, we found
that administrations of DRB impaired ORM retrieval as reported pre-
viously (Igaz et al., 2002; Ozawa et al., 2017). Although memory re-
trieval impairments reported in literature are explained in terms of
retrieval-related mechanisms, an alternative explanation is that
memory expression is impaired because the brain-state during retrieval
is different from the induced-state during memory formation. Never-
theless, our findings indicate that only DRB, but not anisomycin or APV,
disrupted memory retrieval. However, all drugs used in this study serve
as a state-dependent cue for recognition memory retrieval.

5. Conclusion

Summarizing, our data indicate that incorporation of the brain state
induced by anisomycin and DRB in a state-dependent memory manner
is due to their prolonged half-life. State-dependency could also be in-
duced with APV when the duration of action was extended by double
administration. The time of administration is crucial to state-dependent
memory formation. Integration of drug-induced effects into memory
occurs strictly at early consolidation window, whereas later con-
solidation window is vulnerable to consolidation disruption in a non-
state dependent nature. Taken together, these results indicate that
drugs’ half-life and time of administration are boundary conditions
creating state-dependent memory (see Fig. 6).
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A B S T R A C T

The relationship between the mechanisms that underlie longevity and aging and the metabolic alterations due to feeding conditions has not been completely defined.
In the present work, through the deletion of the gene encoding catalase, hydrogen peroxide (H2O2) was uncovered as a relevant regulator of longevity and of liver
metabolism. Mice lacking catalase (Cat−/−) fed ad libitum with a regular diet showed a shorter lifespan than wild type mice, which correlated with reduced body
weight, blood glucose levels and liver fat accumulation, but not with increased oxidative damage or consistent premature aging. High fat diet (HFD) and fasting
increased oxidative damage in the liver of wild type animals but, unexpectedly, this was not the case for that of Cat−/− mice. Interestingly, although HFD feeding
similarly increased the body weight of Cat−/− and wild-type mice, hyperglycemia and liver steatosis did not develop in the former. Fat accumulation due to fasting,
on the other hand, was diminished in mice lacking catalase, which correlated with increased risk of death and low ketone body blood levels. Alteration in expression
of some metabolic genes in livers of catalase deficient mice was consistent with reduced lipogenesis. Specifically, Pparγ2 expression up-regulation in response to a
HFD and down-regulation upon fasting was lower and higher, respectively, in livers of Cat−/− than of wild type mice, and a marked decay was observed during
Cat−/− mice aging. We propose that catalase regulates lipid metabolism in the liver by an evolutionary conserved mechanism that is determinant of lifespan without
affecting general oxidative damage.

1. Introduction

Aging is the process of organism deterioration that progressively
reduces the capacity to keep the general organism homeostasis, in-
creasing the likelihood of death. In contrast, longevity is the length of
life from birth to death. Aging is a complex process involving multiple
factors going from genetic to environmental and acting at different
stages of organism life, including gestation [1]. Since all factors causing
aging also reduce lifespan, delaying aging may not extend longevity,
but it would extend the healthy life (i.e., health-span; [1,2]).

The good correlation between cellular oxidative damage and aging
has been on the basis of the prevalent but still controversial oxidative
theory of aging [3]. A premise of this theory is that molecular oxidation
causes the cellular damage that accompanies aging. Therefore, lifespan
would be determined by the amount of reactive oxygen species (ROS)
produced and the capacity to protect against oxidation (e.g., by anti-
oxidants) or the toxic effect of oxidized macromolecules (e.g., by repair
or removal; [4]). However, attempts to change the maximal lifespan by

increasing or reducing oxidative stress in mice have not resulted in
consistent correlations predicted by the oxidative theory, but it does
influence the development of a pathology [5]. These observations
suggest that under chronic stress, proper function of antioxidant me-
chanisms could contribute to health-span. Therefore, the role of oxi-
dative stress on aging and health-span is worth of further investigation.

The fact that ROS are unavoidable molecules produced during the
process of oxidative phosphorylation as well as of other metabolic re-
actions such as the β-oxidation of fatty acids implies that metabolic
activity would be an intrinsic component of the aging process.
Metabolic activity might be a limiting determinant of lifespan as sug-
gested by the key role of the insulin/IGF1 signaling pathway in
Caenorhabditis elegans (C. elegans) and the extension of lifespan pro-
moted by caloric restriction in several species. However, the level at
which the control of lifespan due to changes in metabolic activity relies
on oxidative damage or ROS-mediated signaling is yet to be de-
termined.

Several antioxidant systems contribute to keep the redox state
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required for normal cell functioning and the prevention of cell damage.
For example, controlled balance of cofactors such as NAD+/NADH and
NADP+/NADPH is necessary for a broad diversity of reactions, in-
cluding the ones involved in metabolism and aging [6]. Antioxidant
enzymes are expected to contribute to this regulation and, generally, to
the control of ROS levels; however, their intracellular localization in-
dicates more specific cellular functions, some directly related with
metabolic activity [7]. For example, the mitochondrial localization of
superoxide dismutase 2 controls the superoxide produced by the oxi-
dative phosphorylation [8]. On the other hand, the membrane locali-
zation of glutathione peroxidase 4 suggests that it protects lipids from
peroxidation [9]. In the cytosol, many antioxidant enzymes are present,
but the glutathione peroxidase 1 (GPX1) appears to be relevant for
proper insulin signaling [10]. Catalase is preferentially located in the
peroxisome where likely regulates the levels of H2O2 produced as a by-
product of, among other oxidation reactions, the very long chain fatty
acid β-oxidation [11–13]. These functions appear to be irrelevant
during mammalian embryogenesis, but the abnormal phenotypes ob-
served in the absence of some of them suggest a function during adult
life [14–17].

The liver can be considered a metabolic center where signals from
the nervous system and peripheral organs (e.g., pancreas, adipose
tissue) converge to maintain the homeostasis of many metabolites re-
quired for the well-functioning of cells and organs. In particular, lipid
metabolism in hepatocytes is fundamental for the maintenance of sys-
temic energy homeostasis, such that under fed condition insulin pro-
motes lipogenesis and lipoprotein secretion, whereas under fasting,
fatty acid oxidation increases eventually producing ketone bodies, an
essential energetic resource when glucose is depleted. These processes
are critically altered in obesity resulting in accumulation of fat in the
liver, a condition that often correlates with the hyperglycemia and in-
sulin resistance that typically characterize type 2 diabetes [18]. Hepa-
tocytes are rich in peroxisomes where catalase is the main protein
component, though has also been detected in the cytosol and mi-
tochondria [11,19]. Therefore, it is expected that catalase perform a
key antioxidant role in hepatocytes, especially during active fatty acid
oxidation.

The catalase of mammals is a homotetrameric enzyme that contains
a heme moiety in the active site of each subunit [11]. Mammals have a
single gene encoding catalase or homologous enzymes. The catalytic
reaction of catalase uses two H2O2 molecules, the only natural substrate
known, to oxidize iron in the heme and release water and oxygen.
Catalase activity is among the highest known to be able of degrading
H2O2 in a wide range of concentrations [11]. In the present work, we
found that mice lacking catalase have a shorter lifespan than wild type
mice and reduced fat accumulation, without an evident increase in
oxidative damage. Therefore, we explored the role of catalase in liver
under conditions that promote degradation of fatty acids in the liver, a
high fat diet and fasting. Our data support a relevant role of perox-
isomal H2O2 in the regulation of lipid metabolism in the liver, a process
that could significantly influence lifespan by an evolutionary conserved
mechanism.

2. Material and methods

2.1. Cat null allele generation

The null mutation in the gene encoding catalase (Cat) was generated
in embryonic stem (ES) cells (AB2.2 line) by standard gene targeting
procedures. The 5’- (3.5 kb) and the 3’- (3.3 kb) arms specific for the Cat
genomic region were inserted in the pPGKNeoloxPA vector containing
the Neor gene under the control of the PGK promoter flanked by loxP
sequences (Fig. S1A). Because of homologous recombination, a 6.2 kb
region, containing exons 4–6 and a fragment of 7, was deleted (Figs.
S1A and B). The chimeric mice, resulting after blastocyst ES cell in-
jection, were backcrossed with mice of the C57BL/6NJ strain obtained

from Jackson Laboratories for more than 10 generations giving rise to
the heterozygous Cat+/− line used in the present work. Heterozygous
Cat+/− mice were intercrossed to produce mice with Cat+/+, Cat+/−

and Cat−/− genotype and, in some cases, Cat−/− mice were also pro-
duced by incrosses. Mice were genotyped by PCR with specific primers
for the wild-type (forward TTGTTACCGCTTTCCTAAACTCC; reverse:
TGACTTCCTTGGTCAGATCAAATG) and mutant alleles (forward TGTC
ATTCTATTCTGGGGGG; reverse: GGACGACACTTATGAAGCAATC).

2.2. Animal protocols

The mice were maintained in plastic cages within a pathogen-free
animal facility with humidity-monitored rooms and a 12-h light/dark
cycle. Male mice were used for all experiments and were euthanized by
cervical dislocation and collected tissues and blood samples stored at
−70 °C. Survival along aging was determined in cohorts consisting of
28, 30 and 31 male mice with the Cat+/+, Cat+/− and Cat−/− geno-
types, respectively, which were maintained in cages with 2–3 in-
dividuals, fed with regular chow ad libitum, had free access to water
and received standard animal care. The exact birth and death date were
recorded, and mice that developed acute skin ulcers, typical of C57BL/
6NJ strain, were euthanized and not considered for the survival ana-
lysis; relevant to mention is that emergence of skin ulcers did not cor-
relate with the Cat genotype (14/28 Cat+/+, 11/30 Cat+/− and 14/31
Cat−/−) but it did correlate with age (2/89 of 2–9 months, 19/79 of
10–17 months and 18/51 of 18–25 months). Ambulatory and fine ac-
tivity of individual 12- or 24-month-old (mo) mice Cat+/+ or Cat−/−

was determined with the Photobeam Activity System (San Diego
Instruments Inc, San Diego, CA, USA) and the data analyzed with the
PAS Home Cage software (San Diego Instruments Inc, San Diego, CA,
USA). Briefly, the activity chamber (11.75" (W) x 18.75" (L)) records
the number of times the mouse crosses a photobeam grid oriented on an
x and y axis; consecutive photobeam breaks occurring in adjacent
photobeams were scored as an ambulatory movement while breaks
occurring at same photobeam were scored as fine activity. Cumulative
ambulatory and fine activity counts were recorded every 5min for 24 h
(7:00–7:00 daytime); the total activity was the sum of ambulatory and
fine activity. Groups of at least 3 mice with the Cat+/+ and Cat−/−

genotype were collected for each diet or feeding condition. High fat diet
(HFD; 60% calories from fat; D12492, Diets Research, New Brunswick,
NJ, USA) feeding was initiated, either immediately after winning (i.e.,
at 21 days of age) and continued for 6 months, or at 3 months of age
and continued for 2 or 12 weeks. HFD-control low fat diet for these
experiments was the one recommended by the provider (10% calories
from fat; D1245B, Diets Research, New Brunswick, NJ, USA). For
starvation protocols, 3-mo male mice with a defined Cat genotype were
collected, fed with a standard diet (1218SX, Envigo, Indianapolis, IN,
USA) and food removed at 7:00 daytime and animals sacrificed 24 or
48 h later; in some cases, refeeding was allowed for 12 h starting at 7:00
daytime. Newborn mice with the genotype required for starvation ex-
periments were produced by timed matings of homozygous mice with
the desired genotype (Cat+/+ or Cat−/−); at 19 days post coitum a
cesarean was performed on pregnant mice. Newly delivered mice were
kept in a humidified chamber at 37 °C and continuously monitored to
determine survival. Another group of pregnant mice gave birth natu-
rally, and 12 h later pups were transferred to the humidified chamber to
follow survival. For the capture of X-Ray images, mice were anesthe-
tized with intranasal 1% isoflurane (Sofloran Vet, PiSA Agropecuaria,
Guadalajada, JAL, México) and images captured in a 15 cm2 view field,
aperture f/stop of 2.8 and an acquisition time of 5 s with a 0.4mm filter
using the Multimodal Animal Rotation System (MARS) in the In-vivo
Xtreme instrument (Bruker, Germany). The AKT activation by insulin
was performed in 2-mo mice fed with the standard diet; mice were
fasted for 12 h before ip injection of insulin (3 U/kg) or of a saline
solution and euthanized 30min later. All animal procedures described
were approved by the Bioethical Committee of our Institute and
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rigorously meet international standards.

2.3. Blood and serum analysis

Blood was collected from the tail or by cardiac puncture after sa-
crifice. To obtain serum, blood was incubated for 2 h at room tem-
perature and centrifuged at 2000 g for 10min; the supernatant re-
covered was stored at −70 °C until used. Levels of glucose and ketone
bodies were determined with the Ascencia Countour glucometer (Bayer,
Japan) or the FreeStyle ketone/glucometer (Abbot, Maidenhead, UK),
respectively. Insulin was measured with the Ultra-Sensitive Mouse
Insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA). Triglycerides
and cholesterol in serum were determined using the Triglycerides re-
agent (BioSystem, Costa Brava, Barcelona, Spain) or the Cholesterol
reagent (BioSystem, Costa Brava, Barcelona, Spain) following the
manufacturer's instruction. For the glucose tolerance test, glucose
(2mg/kg) was intraperitoneally (ip) injected after a 12 h starvation
period and blood glucose concentration immediately measured (time
“0”) and then at 15, 30, 60 and 120min after injection. For the insulin
tolerance test, 4 h-starved mice were ip injected with a recombinant
human insulin (Gibco, Invitrogene, CarlsBad, CA, USA) and blood
glucose concentration immediately measured (time “0”) and then at 15,
30, 60 and 120min after injection.

2.4. Quantification of total hepatic cholesterol, triglycerides and glycogen

Lipids of liver were extracted by homogenization of 50mg of tissue
in 1mL of PBS, followed by the addition of 4ml of Folch reactive
(chloroform/methanol 2:1). After vortexing, the suspension was cen-
trifuged at 3000 g for 10min, and the organic phase transferred to a
glass vial for evaporation to dryness at 37 °C overnight. The precipitate
was resuspended in 500 μl of 1% sodium deoxycholate solution, and
triglycerides and cholesterol concentration determined using the
Triglycerides reagent (BioSystem, Costa Brava, Barcelona, Spain) or the
Cholesterol reagent (BioSystem, Costa Brava, Barcelona, Spain) fol-
lowing the manufacturer's instruction. For hepatic glycogen content,
40–100-mg of tissue were homogenized in 100 μl of 30% KOH at 100 °C
for 30min. The homogenates were cooled to room temperature and
then 100 μl of 20% Na2SO4 followed by 1ml ethanol were added. The
mixture was left at −20 °C for 6 h and then centrifugated at 3000 g for
10min; after removal of the supernatant, the pellet was resuspended in
500 μl of 0.2 M sodium acetate buffer pH 4.8 and incubated with 5 units
of amyloglucosidase (Sigma-Adrich, Saint Louis, MO, USA) for 8 h at
55 °C. Finally, glucose concentration was measured using the Glucose
reagent (BioSystem, Costa Brava, Barcelona, Spain); the data were ex-
pressed as nmol equivalents of glucose/g liver.

2.5. Determination of conjugated dienes and catalase activity

Livers were homogenized in PBS and total amount of protein re-
covered determined with the Bradford reagent (Bio-Rad, Hercules, CA,
USA) for each resulting sample. Conjugated dienes were determined in
lipids extracted as referred above and using previously described pro-
cedures [20]. The catalase activity was determined in whole liver
homogenates by two methods: (a) in-gel activity, detected by the ab-
sence of the Prussian blue precipitate in non-denaturing gels embedded
first with H2O2 and then with a potassium ferrocyanide/ferric chloride
solution, or (b) by spectrophotometrically determining the decline in
concentration of H2O2 substrate with time. Both methods were per-
formed following the protocol described by Weydert and Cullen [21].

2.6. Histological analysis

Liver tissue samples were fixed with 4% paraformaldehyde over-
night and embedded in paraffin wax or in Tissue-Tek (Sakura Finetek,
Torrance, CA, USA) for microtome (RM2145, Leica, Nussloch,

Germany) or freezing Cryostate sections (CM1850, Leica, Nussloch,
Germany), respectively. Paraffin-embedded liver slices were stained
with a hematoxylin-eosin cocktail (Sigma-Adrich, Saint Louis, MO,
USA) following the manufacturer's instructions. Slices from frozen tis-
sues were stained with red-oil and counterstained with hematoxylin
(Sigma-Adrich, Saint Louis, MO, USA), or stained for β-galactosidase
activity at pH 6 using the Beta-Galactosidase Tissue Stain Base Solution
(Merk-Millipore, Darmstadt, Germany) and counterstained with eosin
(Sigma-Adrich, Saint Louis, MO, USA) following the manufacturer's
instructions. Similar procedure was followed for hematoxylin-eosin
staining of adipose tissue slices but Bouin's fixing solution (Sigma-
Adrich, Saint Louis, MO, USA) was used. Bright-field images were ac-
quired using the Olympus BX51 microscope and a C-5050 camera
(Olympus, Tokyo, Japan). β-gal-eosin images were quantified using the
Image J software (version 2.0.0). Briefly, H&E color deconvolution was
applied to each image and the layer corresponding to ‘hematoxylin”
was selected and converted to a 8-bit format before establishing a
threshold. After that, the analysis of particles was performed to obtain
the count of blue spots, the mean average of spot size and the total
stained area; three images per liver were analyzed.

2.7. Immunoblotting

Liver tissue lysates (35 μg protein) prepared in RIPA lysis buffer
(50mM Tris pH7.5, 150mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS with protease and phosphatase inhibitors)
were separated by electrophoresis on 10% SDS-PAGE gels and trans-
ferred to Immobilon-FL membranes (Merk-Millipore, Darmstadt,
Germany). The blots were blocked with the Odyssey blocking buffer (LI-
COR Biosciences, Lincoln, NE, USA) at room temperature for 1 h and
then incubated overnight with the primary antibodies obtained from
Cell Signaling (Cell Signaling Technology, Danvers, MA, USA): anti-
AMPK (#2532, 1:2000 dilution), anti-pAMPK (#2535, 1:1000 dilu-
tion), anti-tubulin (#3873, 1:7000 dilution), anti-AKT (#9272, 1:1000
dilution), anti-pAKT (#2965, 1:1000 dilution), anti-SQSTM1/p62
(#23214, 1:1000 dilution) anti-LC3A/B (#4599, 1:100 dilution). After
washing 3 times for 5min each in a Tris-buffered saline-Tween 20
(0.1%, vol:vol) solution, the membranes were incubated with a goat
anti-rabbit IgG or anti-mouse IgG secondary antibodies coupled to in-
frared fluorophores (emission at 689 or 778 nm; LI-COR Biosciences,
Lincoin, NE, USA) at room temperature for 1 h. After washing, the
protein bands were visualized in the Odyssey Classic Imaging System
(LI-COR Biosciences, Lincoin, NE, USA). Twenty percent SDS-PAGE was
used only for the detection of LC3 using liver lysates prepared with
RIPA containing 1% SDS. Protein carbonylation was determined using
the OxyBlot Oxidation Detection Kit (Merk-Millipore, Darmstadt,
Germany). Briefly, carbonyls in proteins were derivatized into 2,4-di-
nitrophenyhydrazone (DNP-hydrazone) and then processed for wes-
tern-blot; oxidized proteins were detected with an anti-DNP antibody
and visualized in the Odyssey Classic Imaging System (LI-COR
Biosciences, Lincoin, NE, USA). Protein bands were quantified by
densitometry using the ImageJ software (version 2.0.0).

2.8. Gene expression analysis

Total liver RNA was obtained using the RiboEx total RNA isolation
solution (GeneAll Biotecnology, Seoul, Korea) following the manufac-
turer's instructions. This RNA was used as template to synthesize cDNA
with the HyperScrip reverse transcriptase (GeneAll Biotecnology, Seoul,
Korea) using random hexamers as primers (Invitrogen, US). The
quantitative PCR (qPCR) reaction was performed with the SYBR Green
mix (KAPA Biosystems, Cape Town, South Africa) in the Rotor-Gene Q
thermocycler (Qiagene, Germantown, MD, USA). The sequence of
specific oligonucleotides were taken from either reports of others or
designed by us using the PrimerBlast3 (see Table S1 for details). In
some cases, equal amounts of cDNA from at least 3 individuals were
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mixed before qPCR. The relative gene expression level was estimated by
the ΔΔCT method, using Rplp0 expression as an internal control and the
indicated mouse group as experimental control.

2.9. Statistical analysis

All statistical analyses were done with the Prism software version
5.0b (La Jolla, CA, US) using the Long-Rank test for survival and the
two-way variance analysis followed by the Bonferroni test for the other
rest of experiments; minimal significance considered was 0.05 (*0.05,
**0.01, ***0.001) with a “n” minimal value of 3. All graphs shown are
the media± standard deviation.

3. Results

3.1. Catalase gene (Cat) inactivation causes premature death without signs
of increased oxidative damage or general advanced aging

The Cat gene is abundantly expressed in early mouse embryos (Figs.
S1C and D) and in several adult organs and tissues like liver, kidney and
spleen (Fig. S1E). To determine the function of catalase during em-
bryogenesis and in adult life, we generated a null Cat allele by deleting
a region (exons 4–6) encoding an essential catalase domain in em-
bryonic stem cells (Figs. S1A and B). Mice homozygous for this null
allele (Cat−/−) did not show catalase activity (Fig. S1E) supporting
that, at least in the tissues tested, there is no other homologous gene
that encodes an enzyme with a similar activity. Cat−/− mice were vi-
able, born with the expected mendelian ratio but, interestingly, showed
a decreased lifespan in comparison with Cat+/+ and Cat+/− mice
(Fig. 1A). Twelve-months old (mo) or 24-mo mice lacking catalase did
not show evident signs of more advanced aging than wild type such as
higher density of gray hairs, alopecia or reduced motor activity (Fig. 1B
and C). Accordingly, the increasing lipid peroxidation observed along
the first 10 months of life in several organs was similar between wild
type and mice lacking catalase (Fig. 1D) or even lower in livers of 24-
mo Cat−/− mice (see below). However, X-ray images revealed kyphosis
(hunchback) in Cat−/− mice since 12-months of age, a phenotype that
was more pronounced in 24-mo mice (Fig. 1E). Despite this latter evi-
dent phenotype associated with advanced aging, no other data in-
dicated premature aging as the cause of death. Relevant to mention is
that, although initial increase in weight with age was similar, mutant
24-mo mice were slimmer than wild type mice (Fig. 1E and F), despite
the fact that there were no signs of any sickness (e.g., piloerection,
presence of tumors) and that, in general, animals were active near
death (Fig. 1C). In addition, the characteristic hyperglycemia of old
mice did not develop in mice lacking catalase (Fig. 1G), though insulin
levels increased with age as in wild-type mice (Fig. 1H). Circulating
levels of triglycerides, cholesterol and ketone bodies were as in wild-
type mice (Fig. 1I–K).

Since a distinctive characteristic of liver is the presence of high
catalase activity, this organ of Cat−/− mice would be expected to show
detectable cellular and molecular alterations. Increased lipid oxidative
damage occurred in the liver of wild type mice with aging but, un-
expectedly, this was not found in the liver of Cat−/− mice, which
showed even reduced lipid oxidative damage at the age of 24 months
(Fig. 2A) and there was no difference in liver protein oxidation between
Cat−/− and wild type mice at 12- and 24-months of age (Fig. 2B). No
compensatory activity of peroxidases (Fig. S1E) or an antioxidant re-
sponse were detected in the liver of mice lacking catalase (Fig. S1F). In
contrast, staining for β-galactosidase at pH6, a commonly used in-
dicator of cellular senescence within a tissue, emerged in livers of Cat−/

− at earlier age and spots were in higher number and covered a larger
area than in those of Cat+/+ mice (Fig. 2C). However, the association of
this difference with cellular senescence could not be established be-
cause, as expected, livers of wild type and of Cat−/− mice showed si-
milarly increasing levels with age in p16, p21 and p53 expression

(Fig. 2D). Interestingly, liver fat accumulation with aging, as revealed
by red oil staining, in Cat deficient mice was lower than in wild type
mice (Fig. 2E), and particularly coincided with triglycerides and cho-
lesterol levels detected in livers of 24-mo mice (Fig. 2F and G). No
difference in liver glycogen content was found between wild-type and
Cat−/− mice at any age tested (Fig. 2H). Therefore, the liver of Cat−/−

mice do not show consistent characteristic of premature aging.

3.2. The lack of catalase prevents from oxidative damage and fat
accumulation in the liver in response to feeding with a HFD

Oxidative damage or premature aging was not obviously related
with the reduction in lifespan of catalase deficient mice. Instead, the
slim appearance of old mutant mice together with their relatively low
levels of blood glucose and of accumulated liver fat suggested that
metabolic alterations are behind premature death. In agreement with
the participation of catalase in fat metabolism in the liver (Fig. 3A),
wild type mice fed with a HFD markedly decreased catalase activity
(Fig. 3B) with a corresponding increment in lipid peroxidation
(Fig. 3C). Paradoxically, the liver of Cat−/− mice did not show the
increment in lipid peroxidation in response to HFD, though increased
levels were detected when these mice were fed with the HFD-control
diet (Fig. 3C). The contrasting difference between this latter observa-
tion and the one shown above (Fig. 2A) could be due to the diet com-
position; particularly, the HFD-control has 2/3 of the amount of poly-
unsaturated fat in standard chow, and the caloric supply of fat and
carbohydrates in HFD-control is lower and higher, respectively, than
those in standard chow (see more details in Table S2). These data to-
gether indicate that the absence of catalase prevents from the rise in
ROS levels in association with a HFD.

An evident sign of the effect on fat metabolism due to a long-term
HFD feeding is the accumulation of fat in liver, pathology known as
hepatic steatosis. In agreement with the absence of evident abnormal-
ities due to the lack of catalase, Cat−/− and Cat+/+ mice fed with a
HFD-control diet did not show body weight or feeding behavior dif-
ferences during adult life (Fig. 3D, Fig. S2A). In addition, the pattern of
increase in body weight and feeding behavior under a HFD was also
similar for mice with either genotype (Fig. 3D, Fig. S2A). However,
mice lacking catalase showed attenuated hepatic steatosis (Fig. 3E) and
decreased triglycerides and cholesterol content in liver in comparison
with wild type mice after 3 months feeding with a HFD (Fig. 3F and G),
though an alteration in liver weight associated with the lack of catalase
was not evident (Fig. S2B). The absence of catalase did not seem to
affect adipocyte size or level of macrophage infiltration in the white
tissue of epididymus (Fig. S2C), common in obese mice. Brown sub-
cutaneous interscapular or white epidydimal fat tissue weight did not
change in association with the levels of catalase (Figs. S2D and E) and
evident accumulation of white adipose tissue was noted in all mice fed
with a HFD (Fig. S2F). Therefore, HFD, instead of increasing oxidative
damage in livers of Cat−/− mice, causes changes in the lipid metabolic
pathways that generate steatosis (see below).

3.3. Mice lacking catalase fed with HFD do not develop hyperglycemia and
glucose intolerance

It is widely known that mice fed for a long term with a HFD causes
obesity and, consequently, hyperglycemia, glucose intolerance and in-
sulin resistance. Recent data have also shown that these alterations in
glycemia are strongly associated with liver steatosis [22]. The glycemia
determined at 12-weeks after feeding with a HFD showed that Cat−/−

mice did not develop the typical hyperglycemia observed in wild type
mice, and glucose levels remained in a similar range as mice fed with
the HFD-control diet (Fig. 3H). In agreement with this observation, the
increase in insulin, typical in response to HFD feeding, was not ob-
served in Cat−/− mice (Fig. 3I) and levels were similar to those ob-
served in mice fed with the standard diet (Fig. 1H). Accordingly, and in
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contrast with wild type animals, the Cat−/− mice fed with a HFD re-
sponded to an elevation in blood glucose concentration in a similar
manner as wild type or mutant mice fed with the HFD-control diet
(Fig. 3J). Interestingly, the response to high insulin dose of Cat−/−

mice fed with a HFD-control diet was as of wild type mice, whereas
when feeding was with a HFD, the initial response was similar among
mice with any Cat genotype but recovery towards normal glucose levels
was notoriously more rapid in animals lacking catalase (Fig. 3K). This
phenomenon does not seem to be related to alterations in insulin sig-
naling, since basal and insulin-stimulated levels of AKT phosphoryla-
tion were not modified by the absence of catalase (Fig. 3L,M; see also
data below); nonetheless, increased gluconeogenesis could be re-
sponsible of the rapid recovery in glucose levels after the decline

induced by insulin. These data are in agreement with the reduced ac-
cumulation of fat in the liver of Cat−/− mice that, consequently, pre-
vents from losing the homeostatic control of glucose under a HFD.

3.4. The lack of catalase decreases the viability of mice under fasting
conditions

Another condition that causes significant changes in lipid metabo-
lism is fasting. Shortly after food deprivation, free fatty acids are
brought from the adipose tissue to the liver causing the accumulation of
fat in the form of lipid droplets [23]. The immediate source of glucose
under food deprivation is glycogen but later fatty acids are directed to
produce ketone bodies which are used as a major energetic source when

Fig. 1. Lifespan and aging parameters of mice with (Cat+/+) or without (Cat−/−) catalase. (A) Lifespan of Cat+/+, Cat+/− and Cat−/− mice. Survival
difference between Cat+/+ and Cat−/− mice is statistically significant (p < 0.0001, Long-Rank test) and also between Cat+/− and Cat−/− mice (p < 0.0012) but
not between Cat+/+ and Cat ± mice (p < 0.1773). (B) Representative photographs of 18-mo Cat+/+ and Cat−/− mice. (C) Motor ambulatory (Amb), Fine (F) and
Total (T), activity of 12- and 24-mo Cat+/+ and Cat−/− mice. (D) Lipid oxidation, as estimated by the amount conjugated dienes, in whole extracts of heart, lung,
brain and kidney of 2–10-mo mice. (E, F) X-ray images (E) and body weight (F) of 3-, 12- and 24-mo mice. (G–K) Glucose (G), insulin (H), triglycerides (I), cholesterol
(J) and ketone bodies (K) levels in serum of 3-, 12- and 24-mo mice. Note that the lack of catalase in mice did not correlate with increased oxidative damage in several
organs or consistent premature aging, but lower blood glucose levels and body weight were observed in mice lacking catalase. All values shown are the mean ± SD;
n = 3–9. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way variance analyses).

J.R. Pérez-Estrada, et al. Free Radical Biology and Medicine 135 (2019) 102–115

106



glucose supply is short [24].
In wild type mice, catalase activity and expression of its gene de-

creased during fasting, and their recovery was still incomplete 12 h
after refeeding (Fig. 4A, Fig. S3A). In agreement with the decrease in
catalase activity, the lipoperoxidation increased (Fig. 4B), suggesting
that catalase normally participates in the metabolic changes associated
with this condition. Weight loss throughout 48 h fasting and the cor-
responding weight gain after refeeding was not markedly altered in
Cat−/− mice in comparison with wild type mice (Fig. 4C). Also, the lack
of catalase did not cause significant differences in the early elevation
and abrupt decline of blood glucose (Fig. S3B), and the expected in-
crease in ketone bodies (Fig. 4D). Blood levels of cholesterol and tri-
glycerides, and the liver glycogen content after 24 h and 48 h fasting in
Cat−/− was as in wild type mice (Fig. S3 C-E). In contrast, the char-
acteristic fat accumulation (Fig. 4E–G) and increased lipoperoxidation
at 48 h (Fig. 4B) in the liver of wild type mice was reduced in Cat−/−

mice. In agreement with a rise in protein recycling due to fasting, ex-
pression of autophagy/lysosome genes (Atg5, Atg7, LC3B, p62, Lamp2)
and a gene associated with activation of ubiquitin-proteosome (Atrogin-
1) increased in livers of Cat−/− and Cat+/+ mice after 24 h of fasting
(Fig. S3F). However, although the levels of p62 decreased similarly in
livers of mice of both genotypes, the levels of LC3II, the autophago-
some-associated form of LC3I that reflects autophagy activity [25],
were moderately higher in livers of mice lacking catalase (Fig. S3G).
Therefore, as in the HFD feeding condition, reduced fat accumulation
accompanied by a lower oxidative damage was the major consequence
of fasting in livers of mice lacking catalase.

The metabolic alterations described above were apparently no life-

threatening for Cat−/− mice. However, it was common to find that
some catalase deficient mice at 48 h of starvation, just before sacrifice,
got still, a characteristic that correlated with an evident necrotic small
bowel and was considered a sign of imminent death (Fig. 4H). Inter-
estingly, these dying Cat−/− mice also showed an abrupt exhaust of
ketone bodies (Fig. 4D, red dots). No wild type mice showed any of
these characteristics at this time of fasting. Since it is well-known that
the viability of starved newborn mice strongly depends on their capa-
city to use the energetic resources available (e.g., glycogen and ketone
bodies; [26,27]), we tested the viability of newborn Cat−/− mice. In-
terestingly, the survival of Cat−/− newborn mice was reduced in
comparison with wild type newborn mice under acute (Fig. 4I) or
moderate starvation (Fig. 4J). Serum ketone bodies sharply decreased
in Cat−/− mice after 6-h fasting, whereas reduction in Cat+/+ mice was
noted until 12-h fasting (Fig. 4K). Likewise, glucose levels decreased
earlier in Cat−/− than in wild type (2-h vs. 6-h fasting; Fig. 4L), though
this effect did not correlate with glycogen content (Fig. S3H). No major
differences were detected in cholesterol and triglycerides liver content
(Figs. S3I and J). Therefore, the depletion of substrates needed for
production of ketone bodies might be behind the reduced viability,
although the reduction in other energetic resources relevant under
these conditions (e.g., amino acids; [28]) should also be considered.

3.5. Catalase deficiency reduces lipogenesis and maintains relatively high
AMPK activity in the liver

The previous results suggest that the absence of catalase promote
metabolic alterations that are detected when mice are subjected to

Fig. 2. Oxidative damage, cellular senescence and fat accumulation in livers of aging mice with (Cat+/+) and without (Cat−/−) catalase. Determinations
were done in 3-, 12- and 24-mo mice. (A) Lipid oxidation in liver as determined by the amount of conjugated dienes. (B) Protein oxidation (immunoreactivity against
DNP) in livers of 12- and 24-mo mice; no signal was detected before carbonyl derivatization into DNP-hydrazone. (C) Representative images of β-galactosidase
stained liver sections. Level of staining was determined by counting the number of blue dots and estimating the area covered by them in representative sections of
livers. (D) Expression of the senescence-related genes indicated determined by qRT-PCR. (E) Representative images of red-oil stained liver sections. (F, G, H)
Triglycerides (E), cholesterol (F) and glycogen (H) content in liver. Note that the levels of oxidative damage correlated better with fat accumulation than with
markers of cellular senescence. All values shown are the mean ± SD; n = 3–5. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way variance analyses).

J.R. Pérez-Estrada, et al. Free Radical Biology and Medicine 135 (2019) 102–115

107



feeding regimes that affect lipid metabolism. In order to get insights
into the metabolic pathways altered in the liver by the lack of catalase,
we estimated the expression levels of metabolic genes. In basal condi-
tions (i.e., ad libitum ingestion of standard chow), gene expression
showed downregulation of several selected genes (e.g., Gck, Pparγ2,
Spot14, Fasn) in the liver of Cat−/− mice (Fig. S4A). When this com-
parison was done with liver samples from animals fed with food pellets
of different composition (i.e., HFD-control diet; Tables S2–S4), some of
the genes tested showed a contrasting expression pattern (Gck, Pck1,
G6pc, Fgf21, Cpt1a) and downregulation of some lipogenic genes was
not as evident in livers of mutant mice (e.g., Spot14, Fasn; Fig. S4B).
This differential gene expression detected is possibly due to the nutrient
composition of food pellets provided (Tables S2–S4) that, as described
above, also affected the levels of lipid peroxidation.

Under feeding with a HFD for 3 months, mRNA levels of lipogenic
genes (Acc, Fasn, Elov6, Scd1 and mGpat), included the positive reg-
ulators Pparγ2 and Spot14, were lower in livers of Cat−/− than of wild
type mice (Fig. S4C). The expected expression up-regulation of Fasn,
Spot14 and Pparγ2 was detected since 15 days after HFD feeding in the

liver of wild type mice, whereas no or a mild effect was observed in the
liver of mice lacking catalase (Fig. 5A); of note was the significant re-
sponse of the Pparγ2 gene in livers of wild type mice that, although
upregulated in livers of Cat−/− mice, the increase in mRNA levels was
much lower. Significant difference in the liver expression levels of
gluconeogenic genes was not detected when comparing wild type mice
with mice lacking catalase fed with a HFD (Fig. 5A). The down-
regulation of lipogenic gene expression in the liver of Cat−/− mice
under a HFD is in agreement with the key role of lipogenesis in the
generation of hepatic steatosis [22,29].

On the other hand, the mRNA levels of genes associated with cat-
abolism such as Gck (encoding the first enzyme in the degradation of
glucose), Acox1 (encoding the first enzyme of the peroxisomal fatty acid
β-oxidation pathway) and Fgf21 (encoding a growth factor released in
association with lipolysis) were higher in Cat−/− mice after 3 months
of HFD feeding (Fig. S4C). Among these genes, only the expression of
Gck responded to two-weeks HFD feeding (Fig. 5A), showing upregu-
lation in livers of wild type mice as previously reported [30], but this
effect was reduced in those of Cat−/− mice. These data together suggest

Fig. 3. Liver oxidative damage and metabolic parameters in mice with (Cat+/+) and without (Cat−/−) catalase under a high fat diet. Determinations were
done in samples from mice fed with HFD-control diet or high fat diet (HFD) for 6 months. (A) Schematic representation of H2O2 production throughout every cycle of
peroxisomal fatty acid β-oxidation. (B) Liver catalase activity. Inset shows catalase activity determined by a gel-based assay. (C) Liver oxidative damage, as estimated
by the amount of conjugated dienes. (D) Body weight gain. (E) Representative images of hematoxilin-eosin stained liver sections. (F, G) Triglycerides (F) and
cholesterol (G) content in liver. (H, I) Glucose (H) and insulin (I) serum levels. (J, K) Glucose levels during the glucose (J) and insulin (K) tolerance tests performed on
mice after fed with the diets indicated. Areas under the curve are shown for statistical comparative analyses. (L, M) Liver pAKT and AKT, determined by western-blot,
in mice fed with HFD-control and HFD (L) and after insulin infusion to mice fed with standard chow (M). Note that the liver oxidative damage and fat accumulation in
response to HFD did not occur in mice lacking catalase, observations that correlated with the apparent increased insulin sensitivity. All values shown are the
mean ± SD; n = 3–9. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance).
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that the lack of catalase causes a reduction in lipogenesis leading the
metabolic balance to favor catabolic activity.

Fasting is a short-term metabolic shift that could reveal the direct
metabolic consequence of lacking catalase. The expression of Pparγ2,
Spot14, Fasn, Scd1 and Gck was similarly reduced upon fasting for 24 h,
though the recovery to the level before fasting did not occur in all these
genes at 12 h after refeeding. In contrast with the downregulation ob-
served in the expression of lipogenic genes and Gck, the expression of
gluconeogenic (Pck1) and catabolism-associated (Pparα, Fgf21, Cpt1a)
genes was upregulated upon fasting and downregulated after refeeding
(Fig. 5B and C). Despite the expression level of some genes in livers of
Cat−/− were lower than those of wild type mice, generally the reg-
ulatory patterns described above were similar, although it was parti-
cularly interesting to note that Pparγ2 downregulation upon fasting was
more pronounced in samples of Cat−/− mice (7- vs. 16-fold reduction;
Fig. 5B). In newborns, Gck in livers of Cat−/− mice was expressed at
higher levels than in livers of Cat+/+ mice, and a pronounced

downregulation was detected in the former but not in the latter after
fasting; the liver expression of other genes tested similarly changed in
newborn mice of either genotype in response to fasting (Fig. 5D). The
downregulation and upregulation response upon fasting of lipogenic
and gluconeogenic genes, respectively, in livers of adult Cat−/− mice
indicate that the main insulin/glucagon regulatory pathways that
control metabolic gene expression are not markedly affected due to the
lack of catalase and, thus, reduced lipogenesis and fat accumulation in
mice lacking catalase is rather due to an affected central modulator of
liver metabolism.

Activation of AMPK by phosphorylation reduces lipogenesis and
increases general catabolism [31]. Under HFD-control diet for at least 2
weeks, the liver of mutant mice showed higher levels of activated
AMPK than the liver of wild type mice (Fig. 6A), and no change in
pAMPK levels could be detected when HFD was provided for as long as
3 months to either Cat−/− or Cat+/+ mice (Fig. 6B). Feeding with the
standard chow did not result in consistent higher levels of pAMPK in

Fig. 4. Oxidative damage and fat accumulation in livers of mice with (Cat+/+) and without (Cat−/−) catalase after fasting. Adult mice were fasted for up to
48 h and measurements were done at the same daytime (9 AM). (A) Liver catalase activity after 24 h fasting and after refeeding for 12 h. The picture below shows
catalase activity determined by a gel-based assay. (B) Liver oxidative damage, as estimated by the amount of conjugated dienes. (C) Percent of body weight loss
across 48 h fasting/48 h refeeding. (D) Serum ketone body levels across 48 h fasting/48 h refeeding. Red dots are serum ketone body levels of mice that are about to
die (i.e., still and did not respond to touch) at the time of fasting indicated. (E) Representative images of red-oil stained sections from livers of mice, fed or fasted, with
the genotype indicated. (F, G) Triglycerides (F) and cholesterol (G) content in livers. (H) Aspect of bowel of mice after 48 h fasting. Note the necrotic aspect of the
bowel of fasted mice lacking catalase. (I, J) Survival of fasted (I) or 6 h-fed (J) newborn mice. (K, L) Serum ketone body (K) and glucose (L) levels of newborn mice
across fasting. Note that, apparently, reduced fat accumulation and ketone body production is the cause of reduced survival of mice lacking catalase. All values shown
are the mean ± SD; n = 3–10. *p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 5. Expression of metabolic genes in livers of mice with (Cat+/+) and without (Cat−/−) catalase fed with high fat diet or fasted. Expression levels in the
liver of individual mouse either fed with a high fat diet (HFD) for 2 weeks or fasted for 24 h were determined for the genes indicated. (A) Gene expression in livers of
mice fed with HFD-control diet or HFD. (B–C) Gene expression in livers of fed, fasted or refed mice. (D) Gene expression in livers of 12 h fasted newborn mice.
Numbers within squares are the fold difference between bars above (estimated from the ratio of corresponding averages). Note the reduced up-regulation (upon HFD)
or expression levels (before and after fasting) of Gck and lipogenic genes. All values shown are the mean ± SD; n = 3–5. *p < 0.05, **p < 0.01 and ***p < 0.001
(two-way analysis variance).

J.R. Pérez-Estrada, et al. Free Radical Biology and Medicine 135 (2019) 102–115

110



livers of Cat−/− mice in comparison with those of Cat+/+ mice but, as
expected, the proportion of pAMPK increased in response to fasting
(Fig. 6C). Therefore, at least in the presence of HFD, higher levels of
activated AMPK in livers lacking catalase could contribute to lipogen-
esis downregulation.

3.6. Downregulation of the lipogenic master gene Pparγ2 and the lipolytic
gene Fgf21 could contribute to the reduction in lifespan of mice lacking
catalase

Short longevity of Cat−/− mice could be related to the metabolic
alterations described above. Aged mice (12-mo or 24-mo) showed ele-
vated expression levels of gluconeogenic genes in livers of both Cat+/+

and Cat−/− mice in comparison with their corresponding young ani-
mals (3 mo; Fig. 7A), which might be expected due to the development
of insulin resistance with aging [32]. Fasn expression increased with
age (3-mo, 12-mo and 24-mo) in both wild type and mice lacking cat-
alase and, although the difference in level of expression remained, was
not significant in old animals. Higher levels of pAMPK were particularly
notorious in 24-mo mutant mice (Fig. 7B). In previous experiments the
pattern of Fasn expression positively correlated with that of Spot14,
however, during aging, Spot14 expression levels did not change in mice
of either Cat genotype. Remarkably, while Pparγ2 expression in liver
did not markedly change along wild type mice aging, it was reduced
with age in Cat−/− mice. Also, the liver of 24-mo mice lacking catalase
showed significant lower levels of Fgf21 expression than the liver of 24-

mo wild type mice; low expression levels of Fgf21 correlated with re-
duced expression of other catabolic genes such as Cpt1 and Acox
(Fig. 7A). In kidney, Pparγ2 has shown to be a positive transcriptional
regulator of α-Klotho [33], a gene involved in the control of longevity
[34]. In the liver, β-Klotho is much more abundant than α-Klotho [35]
and is the specific co-receptor of Fgf21 [36], therefore, we investigated
whether its expression correlated with the one determined for Pparγ2.
Despite the great difference in α- and β-Klotho expression level in liver
(estimated of more than 100-fold), the expression levels of both Klotho
genes increased in aged mice (i.e., 12- and 24-mo) regardless of the
presence or absence of catalase (Fig. 7C). Autophagy was not notably
affected by the absence of catalase along aging (Fig. 7D, Fig. S4D),
though a consistent LC3 isoform of slightly higher molecular weight
than LC3-II was exclusively present in livers of 12-mo and 24-mo Cat−/

− mice (Fig. 7D). In summary, low fat accumulation, involving the
participation of PPARγ2 activity, and diminished catabolic activity,
involving the participation of FGF21 signaling, in the liver could be the
cause of the limited lifespan of aged Cat−/− mice.

4. Discussion

Traditionally, ROS have been considered damaging molecules for
the cell but, presently, a variety of studies indicate that ROS play a
regulatory role in many cell processes [37,38]. The fact that the activity
of many proteins depends on their oxidation state is in agreement with
this regulatory role of ROS. Here we propose that H2O2, rather than

Fig. 6. Levels of activated AMPK in livers of mice with (Cat+/+) and without (Cat−/−) catalase fed with high fat diet or fasted. AMPK activation in liver was
inferred from levels of phosphorylated AMPK (pAMPK) determined by western-blot. Quantification of the pAMPK/AMPK ratio is shown in graphs. (A, B) Activated
AMPK in liver of mice fed with HFD-control diet and HFD for 2 weeks (A) or for 3 months (B). (C) Activated AMPK in liver of mice fed or fasted for 24 h. Note a higher
level of activated AMPK in livers of mice lacking catalase. All values shown are the mean ± SD; n = 3–4. *p < 0.05 (two-way analysis variance).
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causing a general macromolecular damage, alters metabolism with
consequences in the mechanisms that determine longevity. Apparently,
the metabolic pathways affected by the lack of catalase are influenced
by feeding conditions and additional genetic factors [39,40].

4.1. Peroxisome and lipid metabolism

Due to the many oxidase reactions occurring in the peroxisome, this
organelle produces a high amount of H2O2 [12,13]. Accordingly, per-
oxisomes are also rich in many antioxidants, among which catalase is

Fig. 7. Metabolic gene expression and levels of activated AMPK in livers of aging mice with (Cat+/+) and without (Cat−/−) catalase. Determinations were
done in livers of 3-, 12- and 24-mo mice. (A) Expression of selected metabolic genes. (B) Levels of activated AMPK (pAMPK). Quantification of the pAMPK/AMPK
ratio is shown in graphs. Note the marked up-regulation of gluconeogenic genes in 12- and 24-mo mice of either genotype and the contrasting pattern of Pparγ2
expression across aging. Also, pAMPK was very abundant in livers of 24-mo mice lacking catalase. (C) Expression of α-Klotho and β-Klotho genes. (D) Levels of
autophagy markers p62 and LC3; asterik in blot photograph points the extra band above LC3-I detected only in livers of mice lacking catalase. All values shown are
the mean ± SD; n = 3–4. p < 0.05, **p < 0.01 and ***p < 0.001 (two-way analysis variance).
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the most abundant. H2O2 could diffuse throughout the peroxisomal
membrane passively and the derived ROS (i.e., hydroxyl radical) gen-
erally damage cellular macromolecules. However, it is apparent that
intraperoxisomal-produced ROS restricts their influence to the redox
state of peroxisomes and mitochondria, whereas, peroxisomes are ra-
ther resistant to oxidation by ROS produced from different cell com-
partment including mitochondria [41]. Therefore, the absence of gen-
eral increased lipid oxidation due to the expected rise in H2O2 in mice
lacking catalase could be due to the restricted oxidation of macro-
molecules in peroxisomes and mitochondria, whereas the diminished
liver oxidative damage caused by a HFD or fasting could be a con-
sequence of the metabolic alterations downstream resulting from spe-
cific protein oxidation or changes in the redox balance within these
organelles (see below). Hormesis, possibly generated from the moderate
increase in ROS in mice lacking catalase, could also contribute to ex-
plain the better handling of the rise in ROS under a HFD or fasting,
however, up to date we have not detected evidence of a compensatory
antioxidant response (Figs. S1E and F), in agreement with other reports
[39,42].

The function of peroxisomes in fatty acid metabolism is presently
well established [12]. Without disregarding other fundamental func-
tions such as synthesis of ether-phospholipids, biliary acids and essen-
tial precursors of cholesterol, one major function of peroxisomes, as
mitochondrial β-oxidation efficiency reduces, is a significant contribu-
tion to oxidation of long-chain fatty acids and the exclusive oxidation of
very long-chain fatty acids [12,13]. Our results indicate that catalase
has a relevant function in the regulation of fatty acid metabolism in the
liver such that lack of catalase resulted in reduced lipid storage. Under a
HFD, liver lipid storage is increased, at least in part, by increased li-
pogenesis [43]. Lipogenesis upregulation in this condition could derive
from AMPK downregulation followed by the rise in SREBP-1c activity
due to reduced AMPK-mediated phosphorylation and, consequently,
upregulation of lipogenic genes [43]. Contribution of PPARγ2 is parti-
cularly relevant in this regard, functioning as a positive regulator of
lipogenesis and also of fat storage, causing steatosis when upregulated
[44]. In addition, the increase in Gck expression observed under a HFD,
might provide the essential amount of NADPH to fuel lipogenesis [45].
The relatively higher levels than wild type of pAMPK and reduced up-
regulation of Pparγ2 and Gck in livers of Cat−/− mice, which correlated
with lower amount of Fasn and Acc mRNA are in accordance with re-
duced lipogenesis as the cause of limited steatosis after a HFD. Although
there is not a clear mechanism by which alterations in the peroxisome
could affect lipogenesis, products of peroxisomal lipolysis could re-
present either a significant amount of substrates for lipogenesis or
PPARγ2 ligands [46]. Since liver steatosis upon feeding with a HFD can
occur in the absence of peroxisomes and with decreased lipogenesis
[47], indirect effects of lack of catalase on fatty acid transport and
storage should also be considered (see below).

Fasting is another condition that promotes liver fat accumulation
which, paradoxically, is associated with increased lipolysis and reduced
lipogenesis [23]. A simple explanation to this phenomenon is the in-
ability of liver to process all fatty acids released from the adipose tissue
and imported into the liver under this condition; however, the actual
mechanism is still a puzzle. Based on the regulation of gene expression,
the reduced fat accumulation in the liver of mice lacking catalase upon
fasting could hardly be due to the reduced expression levels of lipogenic
genes before food deprivation, though it should not be discarded the
possibility that a precondition (i.e., hormesis) is set in association to the
reduced basal lipogenic activity under fed conditions. Increased lipo-
lysis seems unlikely too, since not only minor differences were detected
in levels of lipolytic gene expression, but also ketone bodies reached
similar levels than wild type up to 48 h of fasting. Interestingly, NRF2, a
transcription factor that controls an antioxidant response, prevents of
excess fat accumulation in the liver upon fasting, apparently, by a
mechanism that does not involve major alterations in lipogenesis or
lipolysis [48,49]. It is tempting to speculate that increased β-oxidation

due to fasting together with the lack of catalase elevates H2O2 to a level
that does not cause significant oxidative damage and maintains NRF2
during fasting and, as a consequence, causes reduced fat accumulation.
This mechanism could also contribute to reduced fat accumulation
during a HFD, since lack of NRF2 promote hepatic steatosis. The reg-
ulation of Pparγ by NRF2 supports a role of this latter transcription
factor in the liver metabolic phenotype of mice lacking catalase
[50,51].

4.2. Lipid metabolism and aging

The effects of lack of catalase on liver fat accumulation point to lipid
metabolism as the cause of shorter than wild type lifespan of Cat−/−

mice. Accordingly, body weight and liver fat accumulation was reduced
in aged Cat−/− mice. Although the cause of death of old animals has
not been identified, this could be related to the mechanism that causes
death of fasted mice. Survival of fasted mice is critically dependent on
the existing energetic reserves at the time of food deprivation. In par-
ticular, after glycogen exhaustion in fasting conditions, fatty acid β-
oxidation in the liver becomes essential for the production of ketone
bodies, the systemic energetic source when glucose is scarce. Thus,
survival of fasted newborn mice is compromised by the absence of
ketolysis [26]. Newborn mice lacking catalase died upon fasting with a
similar pattern as mice unable to use ketone bodies and, although the
rapid use of ketone bodies limited the detection of their complete de-
pletion before death, the decline in ketone bodies at 6 h of fasting were
significant only in mice lacking catalase. In agreement with this view,
adult Cat−/− mice that died under fasting correlated with an abrupt
reduction in ketone bodies. Although we cannot discard that other re-
serves distinct from lipids also limit the survival of Cat−/− mice under
fasting, our data suggest lipid shortage as a determinant of survival in
conditions of food restriction or during aging. In agreement with this
conclusion, the gene encoding PPARγ2, which promote lipid storage
and its absence causes premature aging [52], was downregulated before
fasting and in aged Cat−/− mice.

The participation of lipid metabolism in survival under food re-
striction and longevity has been previously determined. In C. elegans,
DAF-16, a classical promotor of longevity in association with reduced
insulin/IGF signaling, induces lipid synthesis [53]. However, the role of
lipid metabolism in longevity is remarked by the increased lifespan of
C. elegans lacking germ cells in which fat accumulation is an evident
characteristic [54]. Interestingly, SKN1, a functionally-related Nrf
homologous gene, is required for extended longevity in this condition,
and although it protects against oxidative stress, also limits excess ac-
cumulation of fat [55]. Suggesting the participation of peroxisomal
catalase in this phenomenon, C. elegans deficient in ctl-3, the gene en-
coding the peroxisomal catalase in this organism, exhibit, as in mice,
shortened lifespan and reduced oxidative damage [56]. In addition,
lack of peroxisomal catalase or H2O2 derived from fatty acid β-oxida-
tion rescue C. elegans lacking AMPK from death under the hibernation-
like dauer state by increasing, with minimal oxidative damage, accu-
mulation of fat, an energetic reserve required for survival in this con-
dition [57]. Therefore, the function of peroxisomal catalase in the
regulation of lipid metabolism, maintenance of fat reserves, and long-
evity is conserved among distant organisms, though the mechanism
may vary depending on environmental or genetic conditions.

4.3. Concluding remarks

The present work reveals a relevant role of catalase in the mod-
ulation of lipid metabolism. Physical interaction between lipid droplets
and peroxisomes [12] suggests that peroxisomal activity and, thus,
peroxisomal H2O2, are part of the regulatory mechanism. Since long
fatty acids can be degraded in peroxisomes, this metabolic activity
might explain why the penetrance of Cat deficiency in lipid metabolism
was mainly revealed when mice ingested HFD or under extended
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fasting. Genetic factors also appear to have a profound effect on the
consequences associated with reduced catalase activity. For instance,
an opposite phenotype to the one reported here (i.e., increased body
weight and fat accumulation) has been observed in a mouse strain with
in a slightly different genetic background (i.e., C57BL/6J vs. C57BL/6 N
of the present study) [39,40]; the possible genetic modifier in this case
is Nnt, a nuclear gene encoding the mitochondrial nicotinamide nu-
cleotide transhydrogenase that is expected to affect the balance NAD+/
NADH and NADP+/NADPH in mitochondria and has been related to
body weight gain and obesity [58,59].

Catalase deficiency uncovers a mechanism by which ROS regulate
lipid metabolism without oxidative damage, with implications in the
mechanism that control longevity. Although alterations determined in
the liver due to the lack of catalase are sufficient to provoke systemic
metabolic alterations that can put at risk animal survival, direct cell
autonomous damages in other tissue cannot be discarded. The ability of
peroxisomal catalase to diminish cellular replicative senescence of
human fibroblast [60] indicate that this enzyme can perform cell au-
tonomous functions. However, the origin of the phenotype of animals
lacking catalase cannot be conclusively attributed at this time to a cell
autonomous function in hepatocytes, and non-cell autonomous func-
tions involving, among others, adipose tissue should be considered.

The production and efficient use of reserves should be especially
important for animals in the wild, since food is not equally available
during the whole year. Thus animals, should have evolved mechanisms
to survive under shortage of food, including those to store energetic
resources and to efficiently use them [61]. Catalase can be an essential
enzyme in these mechanisms that, through the control of peroxisomal
H2O2, supports an optimal metabolic balance by regulating, at least,
lipid metabolism. In this context, it is tempting to speculate that life-
span determination during evolution was critically influenced by the
capacity of animals to survive under food restriction. The peroxisomal
catalase could, then, be an evolutionary conserved component required
for optimal use of metabolic reserves, before than protecting from the
oxidative damage that characterizes aging.
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ABSTRACT The flagellar lipoprotein FlgP has been identified in several species of
bacteria, and its absence provokes different phenotypes. In this study, we show that
in the alphaproteobacterium Rhodobacter sphaeroides, a ΔflgP mutant is unable to
assemble the hook and the filament. In contrast, the membrane/supramembrane
(MS) ring and the flagellar rod appear to be assembled. In the absence of FlgP a se-
vere defect in the transition from rod to hook polymerization occurs. In agreement
with this idea, we noticed a reduction in the amount of intracellular flagellin and the
chemotactic protein CheY4, both encoded by genes dependent on �28. This sug-
gests that in the absence of flgP the switch to export the anti-sigma factor, FlgM,
does not occur. The presence of FlgP was detected by Western blot in samples of
isolated wild-type filament basal bodies, indicating that FlgP is an integral part of
the flagellar structure. In this regard, we show that FlgP interacts with FlgH and
FlgT, indicating that FlgP should be localized closely to the L and H rings. We pro-
pose that FlgP could affect the architecture of the L ring, which has been recently
identified to be responsible for the rod-hook transition.

IMPORTANCE Flagellar based motility confers a selective advantage on bacteria by
allowing migration to favorable environments or in pathogenic species to reach the
optimal niche for colonization. The flagellar structure has been well established in
Salmonella. However, other accessory components have been identified in other spe-
cies. Many of these have been implied in adapting the flagellar function to enable
faster rotation, or higher torque. FlgP has been proposed to be the main compo-
nent of the basal disk located underlying the outer membrane in Campylobacter je-
juni and Vibrio fischeri. Its role is still unclear, and its absence impacts motility differ-
ently in different species. The study of these new components will bring a better
understanding of the evolution of this complex organelle.

KEYWORDS bacterial flagellum, FlgH, FlgJ, FlgP, L ring, Rhodobacter sphaeroides,
flagellar basal disk, outer membrane, rod-hook transition

The bacterial flagellum is a rotary nanomachine embedded in the cell envelope. The
motor is powered by the electrochemical ion gradient formed across the cytoplas-

mic membrane. The rotating part has three well-defined structures: the basal body,
which expands from the cytoplasm to the outer membrane; the hook that is the first
extracellular structure; and the helical filament that thrusts the cell forward through
rotation of the flagellar motor (1, 2). The rotor is surrounded by a stator formed by
multiple transmembrane subunits of MotA/MotB, or PomA/PomB in bacteria with H�-
or Na�-driven motors, respectively (3–7). These proteins form a channel that conveys
ions across the membrane and couples ion flow to rotation (8–10). In Escherichia coli
and Salmonella enterica serovar Typhimurium (from here on Salmonella), the basal body
is formed by four rings and a rod that expands from the cytoplasm to the outer
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membrane (OM), while the membrane/supramembrane (MS) ring is formed by 26
subunits of FliF that is located at the inner membrane (IM) (11, 12). At the cytoplasmic
side the MS ring connects with the C-ring that is formed by FliG, FliM, and FliN; these
proteins have been implicated in torque generation and morphogenesis (13–15). The
periplasmic side of the MS ring couples with the flagellar rod through the adaptor
protein FliE (16, 17). The rod formed by FlgB, FlgC, FlgF, and FlgG spans the cell wall and
the OM crossing the P and L rings, which act as bushings for the rotating rod (18–21).
FlgI and FlgH form the P and L rings, respectively (22). It has been recently proposed
that L-ring formation contributes to dislodging the scaffolding protein FlgJ from the tip
of the growing rod; this enables the transition from rod to the polymerization of the
hook (23). The hook is the first extracellular structure, and it is formed by approximately
120 subunits of FlgE. The flagellar filament is formed by thousands of flagellin subunits
and connects to the hook by means of the hook-associated proteins FlgK and FlgL (12,
24, 25).

Recently, electron cryotomography (ECT) of cells from different bacterial species
allowed in situ visualization of the intact flagellum. These studies have revealed that the
basal body has a central core structure that is conserved; however, around it a great
diversity of additional components were observed (5, 7, 26, 27). The protein composi-
tion of these additional elements is still mostly unknown. In this regard, it has also been
recognized that the presence of certain flagellar proteins is restricted to specific
bacterial groups, and their characterization is incipient. This is the case for FlgT and
FlgP, which are both absent in E. coli and Salmonella. FlgT is present in several species
of Vibrio and Aeromonas, whereas FlgP has been reported to be present in species of
Vibrio and in Campylobacter jejuni (28–32).

FlgT forms the H ring that covers the L and P rings and which is instrumental in
supporting the high swimming velocities reported for several species of Vibrio (28). FlgP
is a lipoprotein that was first identified and characterized in Vibrio cholerae and C. jejuni
(29, 30, 32). In V. cholerae the absence of FlgP provokes a reduction in the number of
flagellated cells, and morphologically the filaments were shorter than those observed
in wild-type cells (29, 32). In contrast, a flgP mutant strain of C. jejuni was able to
assemble a normal flagellum that showed a paralyzed phenotype (Mot–) (30).
Recently, flagella of a flgP mutant of V. fischeri and C. jejuni were observed by ECT,
and the reconstructed images were compared to those of the wild-type cells. It was
suggested that FlgP is a component of a structure named basal disk, which seems
to be in contact with the OM (7). The basal disk is required to form other flagellar
structures such as the medial and proximal rings in C. jejuni or to recruit the stator
complexes in V. fischeri (7). These authors also observed that in the flgP mutant of
C. jejuni the flagellum is formed, which agrees with previous reports; however, in
contrast to what had been reported for V. cholerae, the flgP mutant of V. fischeri
seldom forms a flagellum (7).

Rhodobacter sphaeroides is an alphaproteobacterium with two different flagellar
systems (33). Transcription of the fla1 set produces a single subpolar flagellum that is
expressed constitutively under the growth conditions commonly used in the laboratory
(33, 34). The products encoded by the fla2 set produce several polar flagella (33, 35).
However, the expression of the fla2 genes is achieved only under very particular
conditions. Fla2 flagella were detected in a mutant strain lacking the master activator
of the fla1 genes that acquired a gain of function mutation in the histidine kinase CckA
(36). Phylogenetic analysis of these flagellar gene systems suggested that the fla1 set
was acquired by R. sphaeroides from an ancestral gammaproteobacterium, whereas the
fla2 set is vertically inherited (33).

The fla1 system of R. sphaeroides includes the flgT and flgP genes. FlgT forms the
periplasmic H-ring that covers the P and L rings, similar to the observed situation in
Vibrio species; however, the phenotype of the flgT mutant strain differs from that of
these bacteria, given that in V. cholerae and V. alginolyticus the absence of FlgT results
in a reduction of the number of flagellated cells, but in R. sphaeroides the absence of
FlgT yields a Mot– phenotype, where the flagellum is paralyzed (37–40).
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In this study, we characterized FlgP from R. sphaeroides. This protein is absolutely
required for the assembly of the Fla1 flagellum, and its absence results in the lack
of hook and filament. FlgP was detected in isolated wild-type filament basal body
structures, and evidence is presented suggesting that FlgP interacts with FlgH and
FlgT.

(This study was conducted by C. Pérez-González in partial fulfillment of the require-
ments for a Doctorado en Ciencias Biomédicas degree from the Universidad Nacional
Autónoma de Mexico, Mexico City, Mexico.)

RESULTS
FlgP is required for swimming and filament assembly. In R. sphaeroides the gene

flgP encodes a 177-amino-acid polypeptide. The N terminus shows a short sequence
similar to the consensus sequence recognized by the signal peptidase II (SPaseII) that
has a predicted cleavage site between Ala20 and Cys21, with Ala at position �2. The
identity of the residue at the �2 position after the cleavage site indicates if the poly-
peptide will be retained at the IM or directed to the OM (41, 42). Therefore, the
presence of Ala at this position, suggests that FlgP is localized in the OM (Fig. 1A). This
protein shows a 25/27% identity with homologs in V. cholerae and C. jejuni. In R.
sphaeroides flgP is the first gene of a putative operon formed by flgP, flgT, flgA, flgM, and
RSWS8N_05380 orf (Fig. 1A). The first three genes show overlapping of the translation
stop and start codons. flgT encodes the protein that forms the H ring, which is present
is some bacterial species (28), FlgA is a chaperone that assists in the assembly of the L
ring and, FlgM is the anti-�28 factor required to transcribe the late flagellar genes.
RSWS8N_05380 encodes a 123-amino-acid protein that has not been reported to be
involved in either flagellar biogenesis or swimming.

To characterize the role of FlgP in the flagellar biogenesis of R. sphaeroides, a mutant
strain in flgP (ΔflgP::aadA) was constructed. This mutant was unable to swim and
introduction of the plasmid that expresses flgP (pRK_flgP) did not restore swimming;
however, when the plasmid pRK_flgPT (that drives the expression of flgP and flgT) was
introduced, swimming was recovered (Fig. 1B). These results suggest that the allele
ΔflgP::aadA generates a polar effect on the expression of flgT. Nevertheless, the role of
FlgP on swimming was clearly appreciated in the ΔflgP/pRK_flgT strain, since the
expression of flgT did not restore swimming, suggesting the absence of flgP by itself is
responsible of this defect. The presence in these strains of FlgP and FlgT was verified
by Western blotting (Fig. 1C) and, as expected, FlgT is absent in the strain carrying the
ΔflgP::aadA allele but is present in the nonmotile ΔflgP/pRK_flgT strain. Furthermore,
FlgP was detected in the wild-type strain and also in the ΔflgP strain harboring pRK_flgP
and pRK_flgPT (Fig. 1C). Given that in this bacterium the flagellar hierarchy is controlled
by the master activator FleQ (43), the absence of FlgP in the ΔfleQ mutant strain
indicates that flgP is expressed as a part of the flagellar regulon (Fig. 1C).

Overlapping of the translation stop and start codons of flgP, flgT, and flgA suggests
that these genes form an operon. We noticed that the ΔflgP::aadA allele affects the
expression of flgT but not the expression of flgA, since the ΔflgP::aadA/pRK_flgPT strain
was fully motile (and the lack of FlgA would have produced a Fla– phenotype). From
these observations, it could be hypothesized that the absence of FlgT in the ΔflgP::aadA
mutant could be caused by translational coupling. This possibility would also explain
why the insertion of the nonpolar gene aadA (44) could affect the expression of the
downstream gene; alternatively, in the absence of FlgP, FlgT could be unstable.
Unfortunately, several attempts to isolate a flgP mutant without a resistance marker
were unsuccessful; therefore, we carried out experiments to characterize the ΔflgP
(ΔflgP::aadA) mutant always in the presence of the plasmid pRK_flgT. In this strain the
amount of FlgT detected by Western blotting is similar to the amount detected in
WS8N (Fig. 1C), suggesting that FlgT should not be limiting for flagellum formation and
functioning.

Filaments were easily detected in the microscope in the wild-type strain, but this
structure was not observed in ΔflgP and ΔflgP/pRK_flgT strains, indicating that these
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two mutant strains are Fla– (Fig. 2). In contrast, the filament was visible in ΔflgP/
pRK_flgP cells. Given that a strain lacking of flgT shows a Mot– phenotype (37), the
presence of the flagellar filament in the ΔflgT mutant was expected (Fig. 2). From these
results, we conclude that the absence of FlgP causes the loss of the flagellar filament.

FIG 1 The role of FlgP on swimming in R. sphaeroides. (A) Genetic context of flgP and domain
composition. SPII, signal protease II; LPP20, pfam PF02169. Amino acid sequence alignment of FlgP with
homologs from C. jejuni and V. cholerae. The invariant cysteine in the lipobox is shown in pink. (B)
Swimming of the ΔflgP::aadA mutant and complementation test. (C) Immunodetection of FlgT and FlgP
in total cell extracts of the ΔflgP::aadA mutant and strains expressing FlgP, FlgT, and FlgPT from the
promoter of pRK415. WT, wild-type strain WS8N.
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This phenotype is different from that reported for C. jejuni and V. cholerae (29, 30) but
is similar to what was observed in V. fischeri (7).

Role of FlgP in the formation of other flagellar structures. Given that the flagellar
filament is absent in the ΔflgP/pRK_flgT mutant cells, we proceeded to investigate
whether the flagellar hook would be assembled in the absence of FlgP. For this,
ΔflgP/pRK_flgT cells were labeled with an anti-FlgE antibody previously conjugated
with Alexa Fluor 488 and then observed by fluorescence microscopy. The hook was
readily observed as small fluorescent foci that are placed laterally on wild-type strain
cells (Fig. 3A). In contrast, the ΔflgP/pRK_flgT mutant strain did not show fluorescent
foci, indicating that the hook is not formed in the absence of FlgP (Fig. 3A).

A simple explanation for the lack of hook and filament in the ΔflgP/pRK_flgT strain
could be that FlgE and FliC were not being synthesized. This possibility was tested by
probing total cell extracts by Western blotting using anti-FliC and anti-FlgE antibodies
(Fig. 3B). The intensity of the signal for FlgE was similar in the wild-type cells and
ΔflgP/pRK_flgT mutant, indicating that the absence of the hook is not due to a lack of
protein. However, the amount of FliC was severely reduced in the mutant strain
(ΔflgP/pRK_flgT). This is the logical outcome of a lack of hook, since the anti-sigma
factor FlgM cannot be exported from the cells, and transcription by �28 of the late
flagellar genes does not take place (43, 45–47). The expression of CheY4 was used to
corroborate this notion, given that it is also �28 dependent (48). As expected, a severe
reduction in the amount of CheY4 was observed in the ΔflgP/pRK_flgT strain (Fig. 3B).

In ΔflgP/pRK_flgT cells, the hook was not detected but FlgE was observed in total
cell extracts, raising the possibility that FlgE could be exported from the cell but not
assembled. To test this idea, the supernatants of WS8N and ΔflgP/pRK_flgT cultures
were probed by Western blotting for the presence of FlgE. No protein was detected in
these samples, indicating that FlgE is not exported (data not shown). As a control, the
cells of these cultures were vigorously vortexed to promote the mechanical shearing of
the flagella. After centrifugation, the supernatants were tested by Western blotting. In
these samples, FlgE was detected in the culture supernatant of WS8N but not in the
ΔflgP/pRK_flgT strain (see Fig. S1 in the supplemental material), confirming the notion
that, in the absence of FlgP, FlgE is not exported or assembled.

To determine whether the MS ring is formed in the absence of FlgP, we evaluated
the localization of the GFP-FliF fusion protein as an indirect evidence of the presence
of this structure. As shown in Fig. 4A, GFP-FliF was detected as a single focus in
wild-type and ΔflgP cells, suggesting that the formation of the MS ring is not affected
by the absence of FlgP.

FIG 2 Flagellar filament detection. Cells were stained with DAPI and observed by fluorescence micros-
copy as indicated in Materials and Methods. WT, wild-type strain WS8N. Scale bars, 1 �m.
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It has been shown that in Salmonella FlgE is degraded in strains where the rod genes
have been deleted. This was caused by the high sensitivity of FlgE to periplasmic
proteases (49). We tested by Western blot analysis whether FlgE could be detected in
rod mutants, type III export apparatus mutants, and the ΔflgP/pRK_flgT mutant. Total
cell extracts of these strains revealed the presence of FlgE in the wild-type strain, in the
export apparatus mutants (fliE, fliR, and fliO), and also in the ΔflgP mutant (ΔflgP/
pRK_flgT) and its absence in the rod mutants (ΔflgB and ΔflgC) (Fig. 4B). A reduction of

FIG 3 Immunofluorescent detection of the flagellar hook in complete cells. (A) Cells were incubated in
the presence of anti-FlgE prestained with Alexa Fluor 488 and observed by fluorescence microscopy. WT,
wild-type strain WS8N. Scale bars, 1 �m. (B) Western blots of total cell extracts of the indicated strains,
using anti-FlgE, anti-FliC, and anti-CheY4 antibodies. WT, wild-type strain WS8N.

FIG 4 GFP-FliF detection by fluorescence microscopy. (A) Wild-type (WT), WS8N, and ΔflgP::aadA/
pRK_flgT cells. Scale bars, 1 �m. (B) Immunodetection of FlgE by Western blotting in the indicated
genetic background.
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FlgE in the ΔflgI mutant was noted; this is in accordance with the results previously
reported for Salmonella (49). The mutants lacking the flagellar master regulator, fleQ,
and the hook gene flgE were included as negative controls. The presence of FlgE in
ΔflgP/pRK_flgT cells (Fig. 4B) suggests that in the absence of FlgP the rod is completed
since FlgE is not degraded by the periplasmic proteases, as has been previously
reported (49).

FlgT is another flagellar protein localized in the periplasm, it is required to form the
H ring that covers the P and L rings. In R. sphaeroides the absence of FlgT did not affect
flagellar biogenesis (37). To determine whether FlgT is present in the flagellum in the
absence of FlgP, we took advantage of the fact that the flagellar protein MotF (present
exclusively in R. sphaeroides) requires the presence of FlgT to be localized (50).
Therefore, we determined if green fluorescent protein (GFP)-MotF is localized in the
absence of FlgP. We used strain SF3 (ΔflgT) carrying the plasmids pINDd_flgT and
pRK_GFP-MotF as a positive control for this experiment. We observed the presence of
fluorescent foci in these cells, suggesting that GFP-MotF is localized in the flagellar
structure (Fig. 5A). However, no fluorescent foci were detected in ΔflgP cells carrying
pINDd_flgT and pRK_GFP-MotF, suggesting that in the absence of FlgP the H ring could
be destabilized or severely affected. The presence of FlgT and GFP-MotF in total cell
extracts of these strains was detected by immunoblotting (Fig. 5B).

FlgP is an integral protein of the basal body and is stable in different genetic
backgrounds. We isolated filament basal body structures of WS8N cells and used this
preparation for electron microscopy (EM) and for immunodetection of FlgP. An exam-
ple of the EM images obtained from intact flagellar structures, shows the H ring
covering the L and P rings, as previously reported (37) (Fig. 6A). In this same sample, we
were able to detect FlgP by immunoblotting, indicating that this protein is a part of this
structure (Fig. 6B).

FIG 5 GFP-MotF detection by fluorescence microscopy. (A) Cells expressing FlgT from pINDd and
GFP-MotF from pRK415. Scale bars, 1 �m. (B) Immunoblotting detection of FlgT and GFP-MotF in total
cell extracts of the indicated strains. WT, wild-type strain WS8.
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In C. jejuni FlgP was generally absent or present at low levels in whole-cell lysates of
proximal rod (flgB and flgC) and type III export apparatus (flip and flhA) mutants (7),
indicating that FlgP stability was dependent on other flagellar components. In contrast,
we detected FlgP in rod (flgB and flgC) and type III export apparatus (fliE and fliR)
mutants (Fig. 6C), demonstrating that in R. sphaeroides this protein is not particularly
unstable.

FlgP interacts with FlgT and FlgH. Given that FlgP is part of the flagellar basal
body structure, we evaluated possible interactions of FlgP with other periplasmic
flagellar proteins, such as FlgH, FlgT, and MotF. The interactions of the periplasmic
region of FlgP with the periplasmic regions of FlgH, FlgT, and MotF were tested using
a yeast two hybrid assay. In this assay, we observed that FlgP interacts with FlgH and
FlgT (Fig. 7). The possible interaction between FlgP with MotF could not be evaluated
given the autoactivation of these proteins (Fig. 7). It should be noted that Gal4BD-FlgP
by itself allows growth in the absence of histidine; therefore, only strong interactions
that alleviate adenine auxotrophy were considered positives (Fig. 7). In this assay, the
interaction of FlgP with FlgP does not occur, since a yeast strain expressing AD-FlgP and
BD-FlgP recovered the prototrophy only for histidine (data not shown). Interestingly,
FlgH showed a positive interaction with FlgT (Fig. 7).

The interaction of FlgP with FlgP was evaluated by blue native polyacrylamide gel
electrophoresis (PAGE). Two different species of FlgP were detected: one with an
apparent molecular mass around 36 kDa that may represent the monomeric form and
another that was around 56 kDa (Fig. 8A), suggesting that under these conditions FlgP
could form a dimer. In these experiments, we also detected the monomeric and
dimeric forms of FlgT (54 and 113 kDa, respectively). When FlgP and FlgT were
mixed together, a weak but conspicuous band of around 90 kDa appeared, which
was interpreted to represent the oligomeric complex formed by the association of
FlgP with FlgT. Since high-molecular-weight markers were used in this native
electrophoresis, the apparent molecular masses of the complexes may be overes-
timated. Denaturing two-dimensional SDS-PAGE (lanes 2 to 4) show that the bands
observed in the native gels belong exclusively to FlgP, to FlgT, or to the FlgP/FlgT
mixture (Fig. 8B).

The interaction of FlgP with FlgT was also detected by pulldown using glutathione
S-transferase (GST)–FlgP as a bait (Fig. 9A). In contrast, the interaction between FlgP and
FlgH could not be detected using this assay, given that FlgH showed nonspecific
interactions with GST (data not shown). Nonetheless, we were able to corroborate the

FIG 6 Presence of FlgP in isolated filament basal body preparations and stability of FlgP in the absence
of other flagellar components. (A) Sample of an isolated flagellum from the wild-type strain. The arrow
denotes the H ring. (B) Immunoblotting of total cell extracts using anti-FlgP antibodies (left lanes) and
isolated flagella (right lanes). (C) Stability of FlgP in different genetic backgrounds. Western blots of total
cell extracts were probed with anti-FlgP antibodies. WT, wild-type strain WS8N.
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interaction between FlgP and FlgH by far-Western analysis (Fig. 9B). For this experi-
ment, GST-FlgP was incubated with the blotted proteins His6�-FlgH and His6�-GFP. The
presence of complexes was tested using anti-FlgP antibodies (Fig. 9B). The blotted
proteins were also incubated with GST, and the absence of unspecific complexes was
confirmed using anti-GST (Sigma) antibodies (Fig. S2).

DISCUSSION

Several new ancillary proteins different from the well-characterized flagellar com-
ponents of E. coli and Salmonella have been identified in various bacterial species.
These new elements in some cases improve flagellar rotation by recruiting a larger
number of stator complexes (7); in others, they contribute to remodel other bacterial
structures such as the outer membrane (OM) (51). FlgP is absent in E. coli and
Salmonella but is present in several species of Vibrio and many Epsilonproteobacteria
(29, 30, 52). ECT images suggest that FlgP could form a basal disk located underneath
the OM. It has also been suggested that the basal disk (FlgP) attaches to the motor via
the P ring (FlgI) in C. jejuni and in V. fischeri through the H ring (FlgT) (7).

In R. sphaeroides, the absence of FlgP causes a Fla– phenotype that contrasts with
the phenotypes observed in other species so far studied. In C. jejuni, a ΔflgP mutant
forms flagella (30), whereas a reduction in the number of flagellated cells was observed
for the ΔflgP mutant in V. cholerae (29). This suggests that in R. sphaeroides the role of
this protein is not redundant; perhaps the absence of flagellar rings, such as the T ring
(present in Vibrio) or the proximal and medial disks (found in C. jejuni), makes flagellar
assembly impossible in the absence of FlgP.

A closer inspection of the ΔflgP strain of R. sphaeroides revealed that the flagellar
hook is not assembled even though the presence of the hook protein FlgE was
detected by Western blotting. In addition, the fact that flagellin (FliC) and the chemot-
actic protein CheY4 were not detected in total cell extracts of the ΔflgP mutant

FIG 7 Double hybrid assay. Yeast were transformed with the plasmids indicated at the left. The pairs
Gal4AD T-antigen with Gal4 p53, and Gal4AD T-antigen with Gal4 BD Lam served as positive and
negative controls, respectively (labeled “AC” [assay controls]). Transformant cells were seeded on the
medium indicated at the top. To rule out spurious activation of the reporter genes, yeast cells
transformed with a control plasmid, either Gal4 AD T-antigen or Gal4 BD p53, and a flagellar gene in the
BD or AD plasmid. The growth of these cells was tested and corresponds to the six combinations in the
lower part of the figure (Controls).
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indicates that the anti-sigma factor FlgM is not exported. This is consistent with the
well-established idea that a structural defect in the hook basal body (HBB) impairs
secretion of FlgM (45–47). Nevertheless, in the absence of FlgP, the flagellar rod is
assembled, and FlgE was not detected in the culture supernatant. Therefore, the
absence of FlgP could be altering the rod to filament transition. This idea is in
accordance with the images observed by ECT for the flgP mutant of V. fischeri, where
the rod and the P, L, H, and T rings are formed, but the presence of the hook is not
evident (7).

FIG 8 Blue native gel electrophoresis. (A) Portions (100 �g) of His6�-FlgPp (lane 2), FlgTp-His6� (lane 3),
or a mixture of both proteins (lane 4) were dialyzed overnight in PBS (pH 7.4), mixed with sample buffer,
and loaded into a native 4 to 12% acrylamide gradient gel. Lane 1 was loaded with molecular weight
protein markers. Gel casting and electrophoresis were performed as described previously (44). (B) Parallel
lanes of each sample of interest from panel A were cut and subjected to denaturing two-dimensional
SDS-PAGE (14%). The presence of FlgT in the complex formed with FlgP is indicated by an arrow.
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As a result of the absence of FlgT (H ring) in R. sphaeroides, MotF is not localized in
the flagellar motor (37). Furthermore, we have observed in the present study that in the
absence of FlgP, MotF is not recruited to the flagellum, suggesting that the H ring is not
formed or that the architecture of the H ring is modified. In agreement with the
possible remodeling of these rings as they are being assembled, it was observed in V.
fischeri that in the absence of FlgP, all the rings were formed (i.e., P, L, T, and H rings),
but the stator complexes were not recruited, suggesting that FlgP could modify the
architecture of the H and T rings (7).

It is conceivable that the flagellar structure of R. sphaeroides has a basal ring similar
to that observed in C. jejuni and V. fischeri. In this regard, our results indicate that FlgP
can interact with itself, suggesting that it could be a part of an oligomeric structure,
such as the basal disk. Besides this interaction, FlgP also interacts with FlgT, indicating
that the OM is in close contact with the H ring through FlgP. In spite of the strong
interaction between FlgP and FlgT, recruitment of FlgP to the growing structure should
not be dependent only on FlgT, given that the flagellum is formed in its absence (37)
but not in the absence of FlgP. This indicates that even in the absence of FlgT, FlgP
must be recruited to the growing flagellum. This recruitment could be achieved by a
FlgP-FlgH interaction. This is in contrast to the observed situation in V. fischeri, where
it was proposed that the H ring provides a platform for assembly of FlgP (7).

We observed that FlgP is stable in the different flagellar mutants tested. In contrast,
in C. jejuni, FlgP was not detected in total cell extracts of proximal rod and type III
export apparatus mutants (7). This difference could be explained by a different intrinsic
stability of these proteins or by the presence of ancillary flagellar proteins, such as FlgQ
and FlgO (52), that are absent in R. sphaeroides. FlgQ is required for FlgP stability in C.
jejuni (30), whereas FlgO of Vibrio seems to be a part of the H ring and is located at the
OM similar to FlgP (29).

To explain the Fla– phenotype of the ΔflgP strain, we propose that the L ring could
be remodeled by the basal disk. This event could be part of the check point that
involves the removal of the rod scaffolding protein FlgJ to enable hook assembly. It is
possible that in other species in which the flagellar hook can be assembled in the
absence of FlgP, other proteins collaborate to form an L ring suitable for the removal
of FlgJ or that FlgH could accomplish this task by itself, as occurs in E. coli and
Salmonella. A model summarizing the findings reported in this is presented in Fig. 10.

MATERIALS AND METHODS
Strains, plasmids, growth conditions, and oligonucleotides. All strains and plasmids used in this

study are listed in Table 1. R. sphaeroides was grown in Sistrom’s minimal medium at 30°C (53). Cultures
were grown heterotrophically in Erlenmeyer flasks with orbital shaking (200 rpm). E. coli was grown in
Luria broth at 37°C (54). When needed, the following antibiotics were used at the indicated concentra-
tions: 25 �g/ml kanamycin, 50 �g/ml spectinomycin, and 1 �g/ml tetracycline. For E. coli, the antibiotics
used were 100 �g/ml ampicillin, 50 �g/ml kanamycin, 50 �g/ml spectinomycin, 30 �g/ml gentamicin, 25
�g/ml chloramphenicol, and 10 �g/ml tetracycline. The oligonucleotides used are also listed in Table 1.

FIG 9 FlgP interaction with FlgT and FlgH. (A) Pulldown assay using glutathione-agarose beads contain-
ing either GST-FlgP or GST, followed by incubation with FlgT. After a washing step, the presence of FlgT
retained by the tested proteins was revealed by Western blotting. (B) Interaction between FlgP and FlgH
tested by far-Western analysis. Purified His6�-FlgP, His6�-FlgH, and His6�-GFP were subject to 12%
SDS-PAGE and blotted on nitrocellulose. The membrane was incubated with GST-FlgP for 2 h. After a
washing step, the presence of FlgP was detected using anti-FlgP antibodies.
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Molecular biology techniques. Standard methods were used to isolate and analyze chromosomal
or plasmid DNA (54). Restriction and other DNA-modifying enzymes were purchased either from New
England BioLabs (NEB, Ipswich, MA), Roche (Basel, Switzerland), or Invitrogen (Carlsbad, CA). Plasmids
used for sequencing were purified using an Illustra plasmidPrep minispin kit (GE Healthcare Life Sciences,
Buckinghamshire, UK). DNA was amplified with the appropriate oligonucleotides using PrimeSTAR HS
DNA polymerase (TaKaRa Bio, Inc., Mountain View, CA) according to the manufacturer’s recommenda-
tions.

Isolation of mutant strains. The CP1 strain (ΔflgP::aadA) was obtained by cloning together two PCR
products that amplified the upstream and downstream regions of flgP in pTZ19R. The 756-bp product
from the upstream region of flgP was obtained using the oligonucleotides orf_11 and RvRSP0035B,
whereas the downstream product of 1,293 bp was obtained with the oligonucleotides FwRSP0035B and
orf_12. These PCR products were joined through a BglII site designed in the oligonucleotides and cloned
in pTZ19R. A 1.4-kb PCR fragment carrying the aadA gene, which encodes the streptomycin/spectino-
mycin adenylyltransferase (Spcr) (44), was cloned into pTZ_ΔflgPup-down previously digested with BglII.
The resultant plasmid, pTZ_ΔflgP::aadA, was digested with XbaI, and the fragment carrying the allele
ΔflgP::aadA was subcloned in plasmid pQJ200mp18. To obtain the CP2 strain (ΔflgH::aadA), a similar
strategy to that used to obtain CP1 was followed; in this case, the 700-bp product from the upstream
region of flgH was obtained using the oligonucleotides Fw_flgH and Rvi_flgH, whereas a downstream
product of 1,008 bp was obtained with Fwi_flgH and Rv_flgH. These products were joined through a
BamHI site designed in the oligonucleotides and cloned in pTZ19R_BamHI�. The fragment carrying the
aadA gene was cloned in pTZ_flgHup-down previously digested with BamHI. The fragment carrying
ΔflgH::aadA was subcloned in pJQ200mp18.

Plasmid constructions. pRK415_flgP plasmid carries a 1,086-bp fragment that includes the coding
region of flgP (534 bp), 501 bp upstream and 51 bp downstream. pRK_flgPT carries a 2,300-bp fragment
that includes the coding regions of flgP and flgT (1,083 bp), 501 bp upstream of flgP and 186 bp
downstream of the stop codon of flgT. pINDd_flgT was obtained by cloning the 1,083-bp PCR product
encoding the complete polypeptide of FlgT in pINDd.

Protein purification. The coding region of flgP lacking the segment corresponding to the signal
peptide was amplified by PCR using the oligonucleotides 0035fwBAD and 0035RvBAD and cloned in
pBAD-HisB. The resultant plasmid was introduced to the strain LMG194 strain. A culture of this strain was
grown until midexponential phase and induced with 0.2% arabinose for 6 h at 28°C. The culture was
harvested and resuspended in buffer containing 50 mM Tris, 5% glycerol, 50 mM NaCl, and 1 mg/ml
lysozyme (pH 8). The cell suspension was sonicated on ice with three bursts of 10 s. Cell debris were
removed by centrifugation. The supernatant was mixed with nickel-nitrilotriacetic acid (Ni-NTA)–agarose
beads (1/250 of the original culture volume) and incubated by 1 h on ice, with occasional mixing. The
beads were washed with 3 volumes of phosphate-buffered saline (PBS; pH 7.4). The protein was eluted
in PBS containing 20% glycerol and 200 mM imidazole. The purity of the His6�-FlgPp (periplasmic region
of FlgP) was evaluated by SDS-PAGE and Coomassie blue staining. The sample was dialyzed overnight
using PBS (pH 7.4). To purify FlgH, the fragment encoding from Ala58 to the stop codon of flgH (FlgHp)
was amplified by PCR using the oligonucleotides flgH-pGABfw and flgH-pBADB and cloned in pET28a.
The purification protocol was similar to the procedure used to purify His6�-FlgPp, except that induction
of the cell culture was carried out with 0.25 mM IPTG for 4 h at 28°C. FlgTp-His6X and His6�-MotFp were
purified using the procedures previously described (37, 50). The plasmid expressing glutathione
S-transferase fused to the mature polypeptide of FlgP (GST-FlgPp) was constructed by cloning in
pGEX-4T-2, the PCR product obtained with the oligonucleotides 0035FwpGEX and 0035RvpGEX that
encompasses the coding region of flgP, excluding the segment that encodes the signal peptide

FIG 10 Model showing the possible role of FlgP during flagellar biogenesis in R. sphaeroides. The right
side depicts the wild-type flagellum where FlgP (orange) interacts with FlgH (pink) and FlgT (violet). The
hook (yellow) is formed. The left side shows that, in the absence of FlgP, the hook is not assembled. A
possible perturbation in the formation of the L ring (formed by FlgH) prevents the progression of the
flagellar biogenesis beyond the outer membrane. In the absence of FlgP, the possible presence of FlgJ
(blue) at the tip of the growing flagellum is shown. In addition, FlgT is shown in light violet, indicating
that it may also be absent.
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TABLE 1 Strains and plasmids used in this studya

Strain, plasmid, or source oligonucleotide Relevant characteristics or sequence Reference or source

Strains
E. coli

LMG194 ΔlacX74 galE thi rpsL ΔphoA Δara714 leu::Tn10 Invitrogen
S17-1 recA endA thi hsdR RP4-2 Tc::Mu::Tn7 58
TOP10 Cloning strain Invitrogen
Rosetta Protein expression strain; Cmr Novagen

Yeast AH109 Yeast reporter strain for HIS3, ADE2, and lacZ Clontech
R. sphaeroides

CP1 ΔflgP::aadA This study
CP2 ΔflgH::aadA This study
LC1 flgE::aadA 44
RsgI-np flgI::aadA 59
SF3 flgT::aadA 37
SP2 fliR::uidA-aadA 60
SP13 ΔfleQ::aadA 43
SP30 ΔfliE::aadA Laboratory collection
SP31 ΔflgC::aadA Laboratory collection
SP32 ΔflgB::aadA Laboratory collection
SP33 ΔfliO::aadA Laboratory collection
WS8N Wild-type strain 61

Plasmids
pBAD His-motFp Vector expressing His6�-MotFp 50
pBAD_FlgPp Vector expressing His6�-FlgPp This study
pBAD/HisB Expression vector of His6�-tagged proteins Invitrogen
pBAD/Myc-HisA-flgT Vector expressing FlgT-His6� 37
pET28_FlgHp Vector expressing His6�-FlgHp This study
pET28a Expression vector His6�-tagged proteins Novagen
pGAD_flgH pGAD derivative expressing GAL4 AD-FlgHp This study
pGAD_flgP pGAD derivative expressing GAL4 AD-FlgPp This study
pGAD_motFp pGAD derivative expressing GAL4 AD-MotFp 37
pGADT7 GAL4 activation domain, LEU2 Clontech
pGBD_flgH pGAD derivative expressing GAL4 BD-FlgHp This study
pGBD_flgP pGAD derivative expressing GAL4 BD-FlgPp This study
pGBD_flgT pGAD derivative expressing GAL4 BD-FlgTp 37
pGBKT7 GAL4 DNA binding domain, TRP1 Clontech
pGEX-4T-2 Expression vector for GST fusions Amersham
pGEX-4T-2_flgP Plasmid expressing the fusion GST-FlgPp This study
pIND4 IPTG-inducible expression vector for R. sphaeroides 62
pINDd pIND4 ΔlacI This study
pINDd_flgT pINDd expressing flgT This study
pJQ_ flgH::aadA pJQ carrying ΔflgH::aadA This study
pJQ_ΔflgP::aadA pJQ carrying ΔflgP::aadA This study
pJQ200mp18 Mobilizable suicide vector for R. sphaeroides 63
pRK_flgH pRK415 expressing flgH This study
pRK_flgP pRK415 expressing flgP This study
pRK_flgPT pRK415 expressing flgPT This study
pRK_flgT pRK415 expressing flgT 37
pRK_GFP-FliF pRK expressing GFP-FliF Laboratory collection
pRK_GFP-MotF pRK415 expressing the GFP-MotF fusion 50
pRK415 Vector used for expression in R. sphaeroides 64
pTZ_ΔflgP::aadA pTZ carrying ΔflgP::aadA This study
pTZ_ΔflgPup-down pTZ carrying flgPupdown This study
pTZ19R Cloning vector Thermo Fisher Scientific
pTZ19R_Bam� pTZ19R without BamHI site Laboratory collection
pTZBam_flgH::aadA pTZ carrying ΔflgH::aadA This study
pTZBam_flgHup-down pTZ carrying flgHupdown This study

Oligonucleotides
orf_11 GCTCTAGACCTTGCCCGCCGCATCGTGG
RvRSP0035B GCAGATCTGCCCGGCTGGCCCGCGACGG
FwRSP0035B GCAGATCTTATCGTCAAGGCGGCACGGCTG
orf_12 GCTCTAGACGTTCAGCGCCTCCACATGG
Fw_flgH GCTCTAGAGGTGCTGATGCCCGACGG
Rvi_flgH GCGGATCCACGATGTCGCCCACCCGC
Fwi_flgH GCGGATCCGCTCGACGACGGGGTGCT

(Continued on next page)

FlgP in Rhodobacter sphaeroides Journal of Bacteriology

March 2019 Volume 201 Issue 5 e00752-18 jb.asm.org 13

 on O
ctober 20, 2020 at U

N
A

M
 IN

S
T

 D
E

 IN
V

E
S

T
 B

IO
M

E
D

IC
A

S
http://jb.asm

.org/
D

ow
nloaded from

 

https://jb.asm.org
http://jb.asm.org/


sequence. The resultant plasmid was used to transform the E. coli strain Rosetta. The resultant cells were
grown in Luria broth medium (30 ml) supplemented with chloramphenicol and ampicillin at 37°C to an
optical density at 600 nm (OD600) of 0.6. The culture was induced by the addition of IPTG (isopropyl-�-
D-thiogalactopyranoside) to a final concentration of 0.25 mM, cultured for 4 h at 30°C, and collected by
centrifugation. The cell pellet was resuspended in 1 ml of PBS containing 20% glycerol (pH 7.4) and
1 mg/ml lysozyme. The cell suspension was let stand on ice for 1 h before sonication with three bursts
of 9 s. Cell debris was removed by centrifugation. The supernatant was mixed with 100 �l of glutathione-
agarose beads and incubated for 1 h on ice, mixing by inversion every 10 min. The beads were washed
with 3 volumes of PBS. GST-FlgPp protein was eluted in elution buffer (50 mM Tris HCl, 10 mM reduced
glutathione [pH 8]). GST was purified according to a similar protocol.

Immunoblotting and antibody production. Samples were obtained from heterotrophically grown
cultures at an OD600 of 0.6. At this point, the cells were harvested and lysed by boiling in a solution
containing 2% SDS, 1% �-mercaptoethanol, and 50 mM Tris (pH 7.5). Western blotting was performed as
previously described (55). Briefly, these samples were separated using 12% SDS-PAGE. After electropho-
resis, proteins were transferred to nitrocellulose membranes. Membranes were blocked with 2% fat-free
milk in TBST (20 mM Tris, 150 mM NaCl, containing 0.1% Tween 20 [pH 7.4]) for 12 h. After a wash in TBST,
the membranes were incubated with the primary antibody in the same buffer, as indicated. Removal of
excess primary antibody was carried out by washing the membrane three times in TBST. The secondary
antibody (phosphatase alkaline-conjugated, anti-mouse IgG secondary antibody) diluted 1:30,000 was
incubated with the membrane in TBST for 1 h. After being washed, the membranes were incubated with
CDP-Star (Thermo Fisher Scientific, Waltham, MA) reagent for detection on X-ray films. Polyclonal
antibodies were raised in female BALB/c mice against His6�-FlgPp and His6�-FlgHp according to
previously reported protocols (55).

Microscopy. Slides were covered with an agarose pad containing Sistrom’s culture medium. Images
were taken with a Hamamatsu Orca-ER camera and a Nikon E600 microscope. The flagellum was stained
DAPI (4=,6=-diamidino-2-phenylindole) according to a previous report (50). Immunofluorescent detection
of FlgE was carried out by fixing cells from a heterotrophically grown culture, where cells were swimming
(OD600, �0.6) with paraformaldehyde (3%); after 20 min at room temperature, the paraformaldehyde was
removed by centrifugation. The cell pellet was resuspended in 1/10 of the original volume in PBS–1%
bovine serum albumin (BSA). Anti-FlgE �-globulins were stained with Alexa Fluor 488 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.

Yeast two-hybrid assays. The assays were performed according to the directions of the manufac-
turer (Clontech). In summary, yeast cells of the strain AH109 were cotransformed with pGBKT7 and
pGADT7 plasmids expressing the mature polypeptide of FlgP, or FlgH, fused to the activation (AD) or
DNA binding (BD) domain of Gal4. The DNA fragment encoding the periplasmic regions of FlgP and FlgH
was obtained by PCR using the oligonucleotides 0035fw pGA-pGB and 0035rvBAD or the oligonucleo-
tides flgH-pGABfw and flgH-pBADB, respectively. The plasmid expressing pGBD-flgT was previously
reported (37). pGBKT7 and pGADT7 plasmids restore prototrophy for leucine (LEU) and tryptophan (TRP),
respectively. For interaction assays, the AH109 strain carrying the appropriated plasmids was grown
overnight in synthetic defined (SD) minimal medium supplemented with histidine (HIS) and adenine
(ADE), washed in SD medium without HIS and ADE, diluted at OD600 of 0.5, and serially diluted in the
same medium. From these dilutions, 10-�l aliquots were seeded on plates containing SD supplemented
with HIS and ADE (–LEU –TRP), ADE (–LEU –TRP –HIS), or HIS (–LEU –TRP –ADE).

Blue native PAGE. A total of 100 �g of His6�-FlgPp, FlgTp-His6�, or a mixture of both proteins was
dialyzed overnight in PBS (pH 7.4), mixed with sample buffer, and loaded in a native 4 to 12% acrylamide
gradient gel. Gel casting and electrophoresis were performed as described before (56). The lines of each
sample were cut and subjected to denaturing two-dimensional SDS-PAGE (14%).

Pulldown interaction assay. Next, 5 �g of GST-FlgPp or GST bound to glutathione-agarose beads
in PBS (pH 7.4) was mixed with FlgT-His6� in a 1:1 molar ratio. The volume was adjusted to 250 �l with
PBS containing 10% glycerol and 3% BSA. The mixture was incubated for 2 h at 4°C, with mixing by
inversion every 10 min. The beads were collected by centrifugation for 1 min at 3,000 rpm. The super-
natant was discarded, and the beads were washed three times with 1 ml of PBS. To elute the protein, the
beads were resuspended in 100 �l of buffer containing 100 mM Tris (pH 8) and 10 mM reduced
L-glutathione. After 10 min, the sample was centrifuged for 1 min at 5,000 rpm. An aliquot (10 �l) of the
supernatant was analyzed by Western blotting with Penta-His antibodies (Qiagen).

TABLE 1 (Continued)

Strain, plasmid, or source oligonucleotide Relevant characteristics or sequence Reference or source

Rv_flgH CGGAATTCGCGCACGCGGATCGAGGT
0035fwBAD GCAGATCTGCGCCGGGGCCGCGCGCGGTC
0035RvBAD GCGAATTCGAAGCCGTTTCACCGCAGCCG
flgH-pGABfw GCGAATTCTCGACCTATGTCGAGGACCGC
flgH-pGABrv GCGGATCCGAAGCGCTGCGAGAAGGAGAG
0035fw pGA-pGB GCCCATGGCGCCGGGGCCGCGCGCGGTC
0035rvBAD GCGAATTCGAAGCCGTTTCACCGCAGCCG
flgH-pBADB GCAAGCTTGAAGCGCTGCGAGAAGGAGAG
0035FwpGEX GCGAATTCCCGCGCCGGGGCCGCGCGCGGTC
0035RvpGEX GCGTCGACGAAGCCGTTTCACCGCAGCCG

aCmr, chloramphenicol resistance.
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Far-Western assay. Far-Western blotting was performed according to a method reported previously
(57). Briefly, 5 �g of His6�-FlgHp and His6�-GFP protein was mixed with an equal volume of 2� Laemmli
sample buffer without �-mercaptoethanol, loaded onto 12% acrylamide (wt/vol), and electrophoresed at
100 V. Proteins were transferred electrophoretically to nitrocellulose membranes as described previously
(55). Membranes were incubated in blocking buffer (5% nonfat dry milk in PBS [pH 7.4] and 0.05% Tween
20) for 1 h with shaking. Blocked membranes were incubated with 17 �g of purified GST-FlgPp or GST
proteins in 10 ml of blocking buffer for 1 h with shaking. Membranes were washed three times for 5 min
in PBS (pH 7.4) and 0.05% Tween 20, followed by incubation with anti-FlgP or anti-GFP antibodies diluted
1:5,000, for 1 h, and then washed again three times for 10 min in PBS– 0.05% Tween 20, followed by
incubation with anti-mouse AP antibody (Sigma, 1:30,000) for 45 min. Antibody binding was detected
by incubation with CDP-Star reagent according to the manufacturer´s instructions and visualized by
autoradiography.
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Population imaging of neural activity in awake 
behaving mice
Kiryl D. Piatkevich1,2,11, Seth Bensussen3,11, Hua-an tseng3,11, Sanaya N. Shroff3, Violeta Gisselle Lopez-Huerta4,  
Demian Park1,2, erica e. Jung1,5, Or A. Shemesh1,2, Christoph Straub6, Howard J. Gritton3, Michael F. romano3, emma Costa1, 
Bernardo L. Sabatini6, Zhanyan Fu4, edward S. Boyden1,2,7,8,9,10* & Xue Han3*

A longstanding goal in neuroscience has been to image membrane 
voltage across a population of individual neurons in an awake, 
behaving mammal. Here we describe a genetically encoded 
fluorescent voltage indicator, SomArchon, which exhibits 
millisecond response times and is compatible with optogenetic 
control, and which increases the sensitivity, signal-to-noise ratio, 
and number of neurons observable several-fold over previously 
published fully genetically encoded reagents1–8. Under conventional 
one-photon microscopy, SomArchon enables the routine population 
analysis of around 13 neurons at once, in multiple brain regions 
(cortex, hippocampus, and striatum) of head-fixed, awake, behaving 
mice. Using SomArchon, we detected both positive and negative 
responses of striatal neurons during movement, as previously 
reported by electrophysiology but not easily detected using modern 
calcium imaging techniques9–11, highlighting the power of voltage 
imaging to reveal bidirectional modulation. We also examined how 
spikes relate to the subthreshold theta oscillations of individual 
hippocampal neurons, with SomArchon showing that the spikes of 
individual neurons are more phase-locked to their own subthreshold 
theta oscillations than to local field potential theta oscillations. 
Thus, SomArchon reports both spikes and subthreshold voltage 
dynamics in awake, behaving mice.

Near-infrared genetically encoded voltage indicators (GEVIs) 
derived from rhodopsins offer high temporal fidelity, and are compat-
ible with optogenetics1,12,13, whereas green fluorescent GEVIs derived 
from the voltage-sensing domains of phosphatases or opsins are often 
slower and brighter2,3,14–17. Translating these voltage sensors into the 
living mammalian brain has been challenging, because of poor mem-
brane localization, low photostability, and low signal-to-noise ratio 
(SNR). So far, amongst fully genetically encoded reagents, only Ace2N 
and paQuasAr3-s have been used to optically report voltage dynamics 
in a living mouse brain, reporting the activities of up to four cells in 
one field of view (FOV) in awake mice4,17. Recently, we developed a 
robotic directed-evolution approach and created the improved GEVI 
Archon113. To further improve SNR in the dense, living mammalian 
brain, we conducted a screen for peptides to localize Archon1 to the 
soma18–21, so that neuropil contamination could be reduced (Extended 
Data Fig. 1; see Supplementary Table 1 for the sequences of the motifs). 
The molecule Archon1–KGC–EGFP–KV2.1-motif–ER2, which we call 
SomArchon (Fig. 1a), exhibited the highest relative change in fluo-
rescence (ΔF/F) during 100-mV voltage steps (Fig. 1g) and was well- 
localized to the soma (Extended Data Fig. 1h–k).

SomArchon fluorescently reported action potentials in mouse 
brain slices after in utero electroporation (IUE) into the cortex and 
hippocampus, and after adeno-associated virus (AAV)-mediated 
expression in the cortex, striatum, and thalamus (Extended Data Fig. 2). 
SomArchon was localized primarily to the membrane within 30–45 μm 

of the cell body in the cortex, striatum, and hippocampus (Fig. 1b, 
Extended Data Fig. 1h–k). The sensitivity of SomArchon was about 
twofold greater (Fig. 1c, d) than our previously published values for 
Archon113, and it had comparable kinetics (Fig. 1e) and SNR (defined 
as the maximum fluorescence change observed during an action 
potential divided by the standard deviation of the baseline) (Fig. 1f). 
SomArchon linearly reported voltage (Fig. 1g), and did not alter mem-
brane properties or resting potential in mouse brain slices, induce glio-
sis, or mediate light-induced phototoxicity (Extended Data Figs. 3, 4).  
It has previously been demonstrated that Archon1 exhibits essentially 
no crosstalk under blue light illumination as used commonly for opto-
genetic neural activation13. We used a bicistronic expression system 
(Fig. 1h) to co-express SomArchon and the high-performance chan-
nelrhodopsin CoChR22 in the same cell, and demonstrated that brief 
blue light pulses could reliably evoke action potentials that were visible 
in SomArchon fluorescence (Fig. 1i, j).

We performed a side-by-side comparison of SomArchon with 
soma-localized versions of several next-generation voltage sensors—
specifically QuasAr3-s4, paQuasAr3-s4, ASAP35, and Voltron525

6—in 
mouse cortical brain slices under identical expression conditions, 
focusing on layer 2/3 neurons (Supplementary Table 3). The spec-
trally similar sensors QuasAr3-s, paQuasAr3-s, and SomArchon were 
recorded under identical imaging conditions (1.5 W mm−2) during 
CoChR-mediated action potentials. ASAP3 and Voltron were recorded 
with the filter sets described5,6 under similar excitation intensities as 
used in the initial description of Voltron6 (25–29 mW mm−2), during 
action potentials evoked upon application of 4-aminopyridine. Under 
these conditions, SomArchon exhibited the highest ΔF/F and SNR per 
action potential (Extended Data Fig. 5); in addition, SomArchon exhib-
ited values higher than those previously reported for Ace2N-mNeon7, 
ASAP12, MacQ-mCitrine3, and QuasAr28 (Supplementary Table 3). 
In addition, SomArchon showed higher photostability than soma- 
localized versions of ASAP3 and Voltron525 under comparable imaging 
conditions in cultured neurons (Extended Data Fig. 5e).

We virally expressed SomArchon in vivo in the mouse motor cortex, 
visual cortex, striatum, and hippocampus, and imaged neural activity 
while mice were awake with their heads fixed under a conventional 
one-photon microscope (Fig. 2a) using a scientific complementary 
metal-oxide semiconductor (sCMOS) camera and laser excitation light 
at 637 nm, at a power of around 1.6 W mm−2 (75 mW; 20× objective 
lens), 4 W mm−2 (75 mW; 40× objective lens), or 1.6 W mm−2 (95 mW; 
16× objective lens). Cells expressing SomArchon could be resolved at 
depths of about 50–150 μm below the imaging surface (Fig. 2b). We 
could detect individual spikes in single cells in all four brain regions 
(Fig. 2c, e, g, i, Supplementary Video 1). The SNR per action potential 
ranged from about 7 to about 16 across the brain regions examined 
(Fig. 2d, f, h, j). To our knowledge, no other paper has reported SNR 
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values per action potential in living mouse brain, so we cannot directly 
compare our molecule to others in this regard. We were able to resolve 
short segments of proximal dendrites next to the soma, and detected 

voltage fluctuation patterns that sometimes differed from those in the 
soma (Extended Data Fig. 6c–f). In addition, simultaneous optical 
control and voltage imaging was feasible using the strategy shown in 
Fig. 1h, in awake behaving mice (Fig. 2k–m).

Electrophysiological studies have shown that many striatal neurons 
increase their responses during movement9,23, while others decrease 
their responses9,10. Although electrophysiological recordings largely 
discard spatial information regarding the relative locations of the neu-
rons being observed, recent calcium imaging studies have revealed that 
spatially clustered striatal neurons are activated by similar aspects of 
movement11. These calcium imaging studies focused on the increases 
in activity during movement; decreases in activity are harder to observe 
with calcium imaging. We performed voltage imaging while mice ran 
on a spherical treadmill (Fig. 3a), identified cell bodies and spikes 
from cells in the striatum (Fig. 3b–d), and aligned spiking activity to 
movement (Fig. 3d). Some neurons exhibited firing patterns known 
to occur in striatal fast spiking interneurons24 or cholinergic interneu-
rons25 (Extended Data Fig. 7a–d). We found that 4 of the 14 neurons 
imaged were positively modulated by movement speed, and that 2 were 
negatively modulated by movement speed (Fig. 3e, f, Extended Data 
Fig. 7e, f; see Supplementary Table 2 for statistics). Furthermore, adja-
cent neurons did not respond to movement speed in identical ways. 
For example, in two recordings of three neurons each, one of the three 
neurons was positively modulated by movement speed whereas the 
other two were not (Fig. 3f, Extended Data Fig. 7a, c (cells 1, 2, 3 and 
cells 6, 7, 8), Supplementary Table 2). Thus, SomArchon can readily 
detect decreases in striatal neuron spiking during movement, and can 
help to disambiguate activity changes amongst spatially clustered stri-
atal neurons.

We performed wide-field voltage imaging with SomArchon in 
hippocampal CA1 neurons in awake, head-fixed mice, while simul-
taneously recording local field potentials (LFPs). In vivo patch-
clamp recordings have shown that the spikes of a CA1 neuron are 
more strongly phase-locked to its own intracellular theta frequency 
(4–10 Hz) oscillations than to the theta oscillations of the across-neuron  
averaged LFP26,27. We found that 6 of the 16 neurons had spikes phase-
locked to both intracellular and LFP theta oscillations (Fig. 4a), and that 
9 were phase-locked only to intracellular theta oscillations and not to 
LFP theta oscillations (Fig. 4b). As a population, neurons exhibited 
stronger phase-locking to intracellular theta oscillations than to LFP 
theta oscillations (Fig. 4c, d). SomArchon thus supports the analysis 
of subthreshold intracellular oscillations, although interpretation of 
these measurements must take into account background fluorescence, 
which—in densely labelled tissue—may result in crosstalk that affects 
correlations.

We evaluated the photostability of SomArchon in vivo, and found a 
slight decrease in fluorescence intensity in both the striatum and the 
hippocampus over time. However, the SNR remained largely stable in 
both brain regions (Extended Data Fig. 8). In the hippocampus, firing 
rates remained constant over time, and we were able to continuously 
image for up to 80 s with minimal changes in SNR (Extended Data 
Fig. 8i–m, Supplementary Video 1). This lack of toxicity is consistent 
with our results from cultured neurons (Extended Data Fig. 3).

Owing to the high performance and soma-targeted nature of 
SomArchon, we were able to routinely image multiple neurons at 
once in both cortical and subcortical brain regions (Figs. 2k, l, 3b, c, 
Extended Data Fig. 6a, b). In the hippocampus, using a 20× objective 
lens, we were able to record from 14 neurons at once, 8 of which were 
spiking (Fig. 4e, f). In addition, using a 16× objective lens, we routinely 
recorded from around 13 cells at once (n = 13.1 ± 3.5 (mean ± s.d.) 
neurons per FOV from 13 recording sessions in 2 awake mice). Of 
the 170 manually identified neurons, 107 (63%) spiked during the 
recording periods (duration: 13.5–27 s) (Extended Data Fig. 6g–j, 
Supplementary Table 4). The ability to record from multiple neurons 
simultaneously enabled us to examine the correlation and coherence 
of subthreshold activities between pairs of neurons, although back-
ground fluorescence crosstalk between nearby neurons will need to 

Hippocampus

100 ms

600 pA

Striatum

100 ms

500 pA

c Cortex layer 2/3

100 ms

400 pA

Fluorescence Patch voltage

d

a 

Electrical
Optical

e 0.001
0.0019 0.0411

g

–100
–60
–20
+20
+60

mV

r2 = 0.9339

h

1,000 ms

Cell 1

Cell 2

Cell 1

Cell 2

j

f

Syn
SomArchon

i

b 

30
%

 Δ
F/

F
60

%
 Δ

F/
F

60
 m

V
30

%
 Δ

F/
F

0pA

60
 m

V
30

%
 Δ

F/
F

60
 m

V
30

%
 Δ

F/
F

0pA

Archon1 KGC EGFP KV2.1motif ER2

0

10

20

30

40

50

S
N

R
A

P

0
10
20
30
40
50
60
70

ΔF
/F

A
P
  (

%
)

Cor
te

x

Hippoc
am

pus

Stri
at

um

Cor
te

x

Hippoc
am

pus

Stri
at

um

Cor
te

x

Hippoc
am

pus

Stri
at

um
0
1
2
3
4
5
6
7

FW
H

M
A

P
 (m

s)

–100 –60 –20 20 60

–10

0

10

20

30

40

Voltage (mV)

ΔF
/F

 (%
) 0

20

40

Cortex layer 2/3 Hippocampus Striatum

Syn
SomArchon P2A CoChR KV2.1motif

Fig. 1 | SomArchon enables high-fidelity voltage imaging in brain 
slices. a, Diagram of the SomArchon construct. b, Confocal images of 
SomArchon-expressing neurons in cortex layer 2/3 (left), hippocampus 
(middle), and striatum (right). Excitation wavelength (λex) = 488 nm laser, 
emission wavelength (λem) = 525/50 nm (representative images selected 
from 8, 10 and 6 slices, respectively, from 2 mice each). Scale bars, 50 μm. 
c, Single-trial SomArchon fluorescence (red), and concurrent membrane 
voltage recorded via whole-cell patch-clamp (black), during action 
potentials evoked by current injection (grey); λex = 637 nm laser at 0.8, 1.5, 
and 1.5 W mm−2 for cortex, hippocampus, and striatum, respectively.  
d, ΔF/F per action potential across recordings exemplified in c 
(representative traces selected from n = 18, 8, and 6 neurons from 5, 2, and 2 
mice, respectively). Box plots: 25th and 75th percentiles with notch, median; 
whiskers, 1.5× interquartile range from the 25th and 75th percentiles; 
middle horizontal line, mean; individual data points, open circles when 
n < 9). e, Electrical and optical action potential waveform full-width-
at-half-maximum (FWHMAP; dashed lines connect the same neurons) 
across recordings exemplified in c (P values above brackets are from two-
sided Wilcoxon rank-sum test; Supplementary Table 2). f, SNR per action 
potential across recordings exemplified in c. g, Population fluorescence of 
SomArchon in response to voltage steps in voltage-clamp mode, normalized 
to the fluorescence at −70 mV (inset, optical recordings for a representative 
neuron) recorded in cortex (n = 12 neurons from 2 mice).  
h, Diagram of SomArchon–P2A–CoChR–KV2.1motif. i, Fluorescence image 
of neurons in hippocampal slice expressing SomArchon–P2A–CoChR–
KV2.1motif (top) with two cells identified (bottom); λex = 637 nm, exposure 
time 1.3 ms (selected from n = 3 slices from 2 mice). Scale bar, 25 μm.  
j, Representative single-trial optical voltage traces from cells shown in i 
with blue light stimulation (2 ms pulse at 20 Hz). Acquisition rate, 777 Hz.
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be considered when interpreting pairwise correlation and coher-
ence measurements (Extended Data Figs. 9e–h, 10, Supplementary 
Discussion).

Compared to existing fully genetically encoded voltage indicators, 
SomArchon achieves a severalfold improvement in the number of cells 
that can be imaged simultaneously, while using inexpensive one-photon  
microscopy. The previously published record for fully genetically 
encoded voltage imaging was four spiking cells recorded simultane-
ously in an awake behaving mouse, but this required a specialized imag-
ing setup that combined two-photon structural imaging to support 
patterned single-photon excitation illumination targeting individual 

cell bodies, as well as the blue-light-gated molecule paQuasAr3, which 
is incompatible with commonly used pulsed blue light optogenetic 
modulation4. ASAP3 has been used to image three dendrites at once, 
with 2-photon microscopy, but this approach can be used to record 
only single cells at the fast rates typical for voltage imaging5. The hybrid 
GEVI sensor Voltron enables imaging of 46 neurons6, but requires 
the addition of chemicals delivered to the living brain that compli-
cate in vivo mammalian use, is not compatible with optogenetics, and 
exhibits a lower dynamic range than SomArchon (Extended Data 
Fig. 5). Voltron, ASAP3, and Ace2N-mNeon all exhibit crosstalk with 
rhodopsins, hampering their use with optogenetic actuators. Voltage 
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Fig. 2 | SomArchon enables single-cell voltage imaging in multiple 
brain regions of awake mice, using a simple wide-field imaging setup. 
a, Experimental setup. Left, awake mice had their heads fixed under a 
wide-field microscope; right, surgical window implant coupled with 
an infusion cannula and an LFP recording electrode. b, Representative 
SomArchon-expressing neurons visualized via EGFP fluorescence in 
motor cortex, visual cortex, striatum, and hippocampus (λex = 470/25 nm 
LED, λem = 525/50 nm). Scale bars, 50 μm. c, e, g, i, Voltage imaging in 
motor cortex (c), visual cortex (e), striatum (g), and hippocampus (i). Left, 
SomArchon fluorescence image of the cell in vivo; right, optical voltage 
trace acquired from the cell (dashed boxes indicate time intervals shown 
at successively expanded time scales; vertical bars indicate peaks of action 
potentials identified by a custom spike-sorting algorithm). λex = 637 nm 
laser at 1.6 W mm−2 for visual cortex and motor cortex, 4 W mm−2 for 

striatum and hippocampus, λem = 664 long-pass. Scale bars, 25 μm.  
d, f, h, j, Quantification of SNR per action potential for motor cortex  
(d), visual cortex (f), striatum (h), and hippocampus (j). Box plots as 
in Fig. 1. In b–j, representative images and traces were selected from, 
and statistics performed on, n = 8, 6, 10, and 17 cells from 3, 2, 3, and 
4 mice for the motor cortex, visual cortex, striatum, and hippocampus, 
respectively. k, Fluorescence image of selected FOV showing hippocampal 
neurons expressing SomArchon–P2A–CoChR–KV2.1motif (top) with 
neurons identified (bottom); λex = 637 nm, exposure time 1.2 ms. Scale 
bar, 20 μm. l, Representative single-trial optical voltage traces from cells 
shown in k with blue light stimulation (100 ms pulse). Image acquisition 
rate, 826 Hz. m, Firing rate changes during blue light off versus blue light 
on conditions in individual neurons. In k–m, representative image selected 
from, and statistics performed on, n = 14 cells from 2 mice.
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imaging with SomArchon or QuasAr3 is limited mainly by the high 
power and illumination spot of the 637-nm excitation laser; however, 
our data suggest that high-powered 637-nm excitation does not induce 
more phototoxicity than is seen with common, lower-powered 470-nm 
excitation (Extended Data Fig. 3). In conclusion, SomArchon is fully 
genetically encoded, is compatible with conventional easily accessible 
one-photon wide-field fluorescence microscopes, is fully compatible 
with blue-light-driven optogenetics, and enables routine imaging of 
around 13 neurons in a single FOV. We anticipate that the practicality 
of SomArchon will enable its rapid deployment into a variety of con-
texts in neuroscience. As camera performance improves in years to 

come, and as further evolution of GEVIs continues, we anticipate that 
it might be possible to image tens to hundreds of neurons using simple 
one-photon optics in the near future.
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Methods
Molecular cloning. To screen candidates for the soma-localized Archon1 volt-
age sensor in primary hippocampal neurons, we synthesized DNAs coding for 
candidate localization motifs de novo with mammalian codon optimization and 
subcloned them with the genes for Archon1 (GenBank ID MG250280.1) and 
EGFP into the pAAV-CAG vector to obtain the final constructs (Supplementary 
Table 1; gene synthesis and subcloning performed by Epoch Life Science). For 
in vivo expression in the mouse brain via IUE, the genes encoding Archon1–
KGC–EGFP–KV2.1motif–ER2, QuasAr3–PP–Citrine–KV2.1motif–ER2 (QuasAr3-s), 
paQuasAr3–PP–Citrine–KV2.1motif–ER2 (paQuasAr3-s) and CoChR–mTagBFP2–
KV2.2motif–ER2 were subcloned into the pCAG-WPRE vector. The genes encoding 
QuasAr3–PP–Citrine–KV2.1–ER2 and paQuasAr3–PP–Citrine–KV2.1–ER2 were 
synthesized de novo (GenScript Biotech) based on the reported sequences28. The 
gene for CoChR–mTagBFP2–KV2.2motif–ER2 was assembled by Epoch Life Science 
using pAAV-Syn–CoChR–GFP (Addgene plasmid no. 59070) and pBAD–mTag-
BFP2 (Addgene plasmid no. 34632) as the source of the genes for CoChR and 
mTagBFP2, respectively; the KV2.2 motifs were synthesized de novo with mam-
malian codon optimization (Epoch Life Science). The pAAV-Syn-Archon1-KGC-
EGFP-KV2.1motif-P2A-CoChR-KV2.1motif plasmid was also cloned by Epoch Life 
Science. We used the Kv2.1 motif fused to CoChR for the following reason: in 
our original paper on soma-targeted CoChR18, we used the KA2 sequence, which 
worked best with CoChR–GFP, but in this paper we used fluorophore-free CoChR, 
which did not express well with KA2, and rather worked better with KV2.1; we 
also sometimes used the corresponding sequence from KV2.2 as described in the 
text. Plasmid amplification was performed using Stellar (Clontech Laboratories) or 
NEB10-beta (New England BioLabs) chemically competent Escherichia coli cells. 
Small-scale isolation of plasmid DNA was performed with Mini-Prep kits (Qiagen); 
large-scale DNA plasmid purification was done with GenElute HP Endotoxin-Free 
Plasmid Maxiprep Kits (Sigma-Aldrich). The genes for ASAP3-Kv and Voltron-ST 
were synthesized de novo by GenScript, based on the reported sequences5,6, and 
cloned into the pCAG-WPRE vector.
Neuronal culture and transfection. All mouse procedures were performed in 
accordance with the National Institute of Health Guide for Laboratory Animals and 
approved by the Massachusetts Institute of Technology Institutional Animal Care 
and Use and Biosafety Committees. For preparation of dissociated hippocampal 
mouse neuron cultures, we used postnatal day 0 or 1 Swiss Webster mice with-
out regard to sex (Taconic Biosciences) as previously described13. In brief, dis-
sected hippocampal tissue was digested with 50 units of papain (Worthington 
Biochemical) for 6–8 min at 37 °C, and the digestion was stopped by incubation 
with ovomucoid trypsin inhibitor (Worthington Biochemical) for 4 min at 37 °C. 
The tissue was then gently dissociated with Pasteur pipettes, and dissociated neu-
rons were plated at a density of 20,000–30,000 per glass coverslip coated with 
Matrigel (BD Biosciences). Neurons were seeded in 100 μl plating medium contain-
ing MEM (Life Technologies), glucose (33 mM, Sigma), transferrin (0.01%, Sigma), 
HEPES (10mM, Sigma), Glutagro (2 mM, Corning), insulin (0.13%, Millipore), 
B27 supplement (2%, Gibco), and heat-inactivated FBS (7.5%, Corning). After cell 
adhesion, additional plating medium was added. AraC (0.002 mM, Sigma) was 
added when glia density was 50–70% of confluence. Neurons were grown at 37 °C 
and 5% CO2 in a humidified atmosphere.

For in vitro screening of candidate soma-localized Archon1 sensors, primary 
hippocampal neuron cultures were transfected with 500 ng plasmid DNA per well 
using a commercial calcium phosphate transfection kit (Life Technologies) after 
4 days in vitro (DIV), as previously described13. After 30–60 min of incubation of 
cultured neurons with DNA-calcium phosphate precipitate at 37 °C, neurons were 
washed twice with acidic MEM buffer (pH 6.7–6.8) to remove residual calcium 
phosphate particles and returned to the original plating medium. All measure-
ments on cultured neurons were taken between DIV 14 and DIV 18 (about 9–14 
d post transfection) to allow sodium channel maturation (and thus spiking). No 
cultured neuron recordings were supplemented with all-trans-retinal.
Electrophysiology and fluorescence microscopy in cultured primary  
hippocampal neurons. Whole-cell patch-clamp recordings of cultured neu-
rons for Supplementary Table 1 were acquired via an Axopatch 700B amplifier 
(Molecular Devices) and Digidata 1440 digitizer (Molecular Devices). Neurons 
were patched between DIV 14 and DIV 18 and were bathed in Tyrode’s solution 
(125 mM NaCl, 2 mM KCl, 3 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 30 mM 
glucose, pH 7.3 (NaOH adjusted)) at 32 °C during measurements. Synaptic block-
ers (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline (NBQX), 10 μM; 
d(–)-2-amino-5-phosphonovaleric acid, 25 μM; gabazine, 20 μM; Tocris) were 
added to the extracellular solution for single-cell electrophysiology. Borosilicate 
glass pipettes with an outer diameter of 1 mm and a wall thickness of 0.2 mm were 
pulled to produce electrodes with resistance of 3–10 MΩ and were filled with an 
internal solution containing 135 mM potassium gluconate, 8 mM NaCl, 10 mM 
HEPES, 4 mM Mg-ATP, 0.4 mM Na-GTP, 0.6 mM MgCl2, 0.1 mM CaCl2, pH 7.25 
(KOH adjusted) at 295 mOsm. Measurements from primary neuron cultures were  

performed on the electrophysiology setup described above. Patch-clamp data were 
acquired only if the resting potential was below −45 mV and access resistance was 
<25 MΩ. Access resistance was compensated at 30–70%. Fluorescence imaging 
was performed on an inverted fluorescence microscope (Nikon Ti), equipped with 
a red laser (637 nm, 100 mW, Coherent, OBIS 637LX, Pigtailed) expanded by a 
beam expander (Thorlabs) and focused onto the back focal plane of a 40× NA 
1.15 objective lens (Nikon).

Two-photon imaging of SomArchon-expressing neurons was performed using 
an Olympus FVMPE-RS equipped with two lasers for fluorescence excitation. An 
InSight X3 laser (Spectra-Physics) tuned to 1,150 nm at 50% transmissivity was 
used to excite SomArchon, and a MaiTai HP Ti:Sapphire laser (Spectra-Physics) 
tuned to 920 nm at 15% transmissivity was used to excite EGFP. The laser beams 
were focused using a 25× 1.05 NA water-immersion objective lens (Olympus). 
SomArchon emission was separated using a 590-nm dichroic mirror and imaged 
with 660–750 nm and 495–540 nm filters for near-infrared and green fluores-
cence, respectively, and signals were collected onto separate photomultiplier tubes. 
Imaging was performed at 2.0 μs per pixel sampling speed with one-way galvano 
scanning.
Phototoxicity and photobleaching measurements in cultured neurons. For 
phototoxicity and photostability measurements, primary mouse neuron cultures, 
prepared as described above, were imaged using an inverted Eclipse Ti-E micro-
scope (Nikon) equipped with an sCMOS camera (OrcaFlash4.2, Hamamatsu), 
LED light source (Spectra, Lumencor), a 637-nm laser (637 LX, OBIS) focused on 
the back focal plane of a 40× NA 1.15 water immersion objective lens (Nikon), 
and a Polygon400 Multi-wavelength Patterned Illuminator (Mightex) with a 
470-nm LED (ThorLabs). To express SomArchon, neurons were infected with 
AAV2-CaMKII-SomArchon or AAV2-Syn-SomArchon-P2A-CoChR-KV2.1motif 
at DIV 5. To express ASAP3-Kv and Voltron-ST, neurons were transfected with the 
pCAG-ASAP3-Kv-WPRE and pCAG-Voltron-ST-WPRE plasmids, respectively, 
using the calcium phosphate method described above. For imaging of Voltron-
expressing neurons, the cells were incubated with JF525 at final concentration 
1.25 μM for 60 min at 37 °C (application of higher concentrations of JF525 resulted 
in marked internalization of the dye within 40 min of incubation at 37 °C, thus 
preventing functional imaging owing to the high background fluorescence). After 
incubation, the cells were washed 3 times with fresh plating medium for 3 h to 
removed unbound dye. The reactive oxygen species (ROS) measurements were 
performed using CellRox Orange dye (Invitrogen) according to the manufacturer’s 
protocol. In brief, neurons were incubated with the CellROX Orange reagent at 
a final concentration of 5 μM for 30 min at 37 °C in darkness, and then washed 
once with fresh plating medium before imaging. Immediately before imaging, cells 
were supplemented with the NucGreen Dead 488 reagent for detection of plasma 
membrane integrity, which we used to indicate cell death. Cells that showed a 
more than ten times increase in green fluorescence in the nucleus over background 
fluorescence levels were considered dead. Neurons were imaged between DIV 14 
and DIV 18 in the plating medium at 22 °C. CellROX Orange fluorescence was 
acquired using 510/25 nm excitation at 0.8 mW/mm2 and 545/40 nm emission. 
NucGreen fluorescence was acquired using 475/36 nm excitation at 3.5 mW/mm2 
and 527/50 nm emission.
IUE, AAV injection, and acute brain slice preparation. For IUE, embryonic day 
(E)15.5 timed-pregnant female Swiss Webster (Taconic Biosciences) mice were 
deeply anaesthetized with 2% isoflurane. Uterine horns were exposed and periodi-
cally rinsed with warm sterile PBS. Plasmid DNA (1–2 μg total at a final concentra-
tion of about 2–3 μg/μl diluted in sterile PBS) was injected into the lateral ventricle 
of one cerebral hemisphere of an embryo. Five voltage pulses (50 V, 50 ms duration, 
1 Hz) were delivered using 5-mm round plate electrodes (ECM 830 electroporator, 
Harvard Apparatus), with the anode or cathode placed on top of the skull to target 
the cortex or hippocampus, respectively. Electroporated embryos were placed back 
into the dam, and allowed to mature to delivery. Brain slices were prepared from 
electroporated mice without regard to sex at postnatal day (P)12–P22.

The electroporated mice were anaesthetized by isoflurane inhalation and 
decapitated, and cerebral hemispheres were quickly removed and placed in cold 
choline-based cutting solution consisting of (in mM): 110 choline chloride, 25 
NaHCO3, 2.5 KCl, 7 MgCl2, 0.5 CaCl2, 1.25 NaH2PO4, 25 glucose, 11.6 ascorbic 
acid, and 3.1 pyruvic acid (339–341 mOsm/kg; pH 7.75 adjusted with NaOH) for 2 
min, then blocked and transferred into a slicing chamber containing ice-cold cho-
line-based cutting solution. For mice electroporated with Voltron-ST, 50 μl JF525 
dye (Janelia Farm; 12.5 nM JF525 in 10μl DMSO mixed with 10 μl Pluronic F-127 
(20% w/v in DMSO; Invitrogen) and 30 μl sterile PBS) was injected into the ret-
ro-orbital sinus one day before slicing. Coronal slices (300 μm thick) were cut with 
a Compresstome VF-300 slicing machine, then transferred to a holding chamber 
with artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 25 
NaHCO3, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4 and 11 glucose (300–310 mOsm/kg; pH 
7.35 adjusted with NaOH), and allowed to recover for 10 min at 34 °C, followed by 
another 30 min at room temperature. Slices were subsequently maintained at room 
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temperature (22 °C) until use. Both cutting solution and ACSF were constantly 
bubbled with 95% O2 and 5% CO2.

For AAV injection, 21-day-old C57 BL/6J mice were anaesthetized with isoflu-
rane and placed in a small animal stereotaxic apparatus (David Kopf Instruments). 
Animals were injected with 200 nl rAAV8-Syn-Archon1-KGC-EGFP-Kv2.1mo-
tif-ER2 using a Nanoject (Drummond Scientific) via glass pipettes with 20–30-μm 
diameter tips into the striatum: anteroposterior (AP) 1.2 mm, mediolateral (ML) 
2.1 mm, dorsoventral (DV) 3.2 mm relative to bregma. Brain slices were then pre-
pared from these AAV-injected mice at P30–35. Mice were deeply anaesthetized 
with isoflurane and perfused transcardially using cold saline containing (in mM): 
194 sucrose, 30 NaCl, 4.5 KCl, 1.2 NaH2PO4, 0.2 CaCl2, 2 MgCl2, 26 NaHCO3, 
and 10 d-(+)-glucose saturated with 95% O2 and 5% CO2, pH 7.4 adjusted with 
NaOH, 320–340 mOsm/l. Coronal slices (250–300 μm thick) were cut using a 
slicer (VT1200 S, Leica Microsystems) and then incubated for 10–15 min in a 
holding chamber (BSK4, Scientific System Design) at 32 °C with regular ACSF 
containing (in mM): 136 NaCl, 3.5 KCl, 1 MgCl2, 2.5 CaCl2, 26 NaHCO3 and 11 
glucose saturated with 95% O2 and 5% CO2, followed by at least 1 h recovery at 
room temperature (21–25 °C) before recording.
Concurrent electrophysiology and fluorescence imaging in acute brain slices. 
For the recordings shown in Fig. 1 and Extended Data Fig. 3a–c, individual slices 
were transferred to a recording chamber mounted on an upright microscope 
(Olympus BX51WI, see below) and continuously superfused (2–3 ml/min) with 
carbogenated ACSF at room temperature. Whole-cell patch-clamp recordings 
were performed with borosilicate glass pipettes (KG33, King Precision Glass) heat- 
polished to obtain direct current resistances of ∼4–6 MΩ. For cortex recordings, 
pipettes were filled with an internal solution containing in mM: 120 K-gluconate, 
2 MgCl2, 10 HEPES, 0.5 EGTA, 0.2 Na2ATP, and 0.2 Na3GTP. For hippocampus 
and striatum recordings, pipettes were filled with an internal solution containing 
in mM: 131 K-gluconate, 17.5 KCl, 9 NaCl, 1 MgCl2, 10 HEPES, 1.1 EGTA, 2 
Na2ATP, and 0.2 Na3GTP. Voltage clamp recordings were made with a microelec-
trode amplifier (Multiclamp 700B, Molecular Devices). Cell membrane potential 
was held at −60 mV, unless specified otherwise. Signals were low-pass-filtered at 
2 kHz and sampled at 10–20 kHz with a Digidata 1440A (Molecular Devices), and 
data were stored on a computer for subsequent offline analysis. Cells in which the 
series resistance (Rs, typically 8–12 MΩ) changed by >20% were excluded from 
subsequent data analysis. In addition, cells with Rs more than 25 MΩ at any time 
during the recordings were discarded. In some cases, conventional characterization 
of neurons was made in both voltage and current clamp configurations. Positive 
neurons were identified for recordings on the basis of EGFP expression visualized 
with a microscope equipped with a standard GFP filter (BX-51WI, Olympus). 
Optical voltage recordings were taken through a 40× water immersion objective 
(Olympus LUMFL N 40x/0.8W). Fluorescence was excited using a fibre-coupled 
637-nm red laser (140 mW, Coherent Obis 637-140 LX), and the emission was 
filtered through a 664-nm long-pass filter. Images were collected on an EMCCD 
camera (Andor iXON Ultra 888) or sCMOS camera (Andor Zyla4.2 Plus Andor) in 
a reduced pixel window to enable acquisition at about 1 kHz. Each trial was about 
30 s in duration. Of the 18 cortical neurons reported in Fig. 1, 4 neurons were not 
analysed for Fig. 1e because the electrophysiology files were inadvertently not 
saved, owing to a problem with the manual save process.

For optical recordings shown in Fig. 1i, j and Extended Data Figs. 1a–g, 2, 5, 
acute brain slices were transferred to a recording chamber mounted on an inverted 
Eclipse Ti-E (Nikon) equipped with a CMOS camera (Zyla5.5, Andor), LEDs 
(Spectra, Lumencor), a 637-nm laser (637 LX, OBIS) focused on the back focal 
plane of a 40× NA 1.15 objective (Nikon), and a Polygon400 Multiwavelength 
Patterned Illuminator (Mightex) with 470-nm LED (ThorLabs), and continuously 
superfused (2–3 ml/min) with carbogenated ACSF at room temperature. Positive 
cells were imaged under 0.8 or 1.5 W/mm2 (55 mW) excitation light power at 637 
nm from the laser. 4-Aminopyridine at a final concentration of 1 mM was added 
to induce neuronal activity for experiments shown in Extended Data Figs. 2c, d, g, 
h, 5. For Fig. 1i, j and Extended Data Fig. 5, cells were illuminated with 2-ms blue 
light pulses at light power in the range from 0.1 to 1.0 mW/mm2.
Mouse surgery. All in vivo mouse procedures were performed in accordance with 
the National Institute of Health Guide for Laboratory Animals and approved by the 
Boston University Institutional Animal Care and Use and Biosafety Committees.
Virus injection surgery. All AAVs were produced by the University of North 
Carolina Chapel Hill Vector Core. Adult female C57BL/6 mice (Charles River 
Laboratories) or Chat-cre mice (Chat-cre;129S6-Chattm2(cre)Lowl/J, the Jackson 
Laboratory), 8–12 weeks old at the time of surgery, were used for all experiments. 
AAV-Syn-SomArchon (5.9 × 10−12 genome copies (GC)/ml) or AAV-syn-
SomArchon-P2A-CoChR-Kv2.1 (2.19 × 10−13 GC/ml) was injected into the 
motor cortex (AP: +1.5 mm, ML: ±1.5 mm, DV: −0.3 mm relative to bregma, 
0.5 μl virus), visual cortex (AP: −3.6 mm, ML: ±2.5 mm, DV: −0.3 mm, 0.5 μl 
virus), hippocampus (AP: −2.0 mm, ML: +1.4 mm, DV: −1.6 mm, 1 μl virus) or 
striatum (AP: +0.8 mm, ML: −1.8 mm, DV: −2.1 mm, 1 μl virus). Viral injection 

occurred at 50–100 nl/min (10 min total) using a 10-μl syringe (NANOFIL, World 
Precision Instruments) fitted with a 33-gauge needle (World Precision Instruments, 
NF33BL) and controlled by a microinfusion pump (World Precision Instruments, 
UltraMicroPump3–4). The syringe was left in place for an additional 10 min after 
injection to facilitate viral spread. About one week after the viral injection, mice 
underwent a second surgery to implant the cranial window for in vivo imaging.
Cortex imaging window implantation. The imaging window consisted of a stain-
less steel cannula (OD: 3.17 mm, ID: 2.36 mm, height: 1 mm, AmazonSupply, 
B004TUE45E) fitted with a circular coverslip (no. 0, OD: 3 mm, Deckgläser Cover 
Glasses, Warner Instruments, 64-0726 (CS-3R-0)) adhered using a UV curable 
glue (Norland Products, Norland Optical Adhesive 60, P/N 6001). A craniotomy 
of about 3 mm in diameter was created, with the dura left intact, over the motor 
cortex (centred at AP: +1.5 mm, ML: ±1.75 mm) or visual cortex (AP: −3.6 mm, 
ML: ±2.15 mm). The imaging window was positioned over the cortex so that it was 
flush with the surface of the dura. Kwik-sil adhesive (World Precision Instruments, 
KWIK-SIL) was applied around the edges of the imaging window to hold the imag-
ing window in place and to prevent any dental cement from touching the brain. 
Three small screws (J.I. Morris, F000CE094) were screwed into the skull to further 
anchor the imaging window to the skull. Dental cement was then gently applied 
to affix the imaging window to the exposed skull, and to mount an aluminium 
headbar posterior to the imaging window. Supplementary Fig. 1a, b provides the 
window placement.
Hippocampus and striatum imaging window implantation. Hippocampal and 
striatal window surgeries were performed in a similar way to those previ-
ously described11,29. For each imaging window, a virus/drug infusion cannula (26G, 
PlasticsOne, C135GS-4/SPC) was attached to a stainless steel imaging cannula (OD: 
3.17 mm, ID: 2.36 mm, height: 1 or 2 mm, AmazonSupply, B004TUE45E). The 
bottom of the infusion cannula was flush with the base of the stainless steel can-
nula, and a circular coverslip (no. 0, OD: 3mm, Deckgläser Cover Glasses, Warner 
Instruments, 64-0726 (CS-3R-0)) was adhered using a UV curable glue (Norland 
Products, Norland Optical Adhesive 60, P/N 6001). An additional insulated stain-
less steel wire (diameter: 130 μm, PlasticsOne, 005SW-30S, 7N003736501F) was 
glued to the viral/drug infusion cannula with super glue (Henkel, Loctite 414 and 
Loctite 713) and protruded from the bottom of the infusion cannula and imaging 
window by about 200 μm for LFP recordings.

A craniotomy about 3 mm in diameter was made over the hippocampus 
CA1 region (AP: −2.0 mm, ML: +2.0 mm) or the striatum (AP: +0.8 mm, ML: 
−1.8 mm). A small notch was made on the posterior edge of the craniotomy to 
accommodate the infusion cannula and LFP recording electrode. The overlying 
cortex was gently aspirated using the corpus callosum as a landmark. The corpus 
callosum was then carefully thinned to expose the hippocampus CA1 region or 
the dorsal striatum. The imaging window was positioned in the craniotomy, and 
Kwik-sil adhesive (World Precision Instruments, KWIK-SIL) was applied around 
the edges of the imaging window to hold it in place and to prevent any dental 
cement from touching the brain. Three small screws (J.I. Morris, F000CE094) 
were screwed into the skull to further anchor the imaging window to the skull, 
and a small ground pin was inserted into the posterior part of the brain near the 
lambda suture as a ground reference for LFP recordings. Dental cement was then 
gently applied to affix the imaging window to the exposed skull, and to mount an 
aluminium headbar posterior to the imaging window. Supplementary Fig. 1c, d 
provides the window placement.

In mice that did not receive a virus injection before window implantation, 1 μl 
of AAV-syn-SomArchon (5.9 × 1012 GC/ml) or 1 μl of AAV-syn-SomArchon-
P2A-CoChR-Kv2.1 (2.19 × 1013 GC/ml), or 1 μl of AAV-CAG-FLEX-SomArchon 
(6.3 × 1012 GC/ml) was injected through the virus/drug infusion cannula at 
100 nl/min through an internal infusion cannula (33G, PlasticsOne, C315IS-4/
SPC) connected to a microinfusion pump (World Precision Instruments, 
UltraMicroPump3–4), one week after the window implantation surgery. The 
internal infusion cannula was left in place for 10 min after injection to facilitate 
viral spread. Mice were awake and their heads were fixed throughout the injection 
period.

All mice were treated with buprenex for 48 h after surgery and single-housed 
to prevent any damage to the headbar or window implant.
In vivo imaging in the live mouse brain. All optical recordings were acquired 
on a conventional one-photon fluorescence microscope equipped with an ORCA 
Flash 4.0 V3 Digital CMOS camera (Hamamatsu Photonics K.K., C13440-20CU) 
or Hamamatsu ORCA Fusion Digital CMOS camera (Hamamatsu Photonics 
K.K., C14440-20UP), 10× NA0.25 LMPlanFI air objective (Olympus), 40× NA0.8 
LUMPlanFI/IR water immersion objective (Olympus), 20× NA1.0 XLUMPlanFL 
N water immersion objective (Olympus), 16× NA0.8 CFI LWD Plan Fluorite water 
immersion objective (Nikon), 470-nm LED (ThorLabs, M470L3), 140-mW 637-
nm red laser (Coherent Obis 637-140X), a green filter set with a 470/25-nm band-
pass excitation filter, a 495-nm dichroic, and a 525/50-nm bandpass emission filter, 
and a near infrared filter set with a 635-nm laser dichroic filter, and a 664-nm 
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long-pass emission filter. The near-infrared laser illuminated a circular area of 
about 60–80 μm, about 80–140 μm, and about 100–200 μm in diameter in brain 
tissue, with FOV height (limited by camera acquisition rate) 40–60 μm, 80–100 
μm, and 100–120 μm under 40×, 20×, and 16× objective lenses, respectively. A 
mechanical shutter (Newport, model 76995) was positioned in the laser path to 
control the timing of illumination over the imaging window. Optical recordings 
were acquired at 390–900 Hz with HCImage Live (Hamamatsu Photonics K.K.) 
or NIS Elements (Nikon) software. HC Image Live data were stored as DCAM 
image files (DCIMG), and further analysed offline in Fiji/ImageJ and MATLAB 
(Mathworks). NIS Elements data were stored as .nd2 files and further analysed 
offline using the NIS Elements software.

The GFP signal of SomArchon was acquired in the green channel (λex = 470 
nm) at 1,024 × 1,024 pixels with 2 × 2 binning to show cell structure and dis-
tribution. Optical voltage recordings were imaged in the near infrared channel 
(λex = 637 nm) with 2 × 2 or 4 × 4 binning. OmniPlex system (PLEXON) was 
used to synchronize data acquisition from different systems. In all experiments, 
the OmniPlex system recorded the start of image acquisition from the sCMOS 
camera, the acquisition time of each frame, and other experiment-dependent sig-
nals described below.
Optical imaging of spontaneous neural activity. All in vivo optical imaging of spon-
taneous neural activity was performed when mice were awake with their heads 
fixed in a custom holder that allowed attachment of the headplate at the anterior 
end. Animals were covered with an elastic wrap to prevent upward movement. 
Spontaneous neural activity recordings lasted continuously for up to 30,000 frames 
(about 36 s).
Eye puff. During some in vivo hippocampal imaging recordings, an eye puff was 
applied to evoke high-frequency local field potential responses in the hippocam-
pus (Extended Data Fig. 9a–d). The mice had their heads fixed in a custom holder 
that allowed attachment of the headplate at the anterior end, and they were cov-
ered with an elastic wrap to prevent upward movement. Each experimental ses-
sion consisted of 20–30 trials, with each trial lasting for 5,000 frames (about 6 s).  
Three seconds after the start of image acquisition, the sCMOS camera sent a 
TTL pulse to a function generator (Agilent Technologies, model 33210A), which 
triggered a 100-ms-long air puff. The air puff was 5–10 psi, and administered via 
a 0.5-mm cannula placed 2–3 cm away from the eye of the mouse. The puff TTL 
pulses were also recorded with the OmniPlex system (PLEXON). Eye movement 
was monitored using a USB webcam (Logitech, Carl Zeiss Tessar 2.0/3.7 2MP 
Autofocus).
Optopatch blue light stimulation. All in vivo optopatch (that is, optogenetics plus 
voltage imaging) experiments were performed when mice were awake with their 
heads fixed in a custom holder that allowed attachment of the headplate at the ante-
rior end. Mice were covered with an elastic wrap to prevent upward movement. A 
470-nm LED (ThorLabs, M470L3) was coupled to a Polygon400 Multiwavelength 
Patterned Illuminator (Mightex), and the blue light was focused through the objec-
tive lens to illuminate the centre of the FOV. At the onset of imaging, the sCMOS 
camera sent a TTL pulse to trigger Axon CNS (Molecular Devices, Digidata 
1440A) which controlled the 470-nm LED (ThorLabs). Each trial lasted 1.1 s and 
consisted of a single 100-ms-long blue light pulse, 500 ms after trial onset. Each 
recording session consisted of 10 trials with increasing blue light power from 0.1 
to 1 mW/mm2, with a step of about 0.1 mW/mm2 per trial. The OmniPlex system 
(PLEXON) recorded the timing of TTL pulses used to trigger the Axon CNS.
Head-fixed voluntary movement experiments. All voluntary movement experiments 
were performed while awake, head-fixed mice were freely navigating a spheri-
cal treadmill. The spherical treadmill was constructed as described30. In brief, a 
3D spherical Styrofoam ball was supported by air, and motion was tracked using 
two computer mouse sensors positioned roughly ±45° from the centre along the 
equator of the ball. All motion-sensor displacement data were acquired at 100 Hz 
on a separate computer and synthesized using a custom Python script. Motion 
sensor displacement data were then sent to the image acquisition computer to 
be accumulated using a modified ViRMEn MATLAB script. The timing of each 
motion sensor displacement data point was also recorded using the OmniPlex 
system (PLEXON) to synchronize movement data with optical voltage recordings.

To determine the mouse movement speed, ball movement was first calibrated. 
The ball was pinned on the two sides and rotated vertically to calibrate sensor 
displacement.

All mice were habituated on the spherical treadmill for at least 3 days, at least 20 
min per day, before image acquisition. During optical imaging, mice were imaged 
while freely navigating the spherical treadmill. Each FOV was recorded for at least 
36 s in total. In some fields of view, we performed multiple trials, and each trial 
was at least 12 s in duration with an inter-trial interval of at least 30 s in duration.
Local field potential recording. Local field potentials were recorded using an 
OmniPlex system (PLEXON) at a 1 kHz sampling rate. To synchronize optical 
recordings with LFP recordings, the camera sent out a TTL pulse to the OmniPlex 
system at the onset of imaging and after each acquired frame.

Motion correction. In Figs. 2i, 3, 4, motion correction was performed with a cus-
tom Python script. For FOV, if multiple video imaging files were collected for the 
same FOV, we started with the first imaging file to ensure speedy data processing 
(a single video file contains a series of images). We first generated the reference 
image by averaging across all images within the file. We then performed a series 
of image processing procedures to enhance the contrast of the reference image 
and every image in the file to facilitate motion correction. We first removed 10% 
of the pixels along all edges of an image to remove any camera induced artefact. 
We then applied a high-pass filter (Python scipy package, ndimage.gaussian_filter, 
sigma = 50) to remove low-frequency components within the images. To enhance 
the boundaries of high intensity areas, we identified the boundaries as the differ-
ence between two low-pass-filtered images (sigma = 2 and 1). We then enhanced 
the boundary by adding 100 times the boundary back to the low-pass-filtered 
image (sigma = 2). We then limited the intensity range of the processed images 
within one standard deviation above and below the average intensity of the image, 
by setting the pixels with intensity higher than mean + s.d. as mean + s.d., and 
the pixels with intensity lower than mean − s.d. as zero. Finally, to counter any 
potential bleaching over time, we normalized the intensity of each image by shift-
ing the mean intensity to zero and divided intensity values by the s.d. of all pixel 
intensities in that image. After image processing, we calculated the displacement 
of each image, by identifying the maximum cross-correlation coefficient between 
each image and the reference image, and then corrected motion by shifting the 
displacement in the original, unenhanced image sequence. If the same FOV was 
imaged over an extended period of time, during which multiple files were acquired, 
we motion-corrected subsequent files by aligning them to the first file, so that the 
same ROIs from the same FOV could be applied across the entire imaging session. 
Specifically, we first refined the reference frame by generating the mean intensity 
projection image from the motion-corrected first imaging file. The refined refer-
ence image was then used to motion-correct all files of the same FOV, including 
the first file, using the procedure described above. The motion-corrected, original, 
unenhanced image sequences were then used for subsequent manual ROI segmen-
tation and further analysis.
ROI identification. We imported the image files (motion-corrected as above, if 
necessary) into Fiji/ImageJ or NIS Elements and manually segmented ROIs by 
examining the time-series images to identify areas with clear neuron outlines and/
or intensity dynamics over time. The optically recorded voltage traces for each ROI 
were generated from the motion-corrected image sequences using the multiple 
measurement function and were then used for analyses.

The wide dynamic range (16 bit) of the raw images meant that to select dim 
as well as bright cells, we had to create maximum projection and standard devia-
tion images of the entire raw video, and stretched their look-up tables to enhance 
visibility. For Fig. 4 and Extended Data Fig. 9e–h, cells were densely packed, so 
we identified and tracked ROIs semi-manually across image sequences without 
performing motion correction. We first visually inspected all image sequences 
and identified those with minimal motion and with an SNR greater than about 2 
for further analysis. We then performed an iterative ROI-selection procedure to 
identify ROIs that best fit each cell. Specifically, we started by manually selecting 
ROIs from the maximum projection image of the entire image sequence. The image 
sequence was then visually inspected to identify frames with cells that exhibited 
shifts of more than three pixels from the defined ROI. We then used these frames 
to separate the image sequence into multiple time intervals, and obtained a new set 
of maximum projection images to identify new ROIs within these time intervals 
for these cells. This procedure was repeated iteratively until the ROI represented 
the cell across all image frames in their corresponding time intervals without the 
cell moving out of the ROI. Thus, with this procedure, we created multiple ROIs 
representing the same cell across different frames. For each cell, we extracted traces 
for every ROI during its corresponding time interval, and stitched the baseline-nor-
malized traces for the same cell(s) in time. The fluorescence traces of each cell were 
then detrended for further analysis. Supplementary Fig. 2 provides an example of 
raw and processed traces for two cells in the same FOV.
Hippocampal spike detection. Spikes were associated with a rapid increase in 
intensity, followed by a rapid decrease. By contrast, occasional motion artefacts 
were usually associated with a decrease in intensity as a neuron moved out of the 
ROI. To facilitate spike detection, we first removed motion artefacts. For each time 
point of the fluorescence intensity trace for each ROI, we calculated the change 
in intensity from that of the prior time point (Ichange). We then defined noise as 
the time points at which instantaneous Ichange was 3 s.d. below the mean value of 
Ichange across the entire trace. We excluded any time points at which the Ichange of 
the previous time point was more than 1 s.d. above the average Ichange, because 
this might have indicated a spike. These noise time points and their following 
three time points (as we found that motion artefacts are typically >4 ms) were 
then considered motion artefacts, and removed from further analysis. We then 
recalculated the standard deviation of Ichange, excluding the data points related to 
the motion artefact. The peaks of spikes were then identified as time points that 
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met the following two criteria: (1) the intensity change of the time point combined 
with that of its preceding time point was more than 3 s.d. above the average Ichange, 
and (2) the intensity change over the next two time points was less than 2 s.d. 
below the average Ichange.
Hippocampal spike–phase calculation. Hippocampal spike–phase analysis was 
performed on 16 neurons from 7 FOVs in 4 mice. For each FOV, we analysed data 
collected over 10 trials (about 60 s in total) during which animals experienced an 
eye puff in each trial, as described above. To calculate the phase of spikes at theta 
frequency (4–10 Hz), we first band-pass-filtered both the optical voltage trace and 
the simultaneously recorded LFP at theta frequency (eegfilt, EEGLAB toolbox). 
The peaks of theta oscillation power were then identified using the findspike func-
tion in MATLAB. For each spike, we obtained the phase of the spike by calculating 
the timing of each spike relative to the period of that oscillation cycle in degrees. 
We averaged the phases of all spikes from the same neuron as the average phase 
of a given neuron.
Analysis for pairwise coherence between hippocampal neurons and LFPs. The 
coherence analysis was performed on nine FOVs that contained multiple neurons 
from four mice. Each FOV contained imaging data over a period of 6–36 s. For 
each FOV, we first re-sampled the LFP at the acquisition rate of the optical imaging. 
We then divided the optical voltage traces and LFPs into segments of 1,000 data 
points. We then calculated the averaged coherence, at theta frequency (4–10 Hz), 
with the functions in the Chronux toolbox (optical voltage trace to optical voltage 
trace or LFP: coherencyc, and spike to spike: coherencypt) with tapers = [10 19], 
fpass = [4 10] and trialave = 1. To compare Vmo–Vmo coherence with Vmo–LFP 
coherence across nine FOVs, we averaged the coherence of neurons in the same 
FOV to obtain the mean coherence of that FOV, and then performed statistical tests 
across FOVs using the mean coherences of the individual FOVs. To understand the 
relationships between pairs of coherence, we used the MATLAB function fitlm to 
perform a linear regression between coherent pairs and obtain the P and r2 values.

To estimate background fluorescence crosstalk, we calculated pairwise coher-
ence and correlation between background doughnut areas surrounding a neuron. 
To select background doughnut areas, we excluded the edges (5%) of each FOV, 
because the edge may be missing for a particular image frame when image frames 
were shifted during motion correction. The background doughnut of a neuron was 
determined as the area 3–10 μm from the neuron boundary, excluding any pixels 
within 10 μm of the boundary of another neuron. One neuron was excluded from 
this analysis owing to dense labelling where we could not identify its doughnut 
area. Fluorescence traces of the background doughnut area were then processed as 
for neurons, and their pairwise coherence and Pearson correlations were calculated.
Spike detection for striatum, motor cortex, and visual cortex. After motion cor-
rection, we first identified large fluorescence increases using a threshold of 4 s.d. 
above the baseline. The baseline was manually selected as a period of >500 ms 
without spiking or drifting due to z-plane shifting or photobleaching. From these 
large fluorescence increases, we selected those with rise times and decay times 
shorter than 4 ms as spikes.
Firing rate comparison of striatal neurons during high- and low-speed move-
ment. Movement data of mice were first interpolated to the voltage imaging frame 
rate with MATLAB function interp1, and then smoothed using a 1.5-Hz low-pass 
Butterworth filter to remove any motion sensor artefacts. We calculated the aver-
age movement speed at 0.5-s intervals and defined low-speed periods as intervals 
during which the average speed was ≤5 cm/s and high-speed periods as inter-
vals during which the average speed was ≥10 cm/s. The firing rates during these 
high- and low-speed motion periods were compared, and a two-sided Wilcoxon 
rank-sum test was used to identify significant differences between these periods.
SNR calculation for in vivo photostability evaluation over imaging duration 
in striatum and hippocampus. We defined noise as the standard deviation of the 
fluorescence intensity across the entire trial period. For each neuron, we first cal-
culated the SNR for each action potential by dividing the intensity change observed 
during an action potential by the noise, and then calculated the average SNRs 
across all spikes detected in a trial as the corresponding SNR for the trial. For the 
striatum dataset, only neurons imaged over at least five consecutive trials were 
analysed. For the hippocampus dataset, all neurons were analysed.
Detrending. All optically recorded SomArchon traces reported in the manuscript 
(except those shown in Fig. 4a–d) were corrected for photobleaching or focus shift 
by subtracting baseline fluorescence traces that were low-pass-filtered and fit to a 
double or single exponential function.
Histology. Mice were transcardially perfused with PBS followed by 4% para-
formaldehyde. The brain was gently extracted from the skull and post-fixed in 
4% paraformaldehyde for 1–4 h at room temperature or overnight at +4 °C. Fixed 
brains were transferred to a 30% sucrose–PBS solution and rotated for 24–48 h 
at 4 °C for cryoprotection. Cryoprotected brains were frozen in OCT in a dry ice 
bath and sliced (coronally) to 50-μm thickness using a cryostat. Glial and micro-
glial antibody staining were performed with anti-GFAP29 (1:250, Clone N206/
A8, Neuromab) and anti-IBA131 (1:500, 019-19741, Wako Chemicals) primary 

antibodies, respectively, followed by Alexa Fluor 568 (1:1,000, goat anti-mouse 
IgG (H+L) cross-adsorbed secondary antibody, A11004, InVitrogen) and 633 sec-
ondary antibodies (1:1,000, goat anti-rabbit IgG (H+L) cross-adsorbed secondary 
antibody, A21070, InVitrogen). All antibodies were used according to protocols 
that have been validated by their suppliers. Slice imaging was performed using an 
inverted Nikon Eclipse Ti microscope equipped with a spinning disk sCSUW1 
confocal scanner unit (Yokogawa), 488-, 561-, and 642-nm solid state lasers, 
525/25-nm, 579/34-nm, and 664LP emission filters, a 20× NA0.75 air objective 
lens (Nikon), and a 4.2 PLUS Zyla camera (Andor), controlled by NIS-Elements 
AR software. Acquired images were contrast-enhanced to improve visualization.
Brain temperature measurements. Under general anaesthesia, a craniotomy 
about 3 mm in diameter was made to expose the brain surface, with a small notch 
on the posterior edge to accommodate the insertion of a temperature probe 
(Physitemp, IT-1E) coupled to a Thermocouple DAQ (DATAQ Instruments, Model 
DI-245). An imaging window, identical to those used in all imaging experiments, 
was positioned on the craniotomy. Kwik-sil adhesive was applied around the edges 
of the imaging window to hold it in place, but not around the craniotomy notch, to 
allow insertion of the temperature probe. Dental cement was then gently applied 
to affix the imaging window to the skull and to mount an aluminium headbar. 
Once mice had recovered from anaesthesia, they had their heads fixed while 
awake and the temperature probe was inserted under the imaging window above 
the brain surface, through the craniotomy notch. The 637-nm laser was directed 
through the 40× objective under identical conditions to those used while imaging  
(75–95 mW laser power), and brain temperature was recorded. We noted a tem-
perature increase of 1.88 ± 0.80 °C (mean ± s.d., n = 3 mice) over the 12-s illumi-
nation period commonly used in our experiments. These changes are similar to, 
or smaller than, changes commonly seen with two-photon imaging, optogenetics, 
and the making of craniotomies for neural imaging32–36.
Sample size. No statistical methods were used to estimate sample size for mouse 
studies throughout. We did not perform a power analysis, as our goal was to create 
a new technology, as recommended by the NIH: “In experiments based on the 
success or failure of a desired goal, the number of animals required is difficult 
to estimate...”37. As noted in the aforementioned paper, “The number of animals 
required is usually estimated by experience instead of by any formal statistical cal-
culation, although the procedures will be terminated [when the goal is achieved].” 
These numbers reflect our past experience in developing neurotechnologies.
Data exclusions. Voltage imaging datasets with significant motion or in which no 
spikes were detected were excluded from analysis. Significant motion was defined 
as a shift of more than 20 μm in any direction. In Extended Data Fig. 1i–k, data 
points that corresponded to overlapping neurites were excluded. Data exclusion 
criteria were not pre-established.
Replication. All attempts at replication were successful.
Randomization and blinding. There were no treatment conditions to compare in 
this study. All recording sessions were randomly performed with different voltage 
sensors or in different brain regions. On recording days, cultured cells or brain 
slices expressing specific sensors were known. On in vivo recording days, mouse 
conditions were known. Voltage trace extraction and subsequent analysis were 
performed with the investigators unaware of specific mouse conditions. For anal-
ysis of movement modulation of striatal neuron spiking, a computer algorithm 
was used to identify periods with different movement parameters. For analysis 
of spike–phase relationships, or subthreshold membrane voltage relationships, a 
computer algorithm was used across all conditions. For histology, sections were 
selected and images were taken from slides by a researcher not aware of the condi-
tions or antibody used. Cells were also counted and quantified from these sections 
by a researcher blinded to the experimental conditions or antibody used.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Code availability
Computer code used to generate results for this study is available at https://github.
com/HanLabBU/somarchon-imaging.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon reasonable request; raw data essential to the work are available 
online as Source Data files. Sequences of the reported proteins are available at 
GenBank at the following accession codes: SomArchon MN091368; SomArchon-
P2A-CoChR-KV2.1motif, MN091369.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Expression of Archon1 and SomArchon in 
mouse brain. a–d, Representative images of mouse brain slices expressing 
Archon1 (a, b) and SomArchon (c, d) (CAG promoter, via IUE) imaged 
with a wide-field microscope with 10× (a, c) and 40× (b, d) objective 
lenses (from n = 7 slices from 2 mice each). e, f, Normalized EGFP 
fluorescence along white arrows shown in b, d, respectively. Black 
dots correspond to resolvable cells. g, Number of resolvable cells per 
FOV for brain slices expressing Archon1 or SomArchon (2.4 ± 2.5 and 
22 ± 9 neurons per FOV (350 × 415 μm2) for Archon1 and SomArchon, 
respectively). Mean ± s.d.; n = 7 slices from 2 mice each; box plots as in 
Fig. 1. Further confocal analysis with larger FOVs of 500 × 500 × 50 μm3 
revealed that SomArchon can resolve around 15 times more neurons in 
the cortex than Archon1 (n = 4, 8, 9, 11, 11, 18, and 20 neurons from 7 
slices for Archon1, versus n = 180, 187, and 137 neurons from 3 slices for 
SomArchon). h, Representative confocal images of neurons in cortex layer 

2/3 (left), hippocampus (middle), and striatum (right) expressing Archon1 
(top) and SomArchon (bottom). i–k, EGFP fluorescence along a neurite, 
normalized to soma, for neurons expressing Archon1 (left) or SomArchon 
(right) in cortex layer 2/3 (i, n = 39 and 37 neurites from 10 cells from 2 
mice each), hippocampus (j, n = 20 and 34 neurites from 9 and 17 cells 
from 2 mice each), and striatum (k, n = 17 and 20 neurites from 7 cells 
from 2 mice each). Box plots as in Fig. 1. *P < 0.002 compared to Archon1 
at corresponding position away from the soma; n.s., not significant.  
Two-sample Kolmogorov–Smirnov test, see Supplementary Table 2.  
l–u, Representative confocal fluorescence images of brain slices expressing 
Archon (left) or SomArchon (right) via IUE (l–q) or AAV injection (r–u) 
in cortex layer 2/3 (n, o; n = 8 slices from 2 mice), hippocampus (p, q; 
n = 8 slices from 2 mice), and striatum (t, u; n = 6 slices from 2 mice). 
Green, EGFP; magenta, Nissl staining. Scale bars, 100 μm (a–d), 50 μm  
(h, n–q, t, u), 250 μm (l, m, r, s).
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Extended Data Fig. 2 | Voltage imaging using SomArchon in mouse 
brain slices. a–d, Representative fluorescence wide-field images of cortex 
layer 2/3 neurons expressing SomArchon via AAV transduction (a) or IUE 
(c) with selected ROIs (bottom), and corresponding fluorescence traces  
(b, d; n = 6 and 13 slices from 2 and 4 mice for AAV transduction and 
IUE, respectively). Acquisition rate, 632 Hz (b) or 440 Hz (d).  
e, f, Representative fluorescence wide-field images of striatal neurons 
expressing SomArchon via AAV transduction (top) with selected ROIs 
(bottom) (e), and corresponding fluorescence traces (f; n = 8 slices from 

2 mice). Acquisition rate, 733 Hz. g, h, Representative fluorescence wide-
field images of hippocampal neurons expressing SomArchon via IUE (top) 
with selected ROIs (bottom) (g), and corresponding fluorescence traces 
(h; n = 8 slices from 2 mice). Acquisition rate, 333 Hz. i, j, Fluorescence 
wide-field images of thalamus neurons expressing SomArchon (top) via 
AAV transduction with selected ROIs (bottom) (i), and corresponding 
fluorescence traces (j; n = 5 slices from 2 mice). Acquisition rate, 333 Hz. 
Scale bars, 25 μm.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Expression of SomArchon and voltage imaging 
do not alter membrane properties or cause phototoxicity. a, Membrane 
properties of neurons expressing Archon (hashed boxes) or SomArchon 
(open boxes) in cortex layer 2/3 brain slices (P = 0.8026, 0.8895, and 
0.8236 for resistance, capacitance, and resting potential, respectively; two-
sided Wilcoxon rank-sum test comparing Archon1 versus SomArchon; 
n = 8 and 18 cells from 1 and 2 mice for Archon1 and SomArchon, 
respectively). b, Similar to a but in hippocampus (P = 0.6294, 0.9720, 
0.8880, and 0.0037 for resistance, capacitance, resting potential, and 
FWHM, respectively; two-sided Wilcoxon rank-sum test comparing 
negative versus SomArchon; n = 8 and 7 cells from 2 mice each for 
negative and SomArchon for resistance and resting potential; n = 7 and 
7 cells from 2 mice each for negative and SomArchon for capacitance; 
n = 7 and 8 cells from from 2 mice each for negative and SomArchon 
for FWHM). c, Similar to a but in striatum (P = 0.7380, 0.8357, 0.7751, 
and 0.0931 for resistance, capacitance, resting potential and FWHM, 
respectively; two-sided Wilcoxon rank-sum test comparing negative 
and SomArchon; n = 7 and 6 cells from 2 mice each for negative and 
SomArchon for resistance and capacitance; n = 6 and 7 cells from 2 mice 
each for negative and SomArchon for resting potential; n = 6 and 6 cells 
from 2 mice each for negative and SomArchon for FWHM). d, Changes 
in relative ROS concentration (normalized to that before illumination) 
over time in negative (solid line) and SomArchon-expressing (dashed line) 
cultured mouse neurons under various illumination protocols.  

e, Maximal increase in ROS concentration during continuous illumination 
for conditions performed in d (n = 45, 24, and 8 negative neurons 
from 2, 2, and 1 cultures for 390/22 nm, 475/36 nm, and 637 nm 
illumination, respectively; n = 24 SomArchon-expressing neurons for 
637 nm illumination from 1 culture). f, Cell death for negative (solid 
line) and SomArchon-expressing (dashed line) cultured neurons at DIV 
14–18 under various illumination protocols (n = 45, 35, 91, 40, and 27 
neurons from 2, 1, 2, 1, and 1 cultures, respectively, for 390/22 nm at 
2.8 mW mm−2, 390/22 nm at 5.5 mW mm−2, 475/36 nm at 12 mW mm−2, 
475/36 nm at 25 mW mm−2, and 637 nm at 1,500 mW mm−2 
illumination). g, Bright-field and fluorescence images of representative 
neurons expressing SomArchon before and after 10 min of continuous 
637-nm laser illumination at 1,500 mW mm−2, followed by 10 min in 
darkness (93% of imaged cells did not exhibit noticeable changes in 
morphology; n = 27 cells from 1 culture; non-illuminated cells did not 
show any changes in morphology; n = 10 cells from 1 cultures). Scale bar, 
50 μm. h, Representative SomArchon fluorescence trace from neuron co-
expressing SomArchon and CoChR-Kv2.1motif. i, Normalized spike rates 
(to initial value) elicited by blue light illumination dropped after 300 s of 
continuous recording, owing to decrease in spike amplitude as a result of 
photobleaching (n = 10 neurons from 1 culture; plotted as mean ± s.d.).  
j, Normalized (to initial value) FWHM of spikes elicited by continuous 
light exposure as in h. Box plots as in Fig. 1.
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Extended Data Fig. 4 | SomArchon expression in vivo does not cause 
gliosis. SomArchon was expressed in the mouse brain by AAV2.9-Syn-
SomArchon-P2A-CoChR-KV2.1motif injection into the cortex in P0 Swiss 
Webster mice. Brain tissues were analysed 63 days after viral injection. 
Merged fluorescence images from 50-μm-thick coronal sections (i) 
were visualized via EGFP fluorescence of SomArchon (ii), anti-IBA1 
immunofluorescence (iii), and anti-GFAP immunofluorescence (iv; 

n = 4 slices from 2 mice). a, Expression throughout the coronal section. 
b, Zoomed-in view of the virally injected area (high-expression cortex). 
c, Zoomed-in view of the non-injected contralateral hemisphere (low-
expression cortex). The commonly used glial and microglial markers 
GFAP and IBA1 appeared similarly in both hemispheres, suggesting that 
expression of SomArchon did not cause gliosis. Scale bars, 1 mm (a), 
250 μm (b, c).
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Extended Data Fig. 5 | Side-by-side comparison of next-generation 
voltage indicators in mouse brain slices. a, Representative fluorescence 
images of mouse cortex layer 2/3 neurons expressing ASAP3-KV2.1motif 
(ASAP3-Kv), Ace2N-HaloTag-KGC-ER2-KV2.1motif (Voltron-ST/JF525), 
QuasAr3-PP-mCitrine-KV2.1motif-ER2 (QuasAr3-s), and paQuasAr3-
PP-mCitrine-KV2.1motif-ER2 (paQuasAr3-s). ASAP3-Kv, QuasAr3-s 
and paQuasAr3-s were visualized via cpGFP, mCitrine, and mCitrine 
fluorescence, respectively, using laser excitation at 488 nm and emission 
at 525/50 nm under a confocal microscope. Voltron-ST/JF525 was 
visualized via JF525 fluorescence using LED excitation at 510/25 nm and 
emission at 545/40 nm under a wide-field microscope. Scale bar, 50 μm. 
b, Single-trial optical recordings of ASAP3-Kv (green) and Voltron-ST/
JF525 (orange) fluorescence responses during neuronal activity evoked 

with 4-aminopyridine, and QuasAr3-s (blue), paQuasAr3-s (brown), and 
SomArchon (red) fluorescence responses during neuronal activity evoked 
with CoChR-mTagBFP2-KV2.2motif. Acquisition rate, about 500 Hz. Blue 
light pulses (470/20 nm, 2 ms per pulse, 10 Hz; vertical blue bars) were 
used to activate CoChR to evoke spiking. c, d, Quantification of ΔF/F (c) 
and SNR (d) per action potential across all recordings (n = 18, 14, 9, 13, 
and 14 neurons from 1, 2, 2, 2, and 2 mice for ASAP3-Kv, Voltron-ST/
JF525, QuasAr3-s, paQuasAr3-s, and SomArchon, respectively). Box plots 
as in Fig. 1. *P < 0.01, Wilcoxon rank-sum test; see Supplementary Table 2 
for statistics. e, Photobleaching curves of ASAP3-Kv, Voltron-ST/JF525, and 
SomArchon under continuous illumination (n = 11, 8, and 17 neurons 
from 1 culture, respectively).
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Extended Data Fig. 6 | SomArchon enables both local dendritic and 
population imaging of neurons in multiple brain regions in vivo.  
a, Fluorescence images of selected FOV in motor cortex (left) with selected 
ROIs corresponding to somas of 3 neurons (right) (n = 1 FOV from 1 
mouse). Scale bar, 50 μm. b, Representative fluorescence traces from a 
with detected spikes (black ticks). c, Fluorescence image of a hippocampal 
neuron expressing SomArchon with ROIs selected at the soma and on  
4 proximal dendrites (n = 1 neuron from 1 mouse). Scale bar, 20 μm.  
d, Optical voltage traces from the selected ROIs shown in c. e, 
Fluorescence image of a striatal neuron expressing SomArchon with ROIs 
selected at the soma and on 3 proximal dendrites (n = 1 neuron from 1 

mouse). Scale bar, 20 μm. f, Optical voltage traces from the selected ROIs 
shown in e. Black arrows in d, f highlight instances in which dendritic 
voltages differed visibly from those on the soma. g–k, In vivo population 
voltage imaging in the hippocampus CA1 region (n = 14 FOVs from 
3 mice). g, i, Average intensity projection image for each video (top), 
with identified ROIs (bottom). h, j, Optical voltage traces for each 
neuron shown in g, i, respectively, with colours matching corresponding 
ROI colours. Panels show 1.2 s of simultaneously recorded voltage for 
all neurons (left), and a period with prominent spikes (right). Image 
acquisition rate for all recordings, 826 Hz.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Properties of striatal neurons and movement 
thresholds. a, Average firing rate, size, and interspike interval (ISI) for 14 
neurons recorded in 9 FOV in 2 mice. Cells simultaneously recorded in 
the same FOV are colour-coded (blue, red and green). Cells in rows with 
a white background were recorded individually. b, Selected trace from 
cell 9 exhibiting spike bursting (top), and a zoomed-in view of the boxed 
region (bottom). A.U., arbitrary unit. Identified spikes are indicated by the 
marks on top of the trace. c, Single frame images for FOVs with multiple 
neurons, colour-coded as in a. Scale bars, 20 μm. d, Representative 
optical traces from two Cre-dependent SomArchon-expressing striatal 
cholinergic interneurons in a ChAT-Cre mouse (left; scale bar, 20 μm), 

recorded in 3 sessions, while mouse was awake with head fixed and 
navigating a spherical treadmill (n = 2 neurons from 1 mouse). Top 
trace corresponds to top neuron on left; two bottom traces correspond 
to bottom neuron. Image acquisition rate, 826 Hz. e, Histogram of 
instantaneous movement speeds for all FOVs shown in Fig. 3 (nine 
FOVs in two mice). Instantaneous movement speed was calculated as 
average speed during each 0.5-s time interval. Red line, threshold for low 
movement speed identification; green line, threshold for high movement 
speed identification. f, Histogram of instantaneous movement speed for 
individual FOVs analysed.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | In vivo SomArchon performance over time in 
the striatum and hippocampus of awake mice. a–h, Average fluorescence 
intensity, SNR per spike, and firing rates of neurons in the striatum and 
hippocampus of awake mice, over multiple trials. a–c, In each striatal 
recording session, we performed 5 trials, each 12-s long, with inter-trial 
intervals of 30–60 s. Average fluorescence intensity (a) decreased slightly; 
spike SNR (b) and firing rates (c) remained constant throughout the 
recording session (repeated-measures analysis of variance (ANOVA), 
n = 6 neurons in 5 FOVs from 1 mouse). d–h, In each hippocampal 
recording session, we performed 10 trials, each 6-s long, with inter-trial 
intervals of 20–30 s. Average fluorescence intensity (d) showed a slight 
but significant decrease across trials. SNR (e) decreased between the 

first and second trials but not afterwards, and firing rate (f) remained 
constant. Spike amplitude (g) fluctuated randomly over trials, and there 
was a significant increase in baseline noise (h) between the first and 
second trials (repeated-measures ANOVA; *P < 0.05, post-hoc test: 
Tukey’s HSD test, n = 16 neurons in 7 FOVs from 4 mice, Supplementary 
Table 2). Measurements were normalized to the first trial for each neuron. 
Box plots as in Fig. 4. i–m, A representative continuous optical trace of a 
hippocampal neuron over 80 s in an awake, head-fixed mouse  
(i), with zoomed-in views (j–m) at the beginning and end of the recording 
highlighting comparable firing rates and SNRs (n = 16 neurons in 7 FOVs 
from 4 mice).
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Extended Data Fig. 9 | Analysis of LFP and subthreshold membrane 
voltage oscillation in the hippocampus. a, Example hippocampal LFP 
recordings from a session with ten trials, aligned to the onset of an air  
puff (green shading) directed to one eye in awake, head-fixed mice.  
b, LFP power spectrum shows strong theta oscillations. Mean ± s.d., 
n = 10 trials in 1 session. c, Oscillation power at high frequencies (100–
250 Hz, red) and at theta frequencies (blue), aligned to puff onset. Each 
thin line represents an individual recording session, and the thick lines 
denote means (n = 7 sessions in 4 mice). d, Eye puff evoked a significant 
increase in LFP power at high frequency, but not at theta frequency 
(theta frequency P = 0.5966; high frequency P = 0.0004; two-tailed 

paired Student’s t-test, n = 7 sessions in 4 mice). Box plots as in Fig. 4. 
e, Fluorescence image of a representative FOV (top) with selected ROIs 
(bottom). f, Membrane voltage recorded optically (Vmo) from neurons 
identified in e, and simultaneously recorded LFPs. Black vertical ticks 
above Vmos denote spikes. Spike–spike coherence values between neurons 
are shown on the left and Vmo–Vmo theta coherence values are shown on 
the right. g, Theta-frequency-filtered LFPs and Vmos for the four traces 
shown in f. Vmo–LFP coherence values are shown on the right. h, Scatter 
plot of Vmo–Vmo theta frequency coherence and spike–spike coherence 
from all neuron pairs, fitted with a linear regression (n = 25 pairs, 
P = 0.08, t-statistic, r2 = 0.12).
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Pairwise coherence and correlation measures 
over spatial distance. To investigate the potential of background 
fluorescence signals under wide-field imaging to produce shared 
crosstalk signals on neuron pairs, we examined the relationship of various 
coherence and correlation measures between neurons and background 
fluorescence over spatial distance. a, b, Pairwise coherence at theta 
frequencies between neurons. Vmo–Vmo coherence did not decrease 
significantly with spatial distance. (a, n = 25 pairs analysed with spatial 
distance of 11–66 μm, centre to centre; b, n = 23 pairs within 50 μm of 
each other; F = 1.44, P = 0.26, one-way ANOVA). c, d, Pairwise Vmo–Vmo 
coherence at gamma frequencies (30–50 Hz) was not dependent on spatial 
distance (c, n = 25 pairs; d, n = 23 pairs within 50 μm of each other; 
F = 2.10, P = 0.13, one-way ANOVA). e, f, Pairwise correlation between 

neurons did not decrease significantly with spatial distance (e, n = 25 
pairs; f, n = 23 pairs within 50 μm of each other; F = 1.00, P = 0.42, one-
way ANOVA). g–l, Same analysis as in a–f performed in background 
doughnut ROIs surrounding each neuron (Methods). Similar to results 
from neuron pairs, we found that theta frequency coherence between 
background doughnut ROIs was not dependent on spatial distance  
(g, n = 23 pairs; h, n = 21 pairs; F = 0.65, P = 0.59, one-way ANOVA), 
nor was gamma frequency coherence (i, n = 23 pairs; j, n = 21 pairs; 
F = 1.93, P = 0.16, one-way ANOVA), or the correlation coefficient  
(k, n = 23 pairs; l, n = 21 pairs; F = 1.02, P = 0.41, one-way ANOVA). 
m–o, The coherence between neurons and their corresponding doughnuts 
was not correlated at theta frequency (m), at gamma frequency (n), or for 
the Pearson correlation coefficients (o). Box plots are as in Fig. 4.



1

nature research  |  reporting sum
m

ary
O

ctober 2018

Corresponding author(s): Xue Han, Edward S. Boyden

Last updated by author(s): Apr 25, 2019

Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size ( ) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. , , ) with confidence intervals, effect sizes, degrees of freedom and  value noted 

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's , Pearson's ), indicating how they were calculated

Software and code
Policy information about availability of computer code

Data collection Data were recorded using NIS-Elements Advance Research software , HC Image , OmniPlex system , and MATLAB . 

Data analysis Data were analyzed offline using NIS-Elements Advance Research software , Origin  (OriginLab), C, Excel 
(Microsoft), ImageJ , Python , BoxPlotR, and MATLAB . 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Statistics

Data collection

Data analysis



2

nature research  |  reporting sum
m

ary
O

ctober 2018

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size

Data exclusions

Replication

Randomization

No statistical methods were used to estimate sample size for animal studies throughout. We did not perform a power analysis, since our goal 
was to create a new technology; in the reference (Dell, R. B., Holleran, S. & Ramakrishnan, R. Sample size determination. ILAR. J. 43, 207–213 
(2002)), as recommended by the NIH, “In experiments based on the success or failure of a desired goal, the number of animals required is 
difficult to estimate...”  As noted in the aforementioned paper, “The number of animals required is usually estimated by experience instead of 
by any formal statistical calculation, although the procedures will be terminated [when the goal is achieved].” These numbers reflect our past 
experience in developing neurotechnologies.

Voltage imaging datasets with significant motion or where no spikes were detected were excluded from analysis.

All attempts at replication were successful.

Blinding

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-GFAP ( )  anti-IBa1 ( ) 

were used Validation
For anti-GFAP please see: http://neuromab.ucdavis.edu/datasheet/N206A_8.pdf 
For anti IBa1, please see: http://www.e-reagent.com/uh/Shs.do?now=1550070200673

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

 

Voltage imaging datasets with significant motionVoltage imaging datasets with significant motionV

Data exclusions

Randomization

Blinding

Antibodies used

Validation

Wild animals



3

nature research  |  reporting sum
m

ary
O

ctober 2018

Field-collected samples

Ethics oversight Boston University Institutional Animal Care and Use and Biosafety Committee, Massachusetts Institute of Technology 
Institutional Animal Care and Use and Biosafety Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-collected samples



fnins-13-00128 February 19, 2019 Time: 17:8 # 1

METHODS
published: 21 February 2019

doi: 10.3389/fnins.2019.00128

Edited by:
Ulrich G. Hofmann,

Freiburg University Medical Center,
Germany

Reviewed by:
Robert W. Komorowski,
Massachusetts Institute

of Technology, United States
Ronen Segev,

Ben-Gurion University of the Negev,
Israel

*Correspondence:
Ranier Gutierrez

ranier@cinvestav.mx
Francisco Sotres-Bayon

sotres@ifc.unam.mx
Alberto Caballero-Ruiz

alberto.caballero@icat.unam.mx

Specialty section:
This article was submitted to

Neural Technology,
a section of the journal

Frontiers in Neuroscience

Received: 23 October 2018
Accepted: 05 February 2019
Published: 21 February 2019

Citation:
Polo-Castillo LE, Villavicencio M,

Ramírez-Lugo L, Illescas-Huerta E,
Moreno MG, Ruiz-Huerta L,

Gutierrez R, Sotres-Bayon F and
Caballero-Ruiz A (2019)

Reimplantable Microdrive
for Long-Term Chronic Extracellular
Recordings in Freely Moving Rats.

Front. Neurosci. 13:128.
doi: 10.3389/fnins.2019.00128

Reimplantable Microdrive for
Long-Term Chronic Extracellular
Recordings in Freely Moving Rats
Leopoldo Emmanuel Polo-Castillo1,2, Miguel Villavicencio3, Leticia Ramírez-Lugo4,
Elizabeth Illescas-Huerta4, Mario Gil Moreno3, Leopoldo Ruiz-Huerta1,2,
Ranier Gutierrez3* , Francisco Sotres-Bayon4* and Alberto Caballero-Ruiz1,2*

1 Instituto de Ciencias Aplicadas y Tecnología, Universidad Nacional Autónoma de México, Mexico City, Mexico, 2 National
Laboratory for Additive and Digital Manufacturing, Mexico City, Mexico, 3 Laboratory of Neurobiology of Appetite,
Department of Pharmacology, Centro de Investigación y de Estudios Avanzados, Mexico City, Mexico, 4 Instituto
de Fisiología Celular - Neurociencias, Universidad Nacional Autónoma de México, Mexico City, Mexico

Extracellular recordings of electrical activity in freely moving rats are fundamental to
understand brain function in health and disease. Such recordings require a small-size,
lightweight device that includes movable electrodes (microdrive) to record either a new
set of neurons every day or the same set of neurons over time. Ideally, microdrives
should be easy to implant, allowing precise and smooth displacement of electrodes. The
main caveat of most commercially available microdrives is their relatively short half-life
span, in average ranging from weeks to a month. For most experiments, recording days–
weeks is sufficient, but when the experiment depends on training animals for several
months, it is crucial to develop new approaches. Here, we present a low-cost, reusable,
and reimplantable device design as a solution to extend chronic recordings to long-term.
This device is composed of a baseplate that is permanently fixed to the rodent’s skull, as
well as a reusable and replaceable microdrive that can be attached and detached from
the baseplate, allowing its implantation and reimplantation. Reimplanting this microdrive
is particularly convenient when no clear neuronal signal is present, or when the signal
gradually decays across days. Our microdrive incorporates a mechanism for moving a
16 tungsten-wire bundle within a small (∼15 mm3) lightweight device (∼4 g). We present
details of the design, manufacturing, and assembly processes. As a proof of concept,
we show that recordings of the nucleus accumbens core (NAcc) in a freely behaving rat
are stable over a month. Additionally, during a lever-press task, we found, as expected,
that NAc single-unit activity was associated with rewarded lever presses. Furthermore,
we also show that NAc shell (NAcSh) responses evoked by freely licking for sucrose,
consistent with our previously published results, were conserved from a first implant to a
second microdrive reimplant in the same rat, notably showing reimplantation is possible
without overtly affecting the functional responses of the area of interest. In sum, here
we present a novel microdrive design (low-cost, small size, and light weight) that can be
used for long-term chronic recordings and reimplanted in freely behaving rats.

Keywords: microdrive, extracellular chronic recording, reimplantable microdrive, electrophysiology, additive
manufacturing
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INTRODUCTION

Electrophysiological recording of brain activity is a valuable
technique to understand the neural correlates of behavior in
health and disease (Esmaeili and Grace, 2013). Recordings of
electrical neural activity in rodents provide useful insights into
how the brain represents information about the internal and
external world (Nicolelis et al., 1995; Buzsáki, 2004; Hasegawa
et al., 2015), uncovering the neuronal correlates from sensory and
perceptual processing to decision making (Feierstein et al., 2006;
Fonseca et al., 2018). In general, the methods in electrophysiology
can be divided into intracellular and extracellular recordings.
Unlike the former, the latter is widely used in freely moving
animals, which allows stable recordings for several minutes or
even hours (Ribeiro et al., 2004; Jovalekic et al., 2017). However,
the loss of signal becomes a fundamental problem, especially, in
studies involving either extensive behavioral training (spanning
from weeks to months) or in animal models characterizing the
development of chronic human diseases (Vlamings et al., 2012;
Ellens and Leventhal, 2013; Sesia et al., 2013; Saddoris et al.,
2016). To circumvent this issue, it is needed a reimplantable
microdrive to record, the same animal, over an extended period.

Although it is not fully understood why electrical signals
degrade along time, it has been speculated that the loss of signal
could be caused by tiny vibrations produced by the animal’s
movement or by biological reasons such as tissue reaction
surrounding the electrode, resulting in neuronal migration,
neuronal death, or glial encapsulation of the recording tips
(Muthuswamy et al., 2005, 2011; Branchaud et al., 2006). Also,
researchers face the problem of oversampling the same neuropil
over days, which reduces the biological replicates within a dataset.
In this regard, previous microdrives were developed to move
the wires and to record from a new set of neurons every day
(Gutierrez et al., 2010) or record from the same neurons for a
few days (Sotres-Bayon et al., 2012). In any case, most commonly
movable electrodes are permanently implanted and cemented
to the skull which precludes reimplantation in the same subject
and thus increased the number of experimental animals needed
(Fitts, 2011).

Multiple designs have been used for building microdrives.
Manually movable microdrives have been used in the past
decades with limited success. Morrow (1980) reported a manual
mechanism which is based on four parts with a mounting sleeve,
a carrier tube and an electrode drive screw that moves the
electrode. Later, O’Keefe and Recce (1993) reported the use
of a microdrive with a mechanism that avoids the rotation
of the cannula or electrodes. Gothard et al. (1996) developed
a conic and bulky microdrive able to move 14 tetrodes
independently. Looking for a low-cost, low-weight, and easy-
fabrication device, the “Scribe microdrive” was presented by
Bilkey and Muir (1999). It is composed of the parts of a pen,
a guide cannula and a screw, whose motion is transmitted
using a contact point between the screw and the pen nib,
allowing only forward displacement. Lansink et al. (2007)
reported the development of a multi-electrode microdrive for
chronic recording in two brain areas simultaneously, based
on a microdrive presented by Gothard et al. (1996). This

system allows reusing some parts of the microdrive. More
recently, Chang et al. (2013) developed a home-made microdrive
consisting of two joined brass guides. This microdrive uses four
tetrodes displaced by a screw, and an electronic interface board
(EIB-18, Neuralynx) for proper connections, which resulted in
stable single-unit recordings for several weeks. Also, the same
manuscript shows the steps for assembling a commercially
available microdrive (Versa Drive 4, Neuralynx) based on a Mill-
Max commercial connector and containing four drive screws
(Chang et al., 2013).

The main disadvantage of manually driven microdrives
is the limited precision to move electrodes and the stress
to which the animal is subjected when lowering them. To
solve this problem, several automatic movable microdrives
have been developed. Fee and Leonardo (2001) introduced a
microdrive consisting of a brushless dc micromotor. In 2007,
a microdrive based on a hydraulic system was presented.
This device can move 22 wires independently along 4 mm
in intervals of 50 µm (Sato et al., 2007). Yamamoto and
Wilson (2008) reported a motorized system with 21 drivers,
each composed of five parts: a dc brushless servomotor with
planetary gearbox, a threaded rod, a slotted PEEK tube, a shuttle
lock, and a shuttle. A microdrive for mice containing a
piezo-motor (TULA 35, Piezoelectric Technology Co., Ltd.)
with 1 µm accuracy was presented by Yang et al. (2011).
This motorized microdrive comprises 13 components. Another
lightweight microdrive that uses a dc micromotor with threaded
output was developed in 2012 by Otchy and Ölveczky, which
consists of seven major components. In 2014, Caballero-Ruiz
et al. (2014) proposed a high-precision displacement system
based on a piezo motor (SQL-RV-1.8, New Scale Technologies
Inc.) and a Hall-effect sensor (Allegro A1324 MicroSystems,
Inc.) comprising six assembly parts and three more for the
closed-loop positioning system. In 2017, Jovalekic et al. (2017)
developed another micropositioning system consisting of a
piezo motor (SQL-RV-1.8, New Scale Technologies Inc.) and
a Hall-effect sensor (NSE-5310, New Scale Technologies, Inc.).
These electrodes could be replaced, increasing the yield of
neurons recorded. However, to further increase the number of
neurons recorded, there is a need for a reimplantable microdrive
for chronic recordings in freely behaving animals. This is
particularly relevant in experiments in which much time and
effort are devoted to training animals in tasks where reusing
and reimplanting microdrives would increase the gathering of
neural data.

Among the many microdrives developed so far, the power
screw mechanism is the most commonly used for electrode
positioning, whether it is a manual or automated mechanism.
Most of the automated ones, in addition to the screw, use
geared brushless dc micromotors, reaching resolutions about
1 µm. As suggested by Sato et al. (2007), and in spite of
the high resolutions achieved by this kind of mechanisms,
the backlash present in the gears and leadscrews introduces
a significant amount of imprecision which could cause lateral
deviations along the vertical displacement (as it can be
seen in the work carried out by Chang et al., 2013) and,
even more, the micro motion between the electrode and
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the surrounding tissue, due to the natural movements (i.e.,
heartbeat and respiration) of the animal, could results in
loss of signal (Muthuswamy et al., 2011). To address this
problem, Sato et al. (2007) put forward a hydraulic system in
which electrode positioning can be estimated accurately with
a pre-pressurized system. Although the hydraulic microdrive
can precisely displace the electrodes, it is too heavy and
bulky. From another standpoint, electrode motion can be
performed using piezoelectric motors. Unlike electromagnetic
devices, the piezoelectric ones are electromagnetic noise-free,
and their efficiency is insensitive to size (Heywang et al., 2008).
Besides considering low weight, low cost, small dimensions, and
high precision as important requirements for the development
of microdrives, it is also important to consider the half-
life of electrodes. Long-term experiments require a reliable
microdrive to record neural signals over a long period able to
overcome biotic and abiotic factors that could affect impedance
(Sankar et al., 2014).

In this work, we present the development of a reusable
and reimplantable microdrive that increases the success of
electrophysiological studies in freely moving rats. Such a
microdrive is based on a smooth displacement mechanism and
a reimplantable system. It also accomplishes the low weight,
low cost, small dimension, and high precision requirements
mentioned above. The proposed mechanism prevents lateral
motion along the electrode stroke, which results in stable
recordings. The motion can be manually or automated
performed, depending on the preference of the user. Moreover,
a baseplate is fixed to the skull without using dental acrylic, and
the microdrive is attached to the baseplate. Thus, it can be easily
replaced. The efficiency of the microdrive was demonstrated
using electrophysiological experiments in freely behaving rats.
First, we characterized the stability of our microdrive. We
found stable responses in a single neuron recorded in the
nucleus accumbens core (NAcc) while a rat pressed a lever to
obtain food. Then, in a separate rat, the spontaneous activity
of two neurons was successfully recorded for over a month
(40 days). Having demonstrated the stability of the microdrive,
we evaluated if our microdrive could be reimplanted, in the
same rat, without overtly damaging the functional activity of
the brain region of interest. To this end, single-unit recordings
from the NAc shell (NAcSh) were performed while rats licked
for sucrose. In the same animals, we found that the signal
quality between the first electrode implant and the second
one was not statistically different, indicating that the proposed
reimplantable microdrive can potentially extend the half-life
of the electrophysiological experiments. Also, it revealed that
reimplantation did not impair the normal function of the
recorded brain region since our data replicated a well-known
function of the NAcSh. That is, the majority of NAcSh neurons
were either Lick-Inactive whereas the minority were Lick-Active
during consummatory behavior, in the same proportion than
previous observations (Krause et al., 2010; Tellez et al., 2012;
Villavicencio et al., 2018). In sum, we demonstrated that the
proposed reimplantable microdrive could be a reliable solution
to extend chronic extracellular neuronal recording in freely
behaving rats.

MATERIALS AND METHODS

In this section, the design, fabrication, assembly, and implemen-
tation of a reimplantable microdrive to smoothly displace
electrode bundles for extracellular recordings is presented. Such
a microdrive is based under the following requirements: small-
size less than 15 mm × 15 mm × 15 mm; weight less than 5 g;
mechanical stability; able to move a bundle of 16 microelectrodes;
able to be actuated manually or by motor (for manual actuating,
using a resolution between 50 and 100 µm; while for motorized
actuating, employing a resolution less than 10 µm); able to be
reimplanted and easy to be installed and reused.

Microdrive Design
Figure 1 depicts the exploded view of the proposed microdrive,
which has eight overall components: a micropositioning
mechanism, composed of an electrode shuttle system (1) able to
move the electrodes by means of either a nut-screw linear motion
system (2a), for manual configuration, or a piezoelectric motor
(SQL-RV-1.8; NewScale Tech.) (2b), for motorized configuration;
in order to obtain precise displacements, a closed-loop position
control system is used based on a Hall-effect sensor (Allegro
A1324 MicroSystems, Inc.) (3). Inside the housing (4), the
mechanism, the actuator and the gold-plated electronic interface
board (EIB; 5) are located. Also, the design has two covers, one
that is designated to protect the EIB (6) and the other one to
protect the electrodes (7). Finally, the entire assembly lies on top
of the baseplate (8), which is the only piece permanently fixed on
the skull of the rat.

In order to fulfill the requirements for high resolution and
mechanical stability, the linear motion is generated by either a
nut-screw system [Figure 1(2a)], for the manual configuration,
or by a piezoelectric actuator [Figure 1(2b)], for the motorized
configuration, which is coupled to an electrode shuttle system
(see Figure 2). The electrode shuttle system is composed of an
element acting as a piston [Figure 2 (2a)] through a bushing
(2b) in order to constrain the displacement. A compression
spring (2c) introduces a pre-load between the piston and the
nut-screw system or the piezoelectric actuator, warranting cero
backlash. In this way, the mechanism exhibits high stiffness, load
capacity and resistance to shock and vibration. The piston works
as a shuttle, in which a stainless-steel guide cannula (2e) with a
polyimide tube (2d) concentrically arranged is fixed. To prevent
short circuits between the microelectrodes and the cannula, the
polyamide tube is used, and the cannula guide improves the
shuttle system alignment. For the motorized configuration, a
magnet (2f), sensed by the Hall effect sensor, is employed.

The housing element (Figure 3) and the two covers shape
the casing. Inside the first one, the micropositioning mechanism
is located, as it can be seen in the lateral view (dashed line,
red square). In the housing element, two internal conduits
[Figure 3 (4a)] permit guiding the electrodes to the EIB,
protecting them from damages caused by the natural movements
of the animal. In this way, the electrodes can be led from the
top to the bottom of the structure in order to be finally cut and
connected to the EIB. The clamping element (4g) permits a stable
attachment between the connector and the headstage using an
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FIGURE 1 | Exploded view of the microdrive proposed. (1) Electrode shuttle system, (2a) nut-screw linear motion system, (2b) piezoelectric motor, (3) Hall-effect
sensor, (4) housing element, (5) EIB-18, (6) EIB-18 cover, (7) electrode cover, (8) baseplate, (9) fixing screw of the motor or nut, (10) EIB cover-housing fixing screw
(×2), (11) electrode cover-housing fixing screws (×3), (12) posterior housing-baseplate fixing screws (×2), (13) anterior housing-baseplate fixing screw, (14)
baseplate-skull fixing screws (×4).

elastic rubber band. The EIB cover is fastened to the housing
element using two screws through the holes (4f). Using three
screws, the electrode cover is fixed to the housing, completing in
this way the protection of the electrodes from the movements of
the animal.

The baseplate (see Figure 4) is the element that facilitates
the mounting on the skull of the rat. Such a baseplate can be
easily designed for a desired position. It allows the device to
be replaced in case of loss of signal, increasing the experiment
time without the necessity of a second surgery. Through the
fastening holes [Figure 4 (8a)], four screws have the function
of fixing the baseplate to the skull. A groove (8b) allows joining
the ground wire to the proper pin of the EIB. The alignment
between the slotted guide groove (8c) and the guide wedge
[Figure 3(4b)] makes it easier to assemble the housing element
on the baseplate; also, three screws permit fixing both elements
by means of an anterior fastening hole (8d) and two posterior
fastening holes (8e). Also, the baseplate includes a hole (8f)
through which the piston travels in a vertical path together
with the bundle of electrodes in the recording site hole (8g).
A microdrive design that includes such baseplate provides the
opportunity to easily replace the device if there is an error
during surgery.

Microdrive Fabrication and Assembly
To develop the microdrive presented, manufacturing processes
criteria such as the shape of the components, type of the
required materials as well as resolution and cost were considered.

For the micropositioning mechanism, high resolution is a critical
requirement, hence CNC manufacturing was used; through the
milling process, the bushing and the piston were manufactured:
the bushing was made of brass, with overall dimensions of 6 mm
in internal diameter, 7 mm in external diameter, 6 mm in height
and a weight of 0.29 g; while the piston was made of acrylic and
has overall sizes of 2 mm in the inner diameter, 6 mm in the outer
diameter, 6 mm in height and a weight of 0.069 g. The baseplate
(weight: 0.52 g), the housing element (weight: 1.42 g), the covers
(electrode cover weight: 0.42 g and EIB cover weight: 0.35094 g),
and the nut (weight: 0.045 g) were manufactured using an
additive manufacturing process (material jetting) because of
the complexity of their shapes; the equipment employed was a
Connex 3 by Stratasys, and the material used was VeroClear
resin (RGD810). This technology has the advantage of reducing
manufacturing costs when the production batch increases. The
other components are commercial. The compression spring used
(by Industrial Springs Corp.) is made of stainless steel and
has a mean diameter of 2 mm, a free length of 5 mm and a
weight of 0.01 g. The polyimide tube (Polyimide 0.0135 ID by
Neuralynx) has a length of 18 mm and weighs only 0.002 g,
while the guide cannula (20G by Lanceta HG) has a length
of 13.5 mm and weighs 0.37 g. The magnet (R063-063 by
Amazing Magnets LLC) weights 0.023 g and has overall sizes of
1.59 mm diameter and 1.59 mm length. The Hall-effect sensor
(A1324LLHLT-T by Allegro MicroSystems) has overall sizes of
2 × 3 × 1 mm and weighs 0.015 g. In order to avoid rust
problems, stainless steel screws were used which, according to
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FIGURE 2 | Electrode shuttle system. (2a) Piston, (2b) bushing, (2c)
compression spring, (2d) polyimide tube, (2e) cannula guide, (2f) magnet.

their application on the microdrive design, can be classified
into three types: power screw, housing fixing screws and skull
fixing screws. The first one (#21475 by MetricScrews) is M1-
0.25 × 10 mm and weighs 0.045 g. The second one is composed
of three different screws: four pieces of M1-0.25 × 3 mm
(#20694 by MetricScrews) with a weight of 0.07760 g, two pieces
of M1-0.25 × 8 mm (#21474 by MetricScrews) screws with

FIGURE 4 | Superior view of the baseplate. (8a) Baseplate-skull fastening
hole (×4), (8b) groove for the ground wire, (8c) slotted guide groove, (8d)
anterior fastening hole, (8e) posterior fastening hole (×2), (8f) piston blind
hole, (8g) recording site (for the right NAcSh).

a weight of 0.068 g and one 0–80 × 1/8 (by Plastics One
Inc.) screw with a weight of 0.058 g. Finally, the skull fixing
screws consist of four 0–80 × 1/8” screws with a weight of
0.23332 g. For the automated microdrive, a piezoelectric SQL-
RV-1.8 actuator by New Scale Technologies is used, such an
actuator has overall sizes of 2.8 × 2.8 × 6 mm and a weight of
0.16 g.

The complete assembly can be divided into three stages: the
first one is related with the assembly of the micro positioning
system; the second one involves the insertion and connection
of the electrodes, and the last one is concerned with the
placement of the protection covers with the appropriate fixing
screws. The complete process can be seen in Figure 5. As a
first step, the electrode shuttle system is assembled by fixing
the polyimide tube and cannula (Figure 5A) to the piston

FIGURE 3 | Housing element (A, upper view; B, lateral view). (4a) Conduits (×2), (4b) guide wedge, (4c) cannula hole, (4d) anterior fastening hole, (4e) posterior
fastening holes (×2), (4f) EIB’s fastening holes (×2), (4g) headstage clamping element.
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FIGURE 5 | Reimplantable microdrive assembly. (A) Polyimide tube in the guide cannula. (B) Guide cannula fixed to the piston. (C) A magnet placed in the piston.
(D) Compression spring placed concentrically to the piston rod. (E) Piston placed concentrically and aligned to the bushing. (F) Electrode shuttle system assembled
with the housing element. (G) Electrodes introduced through the polyimide tube. (H) Electrodes introduced through the conduits. (I) Nut-screw and EIB placed in the
housing element. (J) Piezoelectric actuator placed in the housing element for the automated configuration. (K) Final assembly with the two covers and the housing
fixing screws. (L) Illustrative picture of a rat implanted with a reimplantable microdrive.

(Figure 5B), the polyimide tube projects 2 mm from the lower
face of the baseplate. Then, the magnet is placed in the piston hole
(Figure 5C) and the compression spring is placed concentrically
to the piston rod (Figure 5D); after that, all these parts are
put concentrically in the bushing (Figure 5E), which in turn
is placed in the housing element (Figure 5F). After this, the
nut-screw or the piezoelectric actuator can be placed and fixed
with a screw. This stage takes about 10 min. The second stage
consists in introducing the electrodes through the polyimide
tube (Figure 5G) and the conduits (Figure 5H). After this, the
electrodes are cut 7.5 mm from the lower face of the baseplate
for the NAcSh, and 6 mm for the NAcc in order to reach the
region of interest (see Supplementary Figure S1); next, the EIB
is placed in the housing element; and finally, the electrodes are
connected to the EIB by means of gold-plated pins (Figure 5I).
Figure 5J shows the assembly with the piezoelectric actuator.
It is important to handle the electrodes carefully, making sure
they do not bend. This task takes around 30 min. The last
stage consists in protecting the EIB and the exposed part of
the electrodes by fixing the covers with the housing element
(Figure 5K). At the end of this stage, the final assembly time
is less than 70 min. Including the weight of the baseplate, the
total weight of the reimplantable microdrive is about 4.08 g when
the nut-screw is used, and 4.15 g if the piezoelectric motor is
implemented. In both configurations, its overall dimensions are
27.73 × 15.95 × 21.50 mm. Finally, before the implantation,
the electrodes can be gold plated and then the device is ready.
Supplementary Table S2 depicts the cost of all components to
build one microdrive. In the case of the automated microdrive,
the total cost of the parts is 280.2 USD. Considering that
the actuator and the EIB are reusable, the total cost of each
microdrive is approximately 53 USD (and it could be cheaper
by producing a larger batch). All STL files are provided in the
Supplementary Data Sheet S1.

Gold Plating of Electrodes
The impedance of the electrodes was controlled by electroplating
the tip of the wires. Electroplating prevents impedance damping
and improves the signal-to-noise ratio (Ferguson et al., 2009).
Before implantation (and reimplantation), the 16 tungsten wires
with 35 µm in diameter were electro-plated with a gold plating
solution and the recommended Neuralynx stepped protocol
(Supplementary Table S1) using a nanoZTM multi-electrode
impedance tester (Plexon, Dallas, TX, United States). Impedances
were reduced to 70 k�.

Microdrive in Freely Behaving Rats
The proposed microdrive was tested in freely behaving
animals. Testing involved two separate experiments in different
laboratories. In both laboratories, the activity in the nucleus
accumbens (NAc) of the ventral striatum was recorded, a brain
region involved with reward processing and appetitive behaviors
(Castro et al., 2015). Experiments differ in the use of microdrive
connectors: the first one uses the Mill-Max connector, while the
second one uses an Omnetics connector. They also differ in the
rat strain (Wistar and Sprague-Dawley rats) and task used to
assess the microdrive: one experiment involves an instrumental
task pressing-lever to obtain food while the other one involves a
licking task to obtain a liquid solution.

Subjects
Two male Wistar rats (280–300 g; Instituto de Fisiología Celular’s
breeding colony) were housed in polyethylene cages. Rats were
maintained on a 12 h light/dark cycle and fed standard laboratory
rat chow in a restricted manner (18 g/day) until they reached
85% of their free-feeding weight. Rats had free access to water
throughout the experiment. All manipulations and behavioral
procedures were performed during the light phase. Animals were
housed individually in a temperature-controlled environment
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(24◦C) for at least 4 days before surgery. Animals were handled
daily to diminish stress responses.

Five male Sprague-Dawley rats (300–350 g; CINVESTAV
bioterium). Rats were housed in polyethylene cages and
maintained on a 12 h light/dark cycle (lights on 0700; and
lights off 1900). These rats were under a water restriction of
23 h per day, with 1 h of access to tap water in their home-
cages following each recording session (see below). Such water
restriction protocol is necessary for rats to maintain high levels
of motivation for operant conditioning tasks (Hughes et al.,
1994), without affecting the health of the rats (Rowland, 2007).
Chow food diet (LabDiet, 5008) was available ad libitum in
their home cages. All manipulations and behavioral procedures
were performed during the light phase. Animals were housed
individually in a temperature-controlled environment (21–24◦C)
for at least 4 days before surgery.

All procedures were approved by the Institutional Animal
Care and Use Committee of the UNAM and CINVESTAV, in
compliance with the National Ministry of Health guidelines for
the care of laboratory animals.

Surgery
Figure 6 depicts the microdrive implantation procedure.
Following behavioral training, Wistar rats were anesthetized
using isoflurane, and Sprague-Dawley rats with an intraperitoneal
injection of ketamine (90 mg/kg)/xylazine (8 mg/kg).

FIGURE 6 | Microdrive implantation procedure. (A) The baseplate is located
on the cranium of the rat according to the recording site and fixed using four
screws. (B) The microdrive holder allows a smooth and precise mounting of
the microdrive, which is fixed to the baseplate using three screws. (C) After
the ground wire fixation, the microdrive is released from the holder and ready
to use. (D) Microdrive firmly attached on the baseplate.

The microdrive contained a 16-channel electrode bundle.
For the five Sprague-Dawley rats the electrode bundle was
implanted targeting the nucleus accumbens shell (NAcSh;
+1.4 mm AP, −1 mm ML, and −7.5 mm DV, from bregma;
Tellez et al., 2012), whereas Wistar rats aimed the NAcc (2.0 mm
AP, +1.4 mm ML, and −6.0 mm DV, from bregma). Rats were
positioned in a stereotaxic apparatus to perform a ∼2 × 2 mm
craniotomy above the implantation site. Later, four additional
Ø1.5 mm holes were made in the skull. The positions of these
holes matched the holes in the baseplate where the microdrive
was mounted. Then, the baseplate was fixed to the skull by
screwing it through the holes. A drop of glue (cyanoacrylate,
Krazy Kola Loka) was added to strengthen the fixation to the
scalp. Finally, the reimplantable microdrive, positioned above the
baseplate was lowered using a holder to introduce the electrode
array in the brain. Once the microdrive was settled in, it was
screwed to the baseplate. Following surgery, a triple antibiotic
ointment was applied to the wound and enrofloxacin (45 mg/kg)
was administered for three additional days. Rats were allowed to
recover for 7–14 days before initiating recordings.

Behavior
Wistar rats were trained in standard operant chambers
(Coulbourn Instruments, Allentown, PA, United States) located
inside sound-attenuating boxes (MED Associates, Burlington,
VT, United States) to press a bar to obtain food pellets
(Bioserve, Inc., Frenchtown, NJ, United States) on a continuous
reinforcement schedule. Recordings were performed in freely
behaving rats or during lever pressing sessions.

Sprague-Dawley animals were recorded at the same time
of the day between 2:00 and 3:00 p.m. Specifically, three rats
were recorded while performing a brief-access test as described
in Villavicencio et al. (2018). Briefly, taste stimuli consisted
of reagent-grade sucrose (Sigma-Aldrich, Mexico) dissolved in
deionized water. For the brief-access taste test, four semi-
logarithmically spaced sucrose concentrations were used: 3, 5.8,
10.7, and 20 wt./vol. % (0.087, 0.168, 0.31, 0.58 M, respectively).
For the brief-access test, in each trial, rats licked the spout to
receive one randomly selected sweet concentration during a 5-s
reward period. Moreover, the other two Sprague-Dawley rats
performed an ad libitum freely licking sucrose test, in which
only a sucrose solution of 10 wt./vol. % was available at all times
(Tellez et al., 2012). Sweet tastants were prepared daily and used
at room temperature. The behavioral box contained a V-shaped
licking port where the spout was located (Med Associates, St.
Albans, VT, United States). The licks given to the spout were
recorded with a photobeam diode (Med Associates), and each lick
delivered a 10-µL drop directly onto the rats’ tongue as described
in Gutierrez et al. (2010).

Data Analysis
Custom-made Matlab (The MathWorks Inc., Natick, MA,
United States) codes were used to analyze behavioral and single
unit activity. To identify neurons whose activity was modulated
while the rats licked for sucrose in both licking tasks (Figure 9D),
the rhythmic licking behavior was first segmented into bouts.
A lick bout was considered to be a train of contiguous licks
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with inter-lick intervals <500 ms (Spector et al., 1998; Tellez
et al., 2012). Then, the neuronal firing rate was calculated during
a baseline period encompassing −1 to −0.5 s before the onset
of every lick bout and the firing rate during the lick bouts.
Finally, to determine whether each neuron was modulated by
licking or not, the firing rate in the baseline was compared
with that in the licking period (lick bout) with a one-way
ANOVA (α = 0.05). All neurons with a significant difference
were classified as modulated by licking and the difference between
the firing rate during the two periods was used to classify the
direction of the modulation into Lick-Active (increases in firing
rate) or Lick-Inactive (decreases). The proportion of Lick-Active
and Lick-Inactive neurons found during the first and second
implant was compared against that previously reported in Tellez
et al. (2012), using the chi-squared test (α= 0.05; Figure 9E).

Furthermore, to compare the performance between two
consecutive implants in the same animal, we performed the
following statistical analyses. We counted the number of neurons
recorded in each session using either a First or Second implant
and compared among them with a Kruskal–Wallis test (α= 0.05;
Figure 9B). Also, we counted the number of days each microdrive
recorded unitary activity and compared between First and Second
implants with a Kruskal–Wallis test (α = 0.05; Figure 9C).
To control for the lower number of repetitions (implants), we
modeled the number of recording days for either the First and
Second implants by resampling. To achieve this, we bootstrap
the data 10,000 times with replacement. Then, we calculated
the confidence intervals (CI’s) centered at the 95% from the
resulting distributions and looked if CI’s from the First and
Second implants overlapped, to determine significant differences.

Multi-Channel Unit Recording
For the Wistar rats, individual neurons were recorded
extracellularly using the present microdrive (with a Mill-
Max connector), in freely behaving rats or while they pressed
for food. Extracellular waveform signals exceeding a voltage
threshold were amplified (gain × 100), digitized at 40 kHz
using an OmniPlex Neural Data Acquisition system (Plexon,
Dallas, TX, United States), and stored on a disk for further
off-line analysis. Waveforms were recorded during 10 min
periods of spontaneous activity. Single units were isolated
using principal component analysis and template matching
(Offline Sorter; Plexon, Dallas, TX, United States). We applied
semi-automated (automated followed by manual correction)
processing techniques to sort spikes from single units in clusters.
Automated processing involved using a valley-seeking scan
algorithm (Offline Sorter; Plexon, Dallas, TX, United States), one
channel at a time, and then evaluated using sort quality metrics.
For manual verification of automated clustering techniques, a
cluster was considered to be generated from a single neuron
if the cluster was distinct from clusters for other units in the
principal component space. Also, the cluster had to exhibit a
clear refractory period (>1 ms). Only stable clusters of single
units during recording were considered for analysis. Timestamps
of neural spiking and flags for the occurrence of bar-pressing
were imported to NeuroExplorer (NEX Technologies, Littleton,
MA, United States) for analysis. Long-term single-unit stability

isolation was evaluated using Wavetracker (Plexon, Dallas, TX,
United States) in which principal component space-cylinders
were calculated from a 10 min segment of data spontaneously
recorded session. Straight and overlapped cylinders or tubes
suggest that the same single unit was recorded over different
sessions (as in Herry et al., 2008).

For the Sprague-Dawley rats, extracellular single-unit activity
from the NAcSh was recorded using a Multichannel Acquisition
Processor (Plexon, Dallas, TX, United States). Specifically,
voltage signals were sampled at 40 kHz and digitalized at 12-bit
resolution. Single unit timestamps were extracted from the raw
signal by using an online band-pass filter with a low cutoff of
154 Hz and high cutoff of 8.8 KHz. Only single neurons with
action potentials having greater than 3:1 signal to noise ratio
were analyzed. The action potentials were isolated online using
voltage-time threshold windows and a three principal component
contour template algorithm. Furthermore, for all recordings,
off-line spike sorting (Plexon offline sorter) was performed,
and only single units with stable waveforms across the entire
session were included in the analysis (Gutierrez et al., 2010).
As electrodes tips were positioned in the dorsal region of the
NAcSh, we sampled neuronal responses across the dorsoventral
axis by lowering down the electrodes every day. To this end,
the lead screw driving the micro positioning system was turned
one rotation before each experiment, pushing down the electrode
bundle ∼250 µm. As the total displacement length of the
reimplantable microdrive is 2.5 mm, after 10 days of recording
(thus, traveling all the way down) the microdrive was replaced.
For that purpose, rats were anesthetized and positioned in the
stereotaxic frame. Once there, the microdrive was unscrewed and
removed, leaving the baseplate fixed to the skull of the rat. A new
microdrive was immediately reimplanted in the NAcSh using the
same brain coordinates and screwed to the baseplate. During
the following 3 days, rats had access to water in their home
cages. Note that the reimplantable microdrives were lowered
each day to test their capability to record single-unit activity all
the way down and to replace the microdrives rapidly. However,
of course, the experimenter can decide to lower and replace
the microdrives, when considered necessary, depending on the
intended duration of the experiment and the quality of the
extracellular recordings.

Microdrive Placement and Electrode Location
To identify the location and integrity of the microdrive implant, a
computed tomography (CT) was performed of the head of the rat
using a Nikon CT, model XT H 225. Figure 9B is a representative
X-ray image of the rat’s head with the microdrive implant in place.
Upon completion of all experiments, rats were transcardially
perfused with 0.9% saline solution followed by an overdose of
pentobarbital (150 mg/kg, i.p.). Brains were extracted and fixed
in a 30% sucrose/10% formalin solution (Sigma-Aldrich, St.
Louis, MO, United States). Electrode placements were verified
by cutting coronal sections 40–50 µm thick using a cryostat
(Leica, CM1520), subsequently mounted on slides and stained for
Nissl bodies with cresyl violet. Only rats with electrode locations
within the borders of the target structure were included in the
statistical analysis.

Frontiers in Neuroscience | www.frontiersin.org 8 February 2019 | Volume 13 | Article 128

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-13-00128 February 19, 2019 Time: 17:8 # 9

Polo-Castillo et al. Reimplantable Microdrive for Chronic Single-Unit Recordings

RESULTS

Microdrive Assessment
To evaluate the implantation and reimplantation procedures
of the microdrive, the time required for each procedure was
measured. For the first case, the procedure consists in the surgery
for attaching the baseplate by means of four screws, one of these
with a silver ground wire soldered (Figure 6A); to place the
microdrive at its final position, a customized microdrive holder
was attached to the stereotaxic incisor bar; once the microdrive
was on the baseplate, it was fixed by means of three fastener
screws (Figure 6B); after this, the microdrive holder was released
(Figure 6C); finally, the silver ground wire had to be soldered to
the microdrive ground wire (Figure 6D).

For microdrive reimplantation, the procedure consists in
releasing three fastener screws to remove the old microdrive
(using the microdrive holder), cutting the ground wire in
half (leaving at least 2 cm of ground wire from the ground
screw attached to the skull to ground the EIB pin), cleaning
the baseplate top and, after that, the procedure followed for
implantation must be repeated (see Figure 6). We found that
the average temperature on the ground screw after five soldering
iterations (3 s per iteration) was 23.2◦C (see Supplementary
Figure S3). Even if soldering lasted as much as 10 s, we found
that heating only reached 32◦C, suggesting that heating due to
re-soldering does not damage the underlying brain tissue.

The total weight of the reimplantable microdrive, including
the weight of the baseplate, is about 4.08 g when the nut-
screw is used, and 4.15 g if the piezoelectric motor is
implemented. In both configurations, its overall dimensions are
27.73 × 15.95 × 21.50 mm. The microdrive offers a travel
range of 2.5 mm, which is a reasonable distance to cover
most brain regions in a rat. To assess the movable mechanism
proposed in the microdrive, two different characterizations
were performed. The first one was related with assessing the
smoothness of the displacements for demonstrating the reliability
of the micropositioning system to record neural activity to a
certain depth without lateral motions of the tip of the wire. The
second one was focused on assessing the position capabilities

of the microdrive. For both evaluations, an optical comparator
NIKON Profile Projector V-16D with an ×20 magnification was
employed, which is a precise instrument suitable for measuring
different shapes of workpieces with a resolution of 0.1 µm.
Both evaluations were performed in manual and open-loop
motorized configurations. Once the microdrive was fixed on the
profile projector stage, for the manual system, the screw was
rotated 22 times in half-turn increments to generate forward
and backward displacements with a theoretical value of 125 µm
in each event. Three experiments were performed, and the
experimental displacements were plotted versus the theoretical
position (see Figure 7A). The mean displacements for the three
experiments were 123, 122.1, and 122.5 µm, respectively. While
the mechanism was displaced forward and backward, it was
noticed that the electrodes have minimal, if any, lateral motion,
which warranties a smooth displacement. The same procedure
was performed using the automated microdrive with open-
loop control. To generate the control signals, the NSD-2101
piezo motor driver by Austria Microsystems was employed. The
actuator works by voltage pulses. To evaluate the displacement
of the automated microdrive in an open-loop control, three
experiments were performed. Each experiment was composed
of 64 steps, and each step was programmed with 10 pulses,
duration of 1 ms, and intervals of 1 ms. For this case, Figure 7B
shows the experimental displacement as a function of the motor
steps for the three experiments, thereby obtaining an average
displacements of 35.145, 33.193, and 30.919 µm, respectively.
As was observed in the first experiment, lateral deviations were
not present.

Long-Term Stable Neuronal Recordings
in Freely Moving Rats
To assess the stability of the microdrive in vivo, we recorded
NAcc neurons (Figure 8) in Wistar rats that were either in
their home cage or during a behavioral task. Superimposed
waveforms from two different units recorded simultaneously in
the same electrode show them separated from noise. Offline
sorting of two units using the voltage-time threshold, principal
component time-space surface, interspike interval histogram,

FIGURE 7 | Performance of the electrode positioning system. (A) Experimental position versus half-turn increments of the screw. (B) Experimental position versus
motor steps in open loop.
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FIGURE 8 | Long-term stable recordings of NAcc neurons in freely behaving
rats. (A) Left: X-ray of the head of the rat showing location of the microdrive
implant. Right: Histological reconstruction of the location of electrode tips in
NAc of the ventral striatum. (B) Left top: Superimposed waveforms from two
different units (green and yellow) recorded simultaneously in the same
electrode and separated from noise (gray). Grid: 400 µV, 800 µs. Left bottom:
Interspike interval histogram of the two units. Right: Offline sorting of two units
using voltage-time threshold, principal component time-space surface (top)
and 3D (bottom). (C) Freely behaving rats pressed a lever to obtain a food
pellet, in a fixed ratio 1 reinforcement schedule. (D) Raster plot (top) and
peri-event time histogram (bottom) for a neuron exhibiting an increase in firing
rate after lever pressing (time = 0 s; the waveform of this neuron is shown in
yellow in panel B). In the raster, a black tick indicates one action potential; the
bin size was 100 ms. Arrowheads (H) indicate the time of lever pressing
(time = 0 s). (E) We tested the stability of recordings during spontaneous
activity sessions in another freely behaving Wistar rat. Top: Waveforms of two
separate neurons (yellow and green) recorded from the same single electrode
for over a month (40 days). For visualization purposes, only waveforms in days
1, 3, 7, and 40 are shown. Bottom: Verification of long-term stable single-unit
recordings using principal component space cylinders. A straight cylinder
indicates that the same single unit was recorded in different sessions across
time (days).

and 3D were used to verify they were separate units (Figure 8B).
To validate the microdrive and evaluate its recording stability,
freely behaving rats were trained in a lever-pressing task
(Figure 8C). Spontaneous neural activity was recorded while rats
were pressing a bar to obtain a food pellet. The response of one

individual neuron is shown in the raster plot in Figure 8D. This
neuron responded vigorously when pressing the lever to obtain
food. This result is consistent with previous reports showing
lever press response-related activity in NAcc (e.g., Morrison and
Nicola, 2014). This neuron was recorded for three consecutive
days (data not shown). These results indicate that the microdrive
can be used for short-term (less than a week) recordings in
rats performing a simple behavioral lever-press task. Further,
in a different rat and to evaluate if the microdrive can be
used for long-term recordings (over a month), we recorded
spontaneous NAcc neuronal activity of two single neurons for 40
days. The response of these two individual neurons with a stable
waveform for over 40 days is shown in Figure 8E. Quantitative
verification of long-term stable single-unit recordings was
performed using principal component space cylinders. A straight
principal component space cylinder indicates that the same single
unit was recorded in different sessions (days) across time. Taken
together these results indicate that the microdrive is stable for
short-term and, most importantly for long-term recordings in
freely behaving rats. Yet, because of the limited dataset (one
recording channel with two clearly isolatable units tracked for
over a month), we acknowledge that implanting more rats with
this microdrive would be necessary to evaluate quantitatively
further the degree of long-term recording stability.

Neuronal Recordings for the First and
Second Microdrive Implant
Having characterized the stability of the microdrive, we then
assessed if it was feasible to re-implant it without overtly affecting
the functional activity of the targeted brain region. To do this, we
performed extracellular single-unit recordings in five Sprague-
Dawley rats performing a sucrose licking task. In total, the
activity of 262 single neurons was recorded and analyzed to test
the efficacy of our reimplantable microdrive. Figure 9 shows a
representative example of two neurons recorded by the same
tungsten wire. Note that the clusters of waveforms were stable
and well separated in the principal component-time space, as well
as in a voltage-time window (Inset) during the 1-h experiment,
demonstrating once more that our microdrive can perform
stable recordings in freely moving rats (in Supplementary
Figure S2 can be found the raw data of online sorting of a single
recording day).

Next, we characterized the quality of the recordings in
two consecutive implants, performed in the same animal. The
frequency to record single neurons between the First and
Second implant was not statistically different (Kruskal–Wallis,
χ2

(1,9) = 0.55, p = 0.45; Figure 9B; 4.7 and 3.2 neurons
per session, respectively). Moreover, in average the activity
recorded from the Second implant lasted roughly the same
number of days than the First implant (Figure 9C; Kruskal–
Wallis, χ2

(1,9) = 2.18, p = 0.14; n = 10 implants), suggesting
that the process of degradation of the electrode’s signal was
similar between both implants. To further validate this point, we
resample with replacement the number of recorded days with
signal. The averages of resampled data were 8.05 (CI = 1–7)
and 5.33 (CI = 5–11) days with signal for the First and Second
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FIGURE 9 | In the same animals, we recorded a similar proportion of lick-modulated NAcSh neurons in the first and second microdrive implant. (A) Action potentials
(dots) of two single-neurons recorded in the same channel (yellow and green, respectively) within a 1 h freely licking behavioral session. Values are plotted in a
three-dimensional space built with the first two principal components (PCs) of the voltage signals vs. time. Inset: Depicts the time-voltage window showing the
mean ± SEM of action potential waveforms. These neurons were recorded from the “first” implant. (B) Histogram depicting the number of single neurons recorded in
the first and second implant across sessions. (C) Number of daily sessions where single-unit activity was recorded in the first and second implant. (D) The
population activity (normalized to z-score) of neurons that were either Lick-Active (red) or Lick-Inactive (blue) around the initiation of licking (vertical line at time = 0 s).
The baseline level of neuronal activity (z-score = 0) is indicated by a horizontal dashed line and was taken from –1.5 to –0.5 s relative to the lick onset.
(E) Histograms of the percentage of Lick-Active and Lick-Inactive neurons found in the NAcSh using the first and the second implant of the microdrive and the
proportion of the lick modulated neurons reported in a study published elsewhere (Tellez et al., 2012). The proportions of neurons were not statistically different
relative to data from Tellez et al. (2012) (chi-square test; Lick-Active neurons of the first and second implants vs. Tellez, χ2

= 0.004, and χ2
= 0.005, respectively;

Lick-Inactive of the first and second implants vs. Tellez, χ2
= 0.017 and χ2

= 0.003, respectively; all p’s > 0.05).

implants, respectively. Since confidence intervals did overlap,
then it indicates no statistical difference, at a 95% confidence,
exists between the First and Second re-implant. Nevertheless,
we do acknowledge that in our second implant, we could not
record more than eight simultaneous neurons in a single session
(Figure 9B), further studies should confirm this trend. These
data suggest that good-quality recordings can be obtained from
a second implant in the same rat. Also, these results demonstrate
that recordings in freely moving animals can be extended for
at least one more implant (perhaps more), but this remains
to be tested.

To further characterize if there is any reliable advantage in
the yield of neurons recorded with our microdrive, we compared
the yield obtained with our reimplantable microdrive against a
permanently implanted movable electrode from our previously
published study (Tellez et al., 2012) (see Table 1). In average, in
the First implant, we recorded 36.8 neurons per animal, whereas
with a permanently implanted electrode 38.3 (Mann–Whitney
Rank p = n.s.), producing a yield of 4.7 vs. 5.7 neurons/session,

respectively (p = n.s.). Thus, our microdrive results in a similar
yield than other tungsten electrodes, at least, in the First implant.
As noted above, the advantage of our drive mainly resides on the
ability to be reimplanted (and to be reused). As can be appreciated
in Table 1, we recorded, from the same rats, in average 16.2 new
neurons in the Second implant (see Table 1; Second implant).
Nevertheless, we acknowledge that not in all subjects the Second
implant recorded more neurons than the First implant (see for
example rat R02). Nonetheless, it is important to note that we also
found cases (such as in subject R01) where the Second implant
improved the yield of neurons, demonstrating the advantage of
using our microdrive.

After demonstrating the recording capabilities of our
microdrive, we evaluated whether the two consecutive implants
lead to recording the same type of functional ensembles in the
NAcSh. A considerable amount of evidence has consistently
shown the existence of a small proportion of Lick-Active and
a larger population of Lick-Inactive neurons in the NAcSh
(Roitman et al., 2005; Krause et al., 2010; Tellez et al.,
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TABLE 1 | Comparison of the yield of neurons obtained in First and Second
implant, and against Tellez’s database with a permanently implanted electrode.

First implant Second implant

Name rat Sessions Neurons Neu/Sess Sessions Neurons Neu/Sess

R01 6 6 1 6 22 3.6

R02 9 33 3.6 1 3 3

R03 11 71 6.4 7 25 3.5

R04 9 25 2.7 7 17 2.4

R05 5 49 9.8 4 14 3.5

Average 8 36.8 4.7 5 16.2 3.2

Permanent implantation

Name rat Sessions Neurons Neu/Sess

Cooper 5 26 5.2

Floyd 8 59 7.3

Orec 3 10 3.3

Rhino 9 45 5

Silverio 14 147 10.5

Zero 5 15 9.4

Stan 1 4 4

Cua 1 1 1

Average 5.7 38.3 5.7

2012; Villavicencio et al., 2018), suggesting that these neuronal
populations reflect the functional organization of the NAcSh.
Thus, to address this issue, we first identified NAcSh neurons
that were modulated during consummatory licking behavior.
Figure 9D shows the populational activity of all NAcSh neurons
that either increased their activity during licking (see red line)
or suppressed it (blue line). Thus, the proportions of Lick-Active
and Lick-Inactive neurons using our reimplantable microdrive
was compared against the proportions reported in our previously
published study (Tellez et al., 2012) (Figure 9E). For this
analysis, the licking-modulated neurons from both, the brief-
access taste test and the free-licking task, were pooled. No
statistical differences were found in the percentage of active or
inactive licking-modulated populations for the first or second
implant in comparison with the data reported by Tellez et al.
(2012) (chi-square test; all p’s > 0.05, n = 87 Lick modulated
neurons from our microdrive vs. n = 124 from Tellez et al.,
2012). This result suggests that the reimplanted microdrive
can record the same functional ensembles as other standard
electrodes without affecting the functional activity of the NAcSh.
Altogether, the data obtained indicate that the microdrive is
suitable for in vivo recordings involving simultaneous behavioral
testing and, more importantly, that it can extend recordings for
an extra period, without affecting neither their quality nor the
functionality of the brain region targeted.

DISCUSSION

A novel microdrive design is presented here. This microdrive
met the low cost, small size, and lightweight criteria, which are

ideal features for experiments involving freely moving rodents.
The assembly and implantation, as well as the re-implantations,
resulted easy and quick. Also, the design presented here
incorporates a mechanism based on two concentric cylinders
that produce smooth displacements in both the manual and
automated versions. Most important, it was demonstrated that
the micropositioning system could reliably advance the electrode
bundle in the space without lateral motions artifacts. One of
the innovative aspects of the device is that is it potentially
reusable. We have indeed been reusing parts from our microdrive
by cleaning, re-plating and sterilizing the device (or by simply
replacing the tungsten wires). This suggests that our microdrive
allows for users to potentially re-use microdrives across animals,
greatly decreasing cost and time of experiments. As a proof
of concept, single unit recordings using the microdrives were
tested in rats performing behavioral tasks or during spontaneous
activity. We found a high-quality neuronal signal that was
comparable between a first standard implant and a re-implant in
the same subjects. Also, it was demonstrated that such a signal
could last over a month. Thus, the microdrive design proposed
here is an original and useful device to facilitate the collection of
neuronal activity datasets, especially for experiments where time,
training, and resources employed are critical.

Micropositioning System
The microdrive presented incorporates a mechanism based on
two concentric cylinders that produce smooth displacements; the
mechanism is coupled to the lead screw by pressure, avoiding any
backlash and system misaligning, which are the main drawbacks
in mechanisms based on leadscrew and cannula guides (e.g.,
Fee and Leonardo, 2001; Venkateswaran et al., 2005; Otchy and
Ölveczky, 2012; Jovalekic et al., 2017), in which the electrodes
can be subject to mechanical drift and in consequence the loss
of signal. The microdrive proposed exhibited good stability over
several recording days. Another advantage of the microdrive
presented is the possibility to choose between a manual or
automated actuation. The use of the piezoelectric motor SQL-
RV-1.8 allows replacing it with a nut and a screw with the same
geometrical characteristics decreasing the microdrive’s cost. The
mechanical characterization demonstrated that there were not
lateral displacements along the displacement stroke. Related to
the displacement characterization, for the manual configuration,
a resolution of about 125 µm per half turn was obtained; but
if the user requires a lower displacement, he/she only needs to
decrease the rotation of the screw; for example, a quarter of a
turn represents a displacement of about 60 µm. For the automatic
configuration (open-loop control), it was observed that there was
no similarity in the three experiments. Such a behavior is related
to the actuator and the mechanism employed: ultrasonic PZT
actuators usually do not have a constant behavior because their
principle work is based on friction; on the other hand, the spring
employed in the mechanism produces a non-constant preload
force to the motor, which changes depending on the position
in the microdrive stroke. Despite this drawback, using close
control loop can improve the precision of the displacement, as
demonstrated in Caballero-Ruiz et al. (2014), where a resolution
of 1.3 µm with an average error of 2.2 µm was obtained with
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the prototype of the presented mechanism, making it a high-
performance system.

Manufacturing
The use of additive manufacturing technologies helps us to
generate a microdrive housing with internal conduits to protect
the microelectrodes form possible damages caused by the natural
behavior of the animal; this is an important issue in extracellular
recording experiments with rodents. Also, we incorporated a
baseplate and a holder that permits the easy installation of
the microdrive and the possibility of reimplanting a new one
in case of loss of signal. This represents an advantage when
trained animals are used for the experiment. The microdrive
presented can displace a bundle of 16 microelectrodes, which
makes it impossible to determine the specific location of each
of them, individually. It is necessary to work on a proposal
that allows moving a microelectrode array with a specific
distance between the electrodes to avoid the possible crosstalk
phenomena and to know the specific location of each electrode.
The recording experiments were performed in the NAc of the
ventral striatum, but the design can be easily modified to target
other brain regions. The additive manufactured baseplate allows
for a flexible recording location, located between AP ± 3.5 mm
and ML ± 2.5 mm; with some minimal modifications in the 3D
model, it is possible to achieve more distant regions; however,
not for all brain regions, for example, this design cannot offer
recordings in very lateral areas such as in the posterior insular
cortex (ICp); therefore, designing a universal baseplate that can
be used on any region of the brain can be considered. The
final weight and dimensions of the proposed microdrive are
appropriate for extracellular recording in rats. For smaller rodent
species, such as mice, it will be necessary to miniaturize its
components and redesign the baseplate and the microdrive.
Another caveat of our microdrive is that all electrodes are moved
in a bundle rather than an independent placement of each
electrode individually. Nevertheless, this limitation allows us to
reduced device weight and, for a future version, it could save
space to introduce a second driver to record two simultaneous
brain regions.

Gold Plating of Electrodes
Sixteen tungsten wires with 35 µm in diameter were gold-plated
in order to reduce the impedance to 70 k�. However, the user
can flexibly choose electrodes with other diameters and materials.
It has been demonstrated that tungsten is a good choice of
material for chronic implants since it is a stable and inert metal
(Freire et al., 2011), and it has been successfully used in single unit
recordings (Gutierrez et al., 2010). This diameter is stiff enough
to maintain stability and rigidity at lengths <7 mm. We note that
larger diameters >50 µm are not optimal for isolating single unit
activity. Furthermore, in Patrick et al. (2011), it was demonstrated
gold-plated in tungsten electrodes. Additionally, Prasad et al.
(2014) reported that with tungsten electrodes, the best yield is for
the impedance range 40–150 k�. Further studies should analyze
different materials and diameters in order to characterize the best
option of electrodes and impedance range.

Datasets Collection
The main advantage of using the microdrive is, of course,
reducing the number of experimental subjects, which is a
fundamental ethical issue as expressed by Institutional Animal
Care and Use Committees (Fitts, 2011). We believe that our
microdrive will be especially valuable for preparations for which
extensive behavioral training is needed (Erlich et al., 2011;
Jaramillo and Zador, 2014; Liu et al., 2014; Fonseca et al.,
2018); or in animal models for chronic diseases that take
months to develop, such as diet-induced obesity (Benedikz et al.,
2009; Avena, 2012). We expect our reimplantable microdrive
to become a critical implementation for extracellular recordings
that facilitate the collection of larger neuronal activity databases
over long periods.

In sum, here we presented the design of a novel microdrive
that resulted in stable recordings over days to a month, and more
important, when necessary it could be reimplanted, in the same
animal, with the intent to extend the half-life of extracellular
recordings. Altogether, the structural and functional features of
the present microdrive make it ideal to further study the neuronal
correlates of behaviors, in health and disease, from perception
to decision making that requires stable recordings across several
weeks and give the opportunity to reuse it and reimplant it if there
is an error during surgery.
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FIGURE S1 | Distance from baseplate to end of electrode bundle (7 mm).
(A) Length of electrodes without the baseplate. (B) Same as in (A) but with
the baseplate in place.

FIGURE S2 | Single-unit activity recorded from the reimplantable microdrive.
Screenshot of the acquisition system’s user interface software showing single-unit
activity recorded during an ongoing experiment (online sorting). At the right, it is
seen different time-voltage windows corresponding to different channels from
where single-unit activity was recorded. Yellow and green traces distinguish
different neuronal signals recorded in a single channel. At left side of the
screenshot, it is shown an expansion of the channel “4” seen at the left (see
window framed by a magenta rectangle).

FIGURE S3 | Soldering process and temperature measurement. (A) Temperature
measured with an infrared thermometer before soldering. (B) The ground wires
have been joined. (C) The ground wires have been soldered and an average
temperature of 23.2◦C has been obtained.

TABLE S1 | NanoZ stepped protocol used to perform the electroplating
in the electrodes. This protocol was applied to each channel. The interval
is the time between bi-phasic pulses within a run. Runs are the maximum
number of attempts per step to reach a target impedance. n/a,
not applicable.

TABLE S2 | Costs for microdrive parts. For the automated microdrive, the total
cost of the parts is 280,2 USD, while for the manual configuration is 155,2 USD.
Both estimations were made considering the cost of the electronic interface board
(101.65 USD), which is reusable. Without the cost of the electronic interface
board, the total cost of each microdrive is
53,55 USD.

DATA SHEET S1 | STL files and G code for manufacturing the parts of the
microdrive.
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A B S T R A C T

Prolactin (PRL) is a pleiotropic hormone secreted by several cells and tissues in the body, such as mammary
glands, T-lymphocytes, hypothalamus, among others. This hormone possess neuroprotective properties against
glutamate-excitotoxicity through the activation of NF-kB, suggesting it could exert an antioxidant action.
However, the role of PRL on the antioxidant defense during glutamate-induced excitotoxicity is not clear to date.
Therefore, in the present study, we have evaluated the effect of PRL on SOD activity and protein content of both
of its isoforms (Mn2+-SOD and Cu2+/Zn2+-SOD), as well as, its action on mitochondrial activity in primary
culture of hippocampal neurons of rats. Additionally, we have evaluated the possible antioxidant effect of PRL
through the determination of lipid peroxidation products (LPO), measured as malondialdehyde (MDA). Results
show that PRL enhances the activity and the protein content of Mn2+-SOD and Cu2+/Zn2+-SOD in neurons
exposed to glutamate-induced excitotoxicity. Moreover, our results demonstrate that PRL prevents mitochon-
drial dysfunction induced by glutamate and significantly decreases the levels of LPO products. To our knowl-
edge, this is the first time that a potential antioxidant effect of PRL has been described in hippocampal neurons
exposed to glutamate excitotoxicity, opening questions of its potentiality for therapeutics.

1. Introduction

Glutamate (Glu) is the primary excitatory neurotransmitter in the
brain [1]; under physiological conditions, astrocytes maintain Glu
concentration in the extra-synaptic space in a low concentration (≈1
μM) preventing excitotoxicity [2]. However, in some neurodegenera-
tive disorders astrocyte function is compromised leading to Glu-induced
excitotoxicity [3]. One of the main characteristics of this condition is
the overstimulation of the glutamate receptors which leads to the in-
tracellular calcium ([Ca2+]i) overload and concomitantly the mi-
tochondrial dysfunction. High intracellular concentrations of Ca2+

induce the opening of the mitochondrial permeability transition pore,
which impairs the energy balance and enhances reactive oxygen species
production (ROS). As a result, the release of pro-apoptotic factors to the
cytoplasm, such as cytochrome c is favored, leading to apoptosis.

Moreover, oxidative stress recognized as the dominant player in the
pathology of several neurological disorders, such as Parkinson's,
Alzheimer's, stroke and ischemia; and has been extensively described as
the major contributor to neuronal death, since ROS damage organelles
and macromolecules, such as proteins, nucleic acids and lipids [4].
Mainly, lipid peroxidation resulting from the attack by free radicals on
fatty acids in membranes promotes an increase in lipid peroxidation
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products (LPO), such as malondialdehyde (MDA) [5]. LPO products
interfered with the mitochondrial electron transport chain leading to
the loss of the mitochondrial membrane potential (ΔΨm) and enhanced
ROS as superoxide anion and hydrogen peroxide [6]. Although, neurons
possess robust antioxidant defences, such as peroxiredoxin V, Cu2+/
Zn2+-SOD (SOD1), Mn2+-SOD (SOD2), glutathione peroxidase and
catalase (in low amount), during neurodegeneration: the function of
antioxidant defences is compromised [7].

On the other hand, prolactin (PRL) a peptidic hormone biosynthe-
sised by the pituitary and by other extrapituitary tissues [8,9], has been
described to exert more than 300 biological functions, including neu-
roprotection against Glu and kainic acid-induced excitotoxicity both in
vivo and in vitromodels [10–14]. Recently, our group reported, that PRL
neuroprotection against Glu-induced excitotoxicity is mediated by
[Ca2+]i modulation and by NF-κB activation [11]. NF-κB plays several
roles in cognition, inflammation, cell survival and cell death. Particu-
larly in cell survival, NF-κB promotes the transcription of anti-apoptotic
genes, such as bcl-2 and inhibitor of apoptosis proteins (IAPs), in several
models of excitotoxicity. Additionally, NF-κB activation induces the
expression of both SOD isoforms in neurons [15]. However, few studies
have investigated the antioxidant actions of PRL.

In this context, Melendez-García et al. suggested that PRL promotes
cell survival in retinal pigment epithelium cells via anti-apoptotic and
antioxidant actions, the latter associated to the inhibition of the oxi-
dant-induced sirtuin 2-dependent activation of TRPM2 channels [16].
Nevertheless, in hippocampal neurons, the antioxidant action of PRL
against excitotoxicity is not clear to date. Here, we evaluate whether
PRL prevents apoptotic cell death via the stimulation of SOD anti-
oxidant defence. Our results demonstrate that PRL treatment prevents
apoptosis and mitochondrial dysfunction in primary cultures of hip-
pocampal neurons through the increase in the protein content of both
isoforms of SOD (SOD1 and SOD2) and the SOD activity, even during
glutamate exposure. Interestingly, this results correlates with a decrease
in LPO produced during Glu-induced excitotoxicity.

2. Materials and methods

2.1. Cell culture

Primary cultures of hippocampal neurons were obtained from
Wistar rat embryos from 17 to 18 days of gestation as described by
[11]. Briefly, neurons were suspended in Neurobasal medium supple-
mented with B-27 minus antioxidants (1%, Gibco, NY, USA), genta-
micin (20 μg/mL, Gibco, NY, USA) and L-glutamine (0.5 mM, Sigma-
Aldrich, Missouri, USA). For protein isolation, TBARS determination
and SOD activity assay, neurons were cultured at a density of 3×105

cell/cm2 in 35mm cell culture plates (Costar, NY, USA), previously pre-
coated with Poly-L-lysine (5 μg/10mL, Sigma-Aldrich, Missouri, USA).
For TUNEL and mitochondrial activity assays, cells were cultured in 12-
well plate (Costar, NY, USA) on rounded coverslips (18mm diameter)
at a density of 185×103 cells/cm2. Neurons were cultured in standard
culture conditions (37 °C in a humidified 5% CO2/ 95% O2 air atmo-
sphere) for ten days. At the 4 DIV, neurons were treated with cytosine
arabinoside (0.8 μM, Sigma-Aldrich, Costar, NY, USA).

2.2. Cell treatment

At 8 DIV, all neurons received a partial replacement of Neurobasal
medium and some cultures were treated with PRL (10 ng/mL solubi-
lised in sterile saline solution during 72 h, Sigma-Aldrich, Missouri,
USA) or with sterile saline solution alone. At 10 DIV, pre-treated neu-
rons with PRL were exposed to Glu (100 μM) for 24 h while other
culture wells were exposed to Glu alone to induce excitotoxicity as
described by [11,12]. All experiments were carried out at the 11 DIV.

2.3. TUNEL assay

After treatments (11 DIV), primary cultures platted in rounded
coverslips were washed with PBS and fixed with PFA (4% during
10min) at RT. TUNEL assay (in situ cell death detection kit TMR Red,
ROCHE, Basel, Switzerland) was performed according to the supplier´s
instructions to. We counterstained nuclei with Hoechst (0.005%) and
consider TUNEL-positive neurons those with condensed or fragmented
nuclei, as reported by Mandelkow et al. [17]. Samples were observed
under an epifluorescence microscope (Nikon H550S) using a UV-2A
DM400 filter for Hoechst and Rhodamine filter for TUNEL. Images from
five different fields, containing about 20–30 cells in three independent
experiments, were analysed by ImageJ. Data are expressed as percent of
TUNEL-positive neurons relative to the total number of nuclei labelled
with Hoechst, as reported by García de la Cadena et al. [18].

2.4. Mitochondrial activity determination

Mitochondrial activity was measured with the JC-1 fluorescent
marker. JC-1 is a mitochondrial transmembrane potential (ΔΨm)
sensor, which emits fluorescence at 590 nm (red) when mitochondrion
are polarised (active), and at 530 nm (green) when mitochondrion are
depolarised (dysfunctional). Neurons cultured on coverslips and ex-
posed to the different treatments were incubated with JC-1 (100 nM
during 30min covered from light at standard culture conditions,
Thermo-Fisher Scientific, Massachusetts, USA). As a positive control of
mitochondrial dysfunction, 1 μM of carbonyl cyanide-p-tri-
fluoromethoxy phenylhydrazone (FCCP, Sigma-Aldrich, Missouri, USA)
was incubated for 5min. Afterwards, coverslips were transferred to a
chamber with Lockey´s buffer at 37 °C and observed under a confocal
microscope (Leica TCS-SP5) using the argon laser, at Unidad de
Imagenología del Instituto de Fisiología Celular, UNAM. Images were
analysed according to Lijima et al. [19], calculating the 530/590 nm
ratio in the soma region.

2.5. Western blotting

Protein isolation, quantification, and Western blot assays were
performed as described in [11]. Briefly, neurons cultured in 35mm
plates were washed with cold PBS and lysed with RIPA buffer supple-
mented with 5mM of a protease inhibitor cocktail (mini-Complete,
ROCHE, Basel, Switzerland). Protein quantification was determined
with the DC protein assay kit (Bio-Rad, CA, USA), following the man-
ufacturer's protocol and 40 μg of protein from each condition were
loaded onto 12.5% SDS-PAGE and subsequently transferred to PVDF
membranes (Millipore, Massachusetts, USA). Membranes were in-
cubated with anti-SOD1 (1:100, cat. sc-11407), anti-SOD2 (1:200, sc-
30080) or β-actin (1:10000, cat. sc-1615) overnight at 4 °C. Hybridised
membranes were incubated with the corresponding secondary anti-
bodies conjugated with horseradish peroxidase: anti-rabbit (1:7000,
cat. 2301) or anti-goat (1:10000, cat. 2033) (Santa Cruz Biotechnology,
CA, USA). The signal from each antibody was detected by chemilumi-
nescence using the Immobilon Western Chemiluminescent HRP sub-
strate (Millipore, Massachusetts, USA) with a blot-scanner (LI−COR,
NE, USA). Densitometry analysis was performed with Image Studio 3.1.
SOD1 and SOD2 content were normalised against β-actin.

2.6. SOD activity assay

SOD activity was quantified with the SOD determination kit Assay
(Sigma-Aldrich, Missouri, USA) following the supplier´s instructions,
based on the McCord and Fridovich´s principle. Neurons cultivated in
35mm plates were washed with cold PBS and homogenised in lysis
buffer. After centrifugation (14,000 g X 10min at 4 °C), the supernatant
from each condition was used for measuring SOD activity. Data re-
present the percentage of SOD activity.
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2.7. Lipid peroxidation products determination

Lipid peroxidation (LPO) products were measured by the thio-
barbituric acid reactive substances (TBARS) as described by [20].
Neurons were washed with cold PBS and subsequently homogenised in
lysis buffer containing: Tris−HCl (25mM, pH 7.5), SDS (1%), EDTA
(1mM, pH 8), mini-complete protease inhibitor and PMSF (5mM,
Sigma-Aldrich, Missouri, USA). Homogenates were centrifuged at
10,000 g X 10min at 4 °C and protein content were determined by
Lowry´s method. 100 μg of protein from each sample was mixed with
BHT (4%, Sigma-Aldrich, Missouri, USA) and PBS at 100 °C during
30min. Afterwards, each sample was incubated with thiobarbituric
acid (0.8M, Sigma-Aldrich, Missouri, USA) during 1 h at 100 °C. Sam-
ples were transferred to an ice bath, in order to stop the reaction, and
then they were rapidly mixed with KCl (5%) and n-butanol. Finally,
samples were centrifuged (400 g X 5min at RT) and the aqueous phase
as isolated to a measure absorbance at 532 nm.

2.8. Statistics

All data were analysed by GraphPad Prism® software by one-way
ANOVA followed by a Bonferroni´s post hoc test. Values are expressed as
the mean ± S.E.M. of 3–5 independent experiments. Significant dif-
ferences were considered when p < 0.05 or p < 0.01.

3. Results

3.1. Prolactin prevents glu-induced excitotoxicity in hippocampal neurons

It has been reported that PRL induces neuroprotection against Glu-
induced excitotoxicity in primary cultures of hippocampal neurons
[11–14]. As a control for following experiments, we performed TUNEL
assay in primary cultures of hippocampal neurons. Results depicted in
Fig. 1S (supplementary material), show that PRL treatment does not
alter the percentage of TUNEL positive neurons with condensed nuclei,
in comparison with the control (Ctrl) group. However, in the PRL/Glu
group, PRL reduces 50% of the TUNEL positive cells as compared with
those exposed only Glu (Fig. 1S A and B, panel g–i and j–l), meaning
that PRL induces neuroprotection against Glu-induces excitotoxicity as
reported previously.

3.2. Prolactin-induced neuroprotection is associated with the preservation of
the mitochondrial activity

Glu-induced excitotoxicity alters the intracellular calcium home-
ostasis leading to mitochondrial damage affecting the electron transport
chain and the OxPhos [21,22]. Once we reproduce the neuroprotective
effect of PRL against Glu-induced excitotoxicity, we aim to evaluate
whether PRL treatment prevents the mitochondrial dysfunction during
excitotoxicity. Since the ratio between 530 nm and 590 nm is more than
1 after Glu exposure (Fig. 1B), data suggest that Glu treatment collapses
the mitochondrial potential in a similar proportion as showed in the
neurons stimulated with FCCP (Fig. 1 A; panel k and n), as expected. On
the other hand, neurons pretreated to PRL and then insulted with Glu,
showed a ratio similar to the vehicle-treated neurons, indicating that
PRL preserves the mitochondrial function during excitotoxicity. Ad-
ditionally, we evaluated if PRL induces per se alterations in mitochon-
drial function and interestingly, our data showed a significant increase
in the red fluorescence, which results in a significant decrease in the
530/ 590 nm ratio (Fig. 1 A; panel e, and Fig. 1. B), suggesting that PRL
sustains mitochondrial membrane potential.

3.3. Prolactin enhances total SOD activity and both isoforms of protein
content

As mention above, PRL induces NF-κB p65 activation in

hippocampal neurons, and several studies report that this activation
induces the expression of several proteins involved in neuroprotection,
survival and the antioxidant defense. In this context, we evaluated
whether PRL affects the protein content and the total activity of both
isoforms of SOD in primary cultures of hippocampal neurons. Our re-
sults showed that PRL treatment during 72 h increases the protein
content of both, SOD-1 and SOD-2 significantly, in contrast with the
vehicle. Interestingly, this effect is also observed in the PRL/Glu group
in comparison with the neurons that were only treated with Glu, which
show a significant decrease in both isoforms, as expected (Fig. 2 A and
B). Additionally, we evaluate whether PRL modifies the total SOD ac-
tivity since the protein content evaluated by Western blot does not
reveal their activity. As seen in Fig. 2C, PRL treatment doubles the total
SOD activity, from 20% to 40%, as compared with the control and
maintain this effect even in the neurons from the PRL/Glu condition
(30%). While neurons treated only with Glu decreases to 10%, the total
SOD activity compares with the PRL/Glu group.

3.4. Total SOD activity and protein content increase correlate with a low
concentration of LPO products

LPO products increase significantly during Glu-induced ex-
citotoxicity as result from mitochondrial dysfunction [23–25]. Since we
observed that PRL maintains the mitochondrial membrane potential
and increases the activity and the protein content of SOD, we quantified
the LPO products concentration in hippocampal neurons treated with
PRL or Glu alone or as a mixture (PRL/Glu), in order to determine in-
directly the effect of PRL on lipid oxidation induced by ROS during
excitotoxicity. As depicted in Fig. 3, LPO products concentration in-
crease significantly in neurons treated only with Glu alone (100 μM).
However, PRL pretreatment prevented this effect in PRL/Glu group, as
the LPO products concentration decrease to 2μM/ μg of protein. Re-
garding the PRL-treated group, the LPO products concentration re-
mained close to control values (Fig. 3).

4. Discussión

Excitotoxicity is implicated in neuronal death during ischemia,
stroke and neurodegenerative disorders, among other neuropatholo-
gical conditions [26]. This process caused by a rise in the extracellular
Glu concentration is characterized by the impairment of mitochondrial
activity and a significant increase in ROS production, mainly. Besides,
excitotoxicity is accompanied by the decline in the antioxidant de-
fences, such as catalase, glutathione peroxidase and SOD, among others
[7,27]. Previously, we reported that PRL-induced neuroprotection
against excitotoxicity is mediated by NF-κB activation [11]. Hence, in
the present study, we have evaluated whether PRL mediates neuro-
protection via the induction of the antioxidant enzymes SOD1 and
SOD2.

First, we evaluated whether PRL prevents the cell death induced by
Glu, in order to confirm the neuroprotective effect displayed by PRL
previously reported by our group [11,12]. Our results demonstrate that
PRL significantly decreases the percentage of TUNEL-positive neurons,
which correspond mainly to apoptotic cells. Interestingly, other groups
have also described that human PRL (hPRL) increases cell survival and
decreases the number of apoptotic cells in human retinal pigment epi-
thelial cells (ARPE-19) exposed to H2O2 [16].

Once we confirm that PRL decrease the percentage of TUNEL-po-
sitive cell, we demonstrated for the first time that PRL-induced neuro-
protection is associated with the enhanced activity and a significant
increase in the content of both SOD isoforms. These data are following
those in rat luteinized granulosa cells exposed to PRL treatment (1 ng/
mL for four days), in which both, the protein content and the mRNA of
SOD1 and SOD2 increases significantly [28]. Moreover, in another
study in pancreatic β-islets exposed to PRL (1 μg/mL for 24 h), it has
been reported that PRL increases 8-times SOD1 mRNA, probably
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through the MAPK and STAT-3 activation [29]. However, contrary to
these observations, another study showed that PRL induce antioxidant
effects in retinal epithelium cells by SOD-independent mechanisms
[16], suggesting that further experiments are required to investigate the

effects of PRL on other antioxidant defense systems in hippocampal
neurons.

Our results also demonstrate that PRL enhances total SOD activity,
while Glu significantly decrease it, as compared with control values.

Fig. 1. Prolactin-induced neuroprotection is associated to
the preservation of the mitochondrial activity. (A)
Representative images from the hippocampal neurons
stained with the JC-1 dye, treated with Control (saline so-
lution); PRL (10 ng/mL); PRL/Glu (10 ng/mL and 100 μM,
respectively), Glu (100 μM) and FCCP (1 μM for 5min). (B)
JC-1 ratio between both wavelengths (530 nm/590 nm),
depolarized neurons show increased green fluorescence
while neurons with active mitochondria increases the red
fluorescence resulting in a decreased JC-1 ratio. Bars re-
present the mean ± SD of the JC-1 ratio from four in-
dependent experiments. Data were analyzed by one-way
ANOVA followed by a Bonferroni´s post hoc test **
p < 0.01 PRL/Glu vs. Glu and Ctrl vs. Glu. Scale bar:
20 μm.

N.A. Rivero-Segura, et al. Neuroscience Letters 701 (2019) 58–64

61



These are in accordance with the literature. For instance, Bolzán et al.
demonstrated that PRL positively regulates the SOD activity in liver and
thymus in 29-month-old Sprague-Dawley female rats in a dose-depen-
dent manner [30]; and Sun et al. reported that Glu-induced ex-
citotoxicity impairs SOD activity in human neuroblastoma SH-SY5Y
cells 24 h after Glu treatment [31]. Interestingly, our results demon-
strate for the first time that enhanced PRL-induced SOD activity also
occurs during Glu exposure, suggesting the increase in this antioxidant
system even during the excitotoxic insult. This correlates with the in-
creased protein content of SOD1 and SOD2, suggesting that PRL can
augment both the constitutively expressed SOD1 [32] and the PI3K/Akt
pathway-dependent SOD2 [15,33]. We hypothesize that PI3K/Akt
pathway might induces SOD 2 expression, since PRL is able to activate
this pathway through PRL receptor (PRLR) and hippocampal neurons
express the long and short isoforms [12]. In fact, the PI3K/Akt pathway
activation induced by PRL is under study in our group. The significant
increase of both activity and protein content of SOD-1 and SOD-2 is
probably via NF-kB activation; however, to address this effect to this
transcriptional factor we are currently performing experiments with
selective inhibitors of this pathway such as SN-50, PDTC.

Other interesting findings from this study is the effect of PRL on LPO
products and the ΔΨm. We report for the first time that PRL prevents
the increase in LPO and mitochondrial depolarisation induced by GLU,
suggesting the preservation of mitochondrial function. PRL effects in

the hippocampus have been poor studied only a few studies have fo-
cused on its antioxidant effects and none on the direct effect of PRL on
lipid peroxidation, or mitochondrial function. However, a large number
of studies are available regarding the antioxidant effect of growth
hormone (GH), a protein hormone that belongs to the same protein
family protein as PRL that exhibits antioxidant effects in several
models. For instance, the human growth hormone (rhGH) prevents
mitochondrial dysfunction and excitotoxicity, through the down-reg-
ulation of the mRNA of the NMDA receptor subunits GluN1, GluN2a
and GluN2b [34]. Based on this finding we suggest that PRL could also
modulate the expression and activity of the NMDA receptor complex,
leading to a decrease in the intracellular Ca2+ overload and the con-
comitant preservation of the mitochondrial function. Actually, our
group is on the effect of PRL on the expression, function and Glu
binding affinity to AMPA, NMDA and KA ionotropic Glu receptors.

The mechanism underlying the decrease in LPO concentration by
PRL is still not precise. In contrast, the effect of GH in the LPO products
has been widely explored. It is known that patients with severe GH
deficiency exhibit a high LPO serum concentration [35]. Likewise, GH
decreases LPO products levels in the liver, heart, kidney and spleen of
ovariectomized aged female rats, through the restoration of reduced
glutathione and the increase in the reduced/ oxidised glutathione ratio
[36]. This observation suggests that PRL induce a similar effect in the
present conditions. Further LPO determinations in our in vivo model of

Fig. 2. Prolactin enhances SOD activity and protein content. (A-B) Representative western blots from both SOD isoforms. Densitometry analyses represent the
relative ratio SOD1 or SOD2 normalized against GADPH or β-Actin, respectively. (C) Percentage of SOD activity in hippocampal neurons treated with PRL (10 ng/
mL), PRL/Glu (10 ng/mL and 100 μM, respectively) and Glu alone. Bars represent the mean ± SD of five independent experiments. Data were analyzed by one-way
ANOVA followed by a Bonferroni´s post hoc test *p < 0.05 PRL vs Glu; ** p < 0.01 PRL vs. Glu and Ctrl vs. Glu, *** p < 0.001 PRL/Glu vs. Glu.
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neuroprotection induced by the exogenous administration of PRL, are
required.

Finally, the present study provides evidence for the first time of the
antioxidant effect of PRL during Glu-induced excitotoxicity in hippo-
campal neurons, suggesting novel properties for this hormone in the
brain, which have been neglected for a long time, and offers new
knowledge supporting the potentiality of PRL for the treatment of
multiple targets affected by excitotoxicity.
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Abstract: Triosephosphate isomerase is the fifth enzyme in glycolysis and its canonical function is the 
reversible isomerization of glyceraldehyde-3-phosphate and dihydroxyacetone phosphate. Within the 
last decade multiple other functions, that may not necessarily always involve catalysis, have been de-
scribed. These include variations in the degree of its expression in many types of cancer and participa-
tion in the regulation of the cell cycle. Triosephosphate isomerase may function as an auto-antigen and 
in the evasion of the immune response, as a factor of virulence of some organisms, and also as an impor-
tant allergen, mainly in a variety of seafoods. It is an important factor to consider in the cryopreservation 
of semen and seems to play a major role in some aspects of the development of Alzheimer's disease. It 
also seems to be responsible for neurodegenerative alterations in a few cases of human triosephosphate 
isomerase deficiency. Thus, triosephosphate isomerase is an excellent example of a moonlighting pro-
tein. 

Keywords: Triosephosphate isomerase, moonlighting, cancer, antibody, virulence factor, allergen, cryopreservation,  
Alzheimer's disease, neurodegeneration. 

1. INTRODUCTION 

Glycolysis is a catabolic pathway involving ten steps, in 
which one glucose molecule is converted to two pyruvate 
molecules, consuming two ATPs, but gaining four molecules 
of ATP for each transformed glucose [1]. Triosephosphate 
isomerase (TIM) catalyzes the fifth step of glycolysis, re-
versibly isomerizing glyceraldehyde-3-phosphate (GAP) and 
dihydroxyacetone phosphate (DHAP). Even though TIM is 
not a regulatory enzyme, it is in charge of providing metabo-
lites that connect with other metabolic pathways including (i) 
the pentose phosphate pathway, in which complex sugars can 
be formed from GAP [2]; (ii) the de novo synthesis of 
NAD+ via the synthesis of quinolinic acid (QA): here aspar-
tate is oxidized to iminoaspartate, which condenses with a 
molecule of DHAP to form QA; QA is then phosphorylated 
to be converted into nicotinic acid mononucleotide, one of 
the precursors of NAD+ [3]; (iii) gluconeogenesis, in which 
GAP or DHAP may be formed starting from pyruvate or 
oxaloacetate [4] and (iv) biosynthesis of triacylglycerols in 
adipose tissue, where DHAP is used for the synthesis of tria-
cylglycerols [5].  
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TIM is present in all organisms [6, 7] and, in most known 
cases, has approximately 250 amino acids per monomer 
chain (molecular mass ~ 27,000 Da), even though the length 
of the protein, and the molecular mass, can vary considerably 
in different species. The first crystallized structure of TIM 
revealed it had a (β/α)8-barrel topology [8], currently known 
as the TIM barrel. This is the most frequent structural motif 
in soluble proteins. Close to 10 % of the enzymes with 
known structure are TIM barrels [9, 10]. TIM does not re-
quire any ion or cofactor to perform its catalytic function 
[11, 12]. TIM is only active as a dimer, but both monomers 
have all catalytic residues. From an evolutionary and kinetic 
point of view, TIM is considered a perfect catalyst, since 
only the velocity of diffusion of the substrate to the active 
site is the limiting step for catalysis. Both, the function and 
the catalytic mechanism of TIM have been conserved in all 
species throughout evolution [1, 10, 11]. TIM is a well-
studied glycolytic enzyme that has been thoroughly charac-
terized from an enzymatic point of view. 

After years of research on many enzymes, new functions, 
which are not related to their catalytic function, have been 
discovered [13]. Some examples can be found in glycolytic 
enzymes, which besides their main function, also regulate 
the activity of other proteins. For example, aldolase helps in 
the assembly and function of the vacuolar-type ATPase, 
hexokinase regulates the function of the apoptotic proteins 
Bax, Bak, and Bad, glyceraldehyde-3-phosphate dehydro-
genase regulates the transcription of the gene of histone H2B 
during the progress of the cellular cycle, and glucose-6-
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phosphate isomerase participates in inducing cellular motil-
ity through secretion and binding to the tumor autocrine mo-
tility factor receptor gp 78 [6]. 

This review focuses on new non-catalytic functions of 
TIM in multiple biochemical systems, most of them medical 
and one of them of veterinary importance. It has been re-
ported that, depending on its location and oligomeric state, 
TIM can have different functions. For example, TIM expres-
sion levels are associated and seem to be important markers 
of different types of cancers [14]. TIM is also involved in the 
cellular cycle via its interaction with cyclin 2 dependent 
kinase (Cdk2) [15-17]. In other cases, TIM secreted to the 
surrounding medium may function as a virulence factor [18]. 
TIM may also function as an allergen that easily elicits im-
mune responses [19]. Modification of TIM allows adequate 
signaling for the maturation of highly specialized cells like 
spermatozoa [20]. It has also been proposed that TIM must 
be assembled correctly for an optimal function of neurons. 
And finally, TIM also seems to play an important role in 
Alzheimer's disease [7] and in neurodegeneration problems 
in some cases of the rare human TIM deficiency disease [21, 
22]. 

2. TIM AND CANCER 

2.1. Variation in the Degree of TIM Expression 

The incidence of cancer seems to be increasing in recent 
years and is becoming more prevalent in its numerous varie-
ties (https://www.cancer.gov/about-cancer/understanding/st-
atistics). Many tools for early detection and diagnosis of dif-
ferent types of cancers lack sensitivity and often positive 
confirmation of its presence occurs only in the advanced 
stages of the disease [23]. The dysfunction of tumor suppres-
sors and oncogenes produce modifications in several intra-
cellular signaling pathways, which reprogram the metabo-
lism of tumor cells to favor their survival and growth. Glyco-
lysis is a central degradation pathway in eukaryotes, but in 
the majority of cases, cells acquire their ATP stores from 
oxidative phosphorylation. In several cancers, metabolic 
alterations trigger the transformation of healthy cells into 
diseased cells. One of these alterations, called the Warburg 
effect, is when the cancer cell uses glycolysis as its main 
pathway to produce ATP. Depending on the cell type, the 
mRNA expression of TIM increases 5 to 20-fold when the 
cells start proliferating [24, 25]. The deregulation of the lev-
els of expression for TIM is one of the characteristics of can-
cer [14]. The level of expression of this enzyme in different 
cells and its clinical implications are not defined and, in 
some cases, result in beneficial effects and in other cases 
they become deleterious [25-27]. 

The expression of TIM is associated with the suppression 
of the development of the tumor and metastasis in some 
types of cancers like hepatocarcinoma and carcinoma of the 
stomach [24, 25]. In liver cancer, the effect of suppression of 
the tumors has been described both in vitro and in vivo in 
YY-88103, Hep3B, and Huh7 cells and in tumors extracted 
from patients with hepatocarcinoma. Even though the 
mechanism of how TIM affects the progression of the dis-
ease is not well understood, it has been shown that the over-
expression of TIM, in this type of cancer, inhibits cellular 
growth arresting the cells in phases G1/S of the cell cycle 

[25]. Some of the genes that participate in the modulation of 
phases G1/S are P53, P16, P27, cyclin D1, and Rb. The al-
teration of their levels increases cell growth and the risk of 
tumor formation [28]. Additionally, high levels of TIM, 
modify the expression patterns of regulatory proteins like 
P53, P16, P27, cyclin, Rb, and β-catenin. The increase in the 
expression of P53 and P27 produces a decrease in the ex-
pression of cyclin D1, which leads to a cellular arrest and 
stops propagation, while β-catenin, an enzyme closely re-
lated to metastasis, reduces its expression [25]. 

TIM expression is deregulated in all cases of gastric can-
cer [27]. Overexpression of TIM in gastric carcinoma cells 
with phenotype SGC7901/VCR, which are multi-resistant to 
the drugs used to treat the illness, helps reduce this multi-
resistance. Similarly, a reduction of the expression of TIM 
favors resistance to those drugs [24]. This indicates that 
overexpression of TIM helps in the treatment of gastric can-
cer. 

Another TIM that has a suppressor effect on the growth 
of cells is the TIM from a species of mollusk called Arca 
inflata. It has a toxic effect on adenocarcinoma cells with 
A549 and SPC-A-1 phenotypes and also on HEP G2 liver 
carcinoma cells [29]. 

In different ways, expression of TIM in different types of 
gastric cancers is related to an increase in invasion, metasta-
sis and the proliferation of tumor cells [26]. In gastric carci-
noma cell lines with the BGC-823 phenotype, overexpres-
sion of TIM promotes cellular proliferation, migration, and 
invasion, but does not generate any changes in the cell cycle. 
However, when TIM expression is suppressed in cells with 
phenotype MGC-803, proliferation decreases and an apopto-
sis signal is turned on, producing an arrest of the cell cycle in 
phase G2/M [14, 23, 27]. Thus, the intracellular concentra-
tion of TIM in these cells is of great importance for their 
disease-producing behavior. 

Additionally, the levels of expression of TIM are also al-
tered in other types of cancers such as cancer of the urinary 
tract [14], carcinoma of the ovaries [30], lung adenocarci-
noma [14], cancer of the colon with a high metastatic poten-
tial [23], gastric carcinoma [26], thyroid cancer [31], breast 
cancer [32, 33], squamous cell carcinoma of the esophagus 
[34], pancreatic cancer [31], kidney cancer [35, 36], eso-
phageal carcinoma [26] and squamous lung cell carcinoma 
[14, 23, 25]. In all cases, TIM is related to the metastatic and 
invasive behavior of the diseases. 

2.2. TIM Expression Levels as Markers for the Prognosis 
of Different Cancers 

The differential expression of TIM in cancerous cells and 
in normal cells has an important diagnostic value and relates 
to the prognosis of the patient. The possibilities of survival 
can be predicted depending on the type of cancer, the size of 
the tumor, the presence of metastasis, the degree of his-
tologic differentiation of the cells and the overexpression of 
TIM [26, 37]. 

In gastric cancers, survival is diminished in patients with 
high levels of TIM expression and who have tumors larger 
than 5 cm, in comparison with those who have tumors of the 
same size but low expression levels of TIM [26]. In cases of 
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papillary and follicular cancer of the thyroid, a differential 
expression of this enzyme has been found [31]. It has been 
observed that this expression, together with that of other pro-
teins such as A2, cofilin1, PCNA, and HSP27, allows differ-
entiation between both types of cancer, helping in its timely 
and appropriate treatment [31]. In breast cancer cells expres-
sion of TIM is also elevated in comparison to healthy cells, 
making it a good biomarker for the disease [33]. 

Metastasis is a common complication of cancer, which 
typically worsens the prognosis of the patients. The detection 
of the places where the cancer has spread is of utmost impor-
tance for the treatment of the disease. In the case of some 
gynecological cancers, there are some deregulated proteins 
that function as biomarkers. For example, in endometrial and 
ovarian cancer, TIM is expressed more intensely in the sec-
ondary tumors than in the primary tumor [38]. Numerous 
proteins have been described that can serve as biomarkers in 
different types of cancer, but, interestingly, TIM seems to be 
deregulated very frequently in a great number of varieties of 
this illness and, in many cases, can be a useful marker.  

2.3. Anti-TIM Antibodies 

The immune response is one of the primary and funda-
mental lines of defense against pathogenic agents. During the 
first stages of tumor formation, many proteins or peptides are 
expressed on the surface of cancerous cells. These molecules 
may initiate an immune response in the patient against the 
tumor [39]. Humoral responses against cancer have been 
demonstrated with the identification of many different sur-
face and intracellular antigens in different types of tumors. 
However, the concentration of antigens tends to be very low, 
particularly during the initial stages of the ailments [23]. 
Early detection and diagnosis are of vital importance in 
many malignancies. The detection of autoantibodies is one of 
the widely used approaches for the detection of these ill-
nesses today [32]. 

TIM is distributed in all the cytoplasm of cells and it is 
overexpressed to high levels in tissues with high glycolytic 
activity, like cancer cells. One of the theories about why 
TIM may have immunogenic activity is that during the de-
velopment of the tumor it produces aberrant or mutated pro-
teins that can elicit an immune response [34]. Anti-
endogenous TIM antibodies have been reported in squamous 
cell carcinoma of the lung [23], gastrointestinal carcinoma 
[26], esophageal carcinoma [34], breast cancer [32, 33], he-
patoma [34] and carcinoma of the kidney [35], among others. 

As mentioned before, one of the theories about the gen-
eration of autoimmune responses is the production of aber-
rant proteins, but the mechanism of the autoantibody re-
sponse against intracellular proteins remains unknown. In 
some cases, the response is generated because variant pro-
teins are expressed as results of the activation of alternative 
promoters after the cancerous transformation of the cells [33] 
or different isoforms of the protein are expressed [36, 39]. 
Moreover, it has been proposed that most tumor antigens are 
not products of damaged genes. Instead, tumor antigens are 
overexpressed proteins during cellular differentiation [23, 
39] that change their expression level depending on the 
status of the tumor and direct the progression of the disease 
[36]. 

In squamous cell carcinoma of the lung, TIM is secreted 
to the extracellular medium assisting the recognition of the 
disease by the immune system. Pieper and coworkers [40] 
suggest that a mutation of threonine 28 for an isoleucine, 
produces a new epitope which increases the immune re-
sponse. These autoantibodies also exist in other diseases 
such as hepatitis, but these antibodies are more reactive in 
patients with hepatic cancer than in those with hepatitis [34]. 

The humoral immune response against TIM is apparently 
dependent on certain post-transcriptional modifications such 
as protein glycosylation. Antibodies can recognize glycosy-
lated TIM but not TIM without modifications [34, 39]. The 
high specificity with which the antibodies recognize glycosy-
lated TIM, could yield clues to the metabolic changes that 
occur in the course of the disease. 

In addition to cancer, anti-TIM antibodies have been de-
tected in a variety of diseases. These include systemic lupus 
erythematosus, particularly its neurologic manifestation 
known as neuropsychiatric lupus erythematosus [41-43], in 
osteoarthritis, where they are associated with chronic in-
flammation [44] and in patients with hepatitis type A and 
mononucleosis, in which the antibodies cause hemolysis, the 
reactivation of the Epstein-Barr virus [45] and multiple scle-
rosis [46]. 

In general, each tissue or organ in the body has a differ-
ent molecular composition, depending on its location and 
function. The mechanism of production of auto-antibodies 
against many of their extracellular and intracellular proteins 
is still not fully understood. 

3. TIM AS A VIRULENCE FACTOR 

Virulence factors are molecules with which a microor-
ganism invades and colonizes other organisms and provokes 
sickness. Virulence factors can be proteins, carbohydrates or 
lipids which are usually located on the surface of the patho-
gen [47]. There are reports on a great number of virulence 
factors, and notably in some parasites and protozoans, some 
enzymes that are normally intracellular have been found in 
the extracellular matrix. Some of them are glycolytic en-
zymes among which are glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), enolase and TIM. It has been demon-
strated that the function of these enzymes in the extracellular 
matrix is not catalytic [18, 48]. The mechanism of secretion 
to the exterior of the cell of these enzymes is unknown [47]. 
No signal sequence or anchoring motif that may help bind 
TIM, GAPDH or elongation factor thermo unstable (EF-Tu) 
to the surface of the cells has been identified [18]. Together 
with other proteins, TIM has been identified on the surface 
of Gram-positive bacteria [49]. Usually, proteins that anchor 
on the surface of cells with their C-terminal domain, main-
tain their N-terminal domain as a recognition peptide [47]. 

The cell surface has two types of adhesins: one type are 
proteins that are covalently associated with the membrane, 
the other type are proteins that are bound to the cellular sur-
face using ionic interactions. In the case of Lactobacillus 
plantarum, it was shown that TIM, GAPDH, and EF-Tu 
were bound to the membrane with these ionic interactions 
[50]. 
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TIM has also been reported as an external adhesion  
molecule in organisms like Trichomonas vaginalis [51], Lac- 
tobacillus plantarum [50] and Paracoccidiodes brasiliensis  
[48]. In these organisms, TIM interacts with the epithelial  
cells and with the proteins of the extracellular matrix like  
laminin and fibronectin. TIM from Staphylococcus aureus  
mimic lectin activity and permits binding with sugars on the  
surface of Cryptococcus neoformans. The association of S.  
aureus TIM with the glyco-capsule of C. neoformans trig- 
gers apoptosis, and thus elimination of this pathogen [48,  
52]. Furthermore, TIM from S. aureus together with enolase  
regulates fibrinolysis and fibrinogenesis, potentiating its ca- 
pacity to invade tissue [47, 53]. 

In some parasites, one way to evade the immune response 
of the host is the continuous interchange of epitopes on the 
surface of their cells [54]. In some parasites like Brugia ma-
layi, Schistosoma mansoni and Haemonchus contortus, 
variations in the quantities of TIM excreted to the medium, 
depending on the phase of their vital cycle, have been de-
scribed [55]. It has also been reported that a certain concen-
tration of TIM secreted to the medium is necessary for the 
maturation of Brugia malayi, indicating that TIM plays a role 
in the evasion/modulation of the host's immune response 
[56]. 

Drastic changes in the expression levels of TIM, related 
to viral replication, have also been reported in viral infec-
tions [57]. After viral infection, the machinery of the cell is 
sequestered by the virus to favor its replication or evade the 
immune response. The Warburg effect has been observed 
during infection of the cells of Exopalaemon carinicauda by 
the white spot syndrome virus (WSSV). This includes an 
increase of activity of glycolysis and a redirecting of the in-
fected cells to different replication states. The levels of TIM 
are particularly altered, indicating that TIM has a major role 
in WSSV infection [57, 58]. 

4. TIM AS AN ALLERGEN  

Food allergies are caused by an induced abnormal im-
mune response to certain foods. The eight great groups of 
foodstuffs that are capable of generating this type of re-
sponse are peanuts, nuts, soy, wheat, fish, oysters, milk and 
eggs. Allergies have increased all over the world in the last 
years, due to the increased consumption of certain foods [59, 
60]. 

Typically, all allergens are proteins and, in some cases, 
these proteins exist in all organisms. Allergens usually have 
a low molecular mass (of approximately 10-70 kDa), a high 
solubility, a high thermic stability, and acid isoelectric points 
[60, 61]. The most common allergens in the groups of food-
stuffs mentioned above have been known for decades, but 
there are still many that have not been identified and studied. 
There are databases that enlist details about certain molecu-
lar, biochemical and clinical properties of some of these pro-
teins. An example is the list of allergens of the Allergen 
Nomenclature Sub-Committee of the World Health Organi-
zation and the International Union of Immunological Socie-
ties (www.allergen.org). 

Among numerous families of proteins present in food, it 
has been found that most allergens belong to a small group  
 

of proteins with restricted biochemical role [62]. Surpris-
ingly, the TIM-barrel is the most frequent motif among the 
allergens [63]. 

TIM has been described as a new allergen, mainly in ma-
rine organisms and in certain invertebrates. Some of these 
species are: Octopus fangsiao [60], Blattella germanica [19], 
Penaeus monodon [64], Procambarus clarkii [65], Citrullus 
lanatus [59], Forcipomyia taiwana [66], latex (rubber) [67], 
Litchi chinensis [61], Crangon crangon [68], Solea solea 
[69] and Sarcoptes scabiei [70].  

Pan-allergens are proteins that are present in all organ-
isms and have the capacity of cross-reacting [64, 71]. Cross-
reactions are immune responses against similar antigenic 
epitopes, which come from different sources. They generally 
occur with proteins that have at least 35% homology in their 
sequences [65]. For example, human TIM cross-reacts with 
TIMs from other species such as crustaceans, insects, dust 
mites and mollusks [64]. TIM from B. germanica (cock-
roach) has 60.7% sequence homology with wheat TIM and 
19 other TIMs [19]. Thus, patients that are allergic against 
TIM from B. germanica can also react when exposed to 
other TIMs. Cross-reaction also occurs between TIM and 
other proteins. For example, TIM from P. clarkii has 
crossed-reactivity with Filamin C (FLN c), which is a protein 
that binds actin in this same organism [65]. It has also been 
proposed that hypersensitivity against watermelon (C. 
lanatus) TIM is due to cross-reactivity with the pollen of 
other plants. In the case of lychee TIM, cross-reaction has 
been seen with latex (rubber) TIM [67]. TIM from S. scabiei 
var. canis shows cross-reactivity with sera from rabbits that 
have been infected with other parasites. TIM from S. scabiei 
also shows great homology with 25 allergens of dust mites 
[70].  

The mechanism by which TIM generates immune reac-
tivity is not yet fully understood. Rosenberg and coworkers 
[72], proposed that the formation of homo and hetero-
oligomeric aggregates between TIM itself or with other pro-
teins considerably favors the humoral immune response 
against those proteins. An analysis of the structures of sev-
eral crystallized allergens showed that 80% of them are di-
mers [64]. Since the oligomeric state can be important in the 
induction of the immune response, the treatment of the food 
before it is ingested is a factor that influences the generation 
of allergic responses. Generally, food receives treatment with 
heat (cooking) and is then subjected to changes in pH and 
enzymatic digestion when it is eaten. Most of the time there 
is either an increase or decrease in the hyper-reactivity 
caused by the proteins, in particular by TIM [60]. However, 
protein in its native conformation is not always the causative 
agent of allergic reaction [73]. In some cases, as is the case 
with the TIM from O. fangsiao, there is no decrease in the 
response when it is treated with heat. In contrast, TIM from 
P. monodon loses its immunogenicity under the same condi-
tions [60].  

There are two types of antigen epitopes: linear and con-
formational [73]. It is thought that epitopes of TIM from O. 
fangsiao are of the linear type because their conformations 
are not affected by hydrolysis and denaturation, but epitopes 
of TIM from P. monodon are conformational. 
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Much is unknown about the epitopes that initiate an anti-
TIM allergy. Nevertheless, in the case of crustaceans and 
arthropods, such as the dust mite and S. scabiei, use of an 
antibody against anti-TIM IgE has been proposed as a good 
marker for allergy prediction [64, 70]. 

Due to their immense nutritional contribution to world 
food consumption, marine products can frequently produce 
allergies and hypersensitivity problems. Several common 
proteins that can elicit an immune response have been identi-
fied in these foods, which include tropomyosin, arginine 
kinase, the light chain of myosin, the sarcoplasmic calcium-
binding protein, troponin C, hemocyanin and TIM [60, 73]. 

5. TIM AS A BIOMARKER OF CRYOPRESERVED 
SEMEN 

Spermatozoa are highly differentiated cells which lack 
endoplasmic reticulum, Golgi apparatus, peroxisomes, lyso-
somes, and ribosomes and therefore lack transcription and 
translation. Expression of proteins necessary for fecundation 
is completed before they are ejected to the environment [74]. 
Cryopreservation of semen is a technique that permits the 
conservation and dissemination of gametes of different spe-
cies. Frequently, the procedure causes structural and func-
tional damage to spermatozoa. The increase in reactive oxy-
gen species (ROS), osmotic stress, mechanical damage and 
the formation of crystals, are the main causes of the decrease 
in the quality of sperm during cryopreservation. Changes in 
any of these variables affect the mobility and potential fertil-
ity of the sperm [75]. TIM is located in the membranes of the 
acrosomes of the spermatozoa and it plays an important role 
in the capacitation reaction and the binding of sperm to the 
pellucid zone of the oocyte [76]. Additionally, high levels of 
TIM have been found in asthenozoospermia (a diminishment 
in the motility of sperm) in boars. In bulls, high levels of 
TIM are associated with a lower quantity of sperm and low 
fertility levels [20, 77]. 

Analysis of the patterns of overexpression of spermatic 
proteins under various conditions revealed that cryopreserva-
tion produces changes in levels of expression of 41 enzymes 
[74]. These proteins belong to three groups: enzymes for the 
organization of the flagellum, detoxification proteins, and 
metabolic energy proteins. Among these enzymes, TIM 
modifies its quantity to an important degree. In studies of the 
quality of sperm for cryopreservation, two populations of 
cells have been identified with different levels of TIM ex-
pression. Those with low quantities of TIM before freezing 
had a better viability after thawing and those with high TIM 
levels had a low survival rate [20, 77]. 

It is thought that after thawing the high amounts of TIM 
predispose the cell to an "early capacitation"; that involves 
all the cellular modifications that allow the sperm to bind to 
the oocyte [20, 78, 79]. If capacitation occurs before the right 
time, the motility of the spermatozoa is affected. 

During freezing and thawing of sperm cells, the lipids in 
their membranes are rearranged. These changes increase the 
fluidity of the membranes, causing alterations in intracellular 
calcium permeability, accelerating capacitation and dimin-
ishing the viability of the spermatozoa [75, 80, 81]. 

Additionally, it has been observed that cryopreservation 
induces important changes in phosphorylation and the redox 
state via carbonylation of the proteins of sperm. One of the 
proteins most affected by this reaction is TIM. Carbonylation 
of proteins is the direct result of the oxidative stress caused 
by cryopreservation [75]. 

Changes in the oxidation state of the proteins cause 
physio-pathological conditions due to the modification of 
their structure and function. For example, carbonylation of 
TIM and other enzymes promotes early capacitation of 
sperm [75]. 

Protein carbonylation can be a crucial component of re-
dox signaling in certain mammalian tissues. It may be a part 
of the mechanism for cryo-capacitation, a method commonly 
used for mammalian sperm [75]. 

In vivo, infertility is frequently associated with low sperm 
count (azoospermia), but it has also been found that the pro-
duction of anti-TIM antibodies hinders capacitation of sperm 
and their binding to the pellucid zone [76]. 

6. THE ROLE OF TIM IN ALZHEIMER'S DISEASE 

The reactive species of oxygen and nitrogen (ROS and 
NOS) are normally produced in small amounts in mammal-
ian cells, where they act as physiological messengers. 
Changes in the cellular environment, exposure to toxins or 
changes in metabolism change the balance of the concentra-
tion of these species. All cells in an organism are vulnerable 
to the damage caused by an unbalance of ROS. In particular, 
neurons have increased sensitivity because of their high en-
ergy demand and low concentration of antioxidants in these 
cells [82-84]. 

One of the hallmarks of Alzheimer's disease is the pres-
ence of plaques and neurofibrillary tangles due to the accu-
mulation of the amyloid peptide (Aβ) and paired helical 
filaments of Tau protein [85, 86]. The main function of Tau 
protein is to stabilize microtubules, which are necessary for 
axonal transport. TIM interacts with Tau protein under nor-
mal and also under pathological conditions. Under normal 
conditions, when there is little oxidative stress, Tau protein 
protects TIM, preventing modifications that may affect 
TIM's activity [85]. It is known that Aβ is capable of reduc-
ing the Cu2+ and Fe3+ ions, with the concurrent production of 
H2O2, which creates a cascade of ROS. The superoxide anion 
(O2

-) reacts with nitric oxide (NO) to produce the peroxyni-
trite anion (ONOO-), which nitrates the tyrosines of proteins. 
This process is known as nitrotyrosination. This reaction, 
which involves the addition of a nitro (NO2) group to a tyro-
sine, is irreversible and yields 3-nitrotyrosine as a product 
[87, 88]. In Alzheimer's disease, 45 proteins have been found 
that undergo this modification [84]. 

One of the proteins that are most affected by nitrotyrosi-
nation is TIM. TIM is the only glycolytic protein whose mal-
function is associated with a loss of memory and with cere-
bral dysfunction and neurodegeneration [6, 7, 89]. When 
tyrosines of TIM are nitrated, its catalytic efficiency is de-
creased 15 times with respect to the wild-type enzyme [90]. 
Human TIM has 4 tyrosines, but the derivatization of Y164 
and Y208 have a greater impact on the structure of the en-
zyme [90]. 
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Enzymatic catalysis of TIM is usually accomplished in a 
special medium that enables isomerization. This setting is 
provided by the catalytic loop which remains open when 
there is no substrate and closed when catalysis is ongoing 
[91, 92]. Nitration of Y164 and Y208 prevents the loop from 
closing. Y164 interacts with T168 forming a hydrogen bond 
that reduces the mobility of the loop. Besides, the hydroxyl 
group of Y209 (of yeast TIM) is of highest importance for 
the stabilization of the loop in closed position. When this 
Y209 has nitrated the catalytic loop remains open, favoring 
the entrance of water to the active site and, with it, the for-
mation of methylglyoxal (MEG) [88, 90, 93]. 

MEG is capable of glycosylating other amino acids in 
proteins and nucleic acids. Arginine is its most frequent tar-
get, producing argpyrimidine glycation of Aβ [84, 87, 88, 
90, 94, 95], that accelerates the deposit of the amyloid pep-
tide and considerably increases its toxicity [90]. 

The modifications brought by oxidative stress, as well as 
those created by the accumulation of MEG, produce com-
pounds that are capable of modifying the permeability of the 
mitochondrial membrane [86]. For example, 4-hydroxy-2-
trans-nonenal, a product of the peroxidation of the lipids of 
the membrane, interacts with some amino acids such as cys-
teine, lysine, and histidine which generate conformational 
changes in membrane proteins. The damage to the structure 
of the membrane can be so severe that its permeability may 
induce cellular death. Additionally, MEG accumulation di-
minishes the mitochondrial membrane potential and as a 
result, the amount of pro-apoptotic proteins Bax and caspase 
-3 are increased [88, 96, 97]. 

Other studies indicate that nitrotyrosinated TIM has a 
greater tendency to aggregate. In an alignment of the se-
quence of amyloid peptide and TIM, a fragment of TIM 
showed 20% homology with the amyloid peptide [98]. Ac-
cumulation of nitrotyrosinated TIM aggregates that cannot 
be degraded by the proteasome act as seeds for the fibro-
genesis of other proteins.  

TIM has an important functional and structural role in 
Alzheimer's disease. It has been shown that the modification 
of the structure of the dimer is enough to induce neurode-
generation [7]. Likewise, modification of its function pro-
vokes the formation of toxic structures such as neurofibril-
lary plaques and tangles. Another common feature of Alz-
heimer's disease is a low level of ATP in the cells, which 
also correlates with the low activity of TIM [87, 99]. Figure 
1 depicts a summary of the pathological processes in which 
TIM plays a role in Alzheimer's disease. 

7. HUMAN DEFICIENCY OF TRIOSEPHOSPHATE 
ISOMERASE 

Human TIM deficiency is a rare autosomal recessive dis-
ease that was first described in 1965. It belongs to a class of 
diseases called glycolytic enzymopathies which show symp-
toms such as chronic hemolytic anemia, cardiomyopathy, 
high susceptibility to infection, neurologic dysfunction and 
premature death [7, 89, 100]. 

Thirteen mutations of the gene that codifies for TIM (in 
chromosome 12p13) have been described for this disease, 
and all of them result in a diminished enzyme activity that 

results in the excessive accumulation of DHAP. However, 
the most common mutation is in the codon for the amino 
acid in position 104, where a glutamic acid is substituted for 
an aspartic acid, producing the mutant enzyme TIM E104D. 
This mutation occurs in 80% of the cases. Other less frequent 
mutations are the substitution of cysteine 41 for tyrosine 
(TIM C41Y) and isoleucine 170 for valine (TIM I170V) [7, 
101, 102]. Both mutations affect the dimerization of TIM 
and the binding of the substrate. There are other mutations 
that have been identified like the change of phenylalanine for 
leucine in position 240, glycine for arginine in position 122 
or valine for methionine in positions 154 and 231 [22, 100, 
101, 103, 104].  

There are mainly two types of symptoms caused by this 
illness: the first is clearly due to the reduced catalytic func-
tion of the enzyme, which causes severe metabolic disorders 
and which are not in the scope of this review. The second 
type of symptoms, which are absent in very few patients, are 
associated with neurodegeneration. 

7.1. Possible Causes of Neurodegeneration in Human 
TIM Deficiency  

TIM deficiency is different from other glycolytic enzy-
mopathies because none of these are associated with neu-
rologic dysfunction. Although the precise causes for neu-
rodegeneration in TIM deficiency are not known, there are 
some observations that could potentially explain it. When the 
catalytic activity of TIM is diminished there is an accumula-
tion of DHAP in all cells [101]. For example, in patients 
with mutation TIM E145Stop /TIM F240L, the concentration 
of DHAP inside the erythrocytes is 60 times higher than 
normal. Even though the accumulation of high concentra-
tions of DHAP is not toxic, the molecule tends to transform 
non-enzymatically to MEG, which is toxic and capable of 
modifying proteins and nucleic acids (see section 5 "The role 
of TIM in Alzheimer's disease" and Fig. 1). Under conditions 
of high oxidative and nitrative stress, glyoxalases cannot 
cope with the accumulation of MEG [21] and the glycated 
proteins, together with the oxidative stress and the damaged 
DNA, contribute to the neuronal symptoms [22, 101]. 

DHAP is also a precursor of acyl-DHAP, which is an in-
termediary in the synthesis of alkyl glycerol ethers and plas-
malogens. DHAP can also be converted to non-ether derived 
glycerolipids, which produces an abnormal metabolism of 
lipids [105]. It has been reported that plasmalogen levels in 
the membranes of erythrocytes and lymphocytes can influ-
ence several processes related to protection mechanisms 
from oxidative stress [101, 106]. Coincidentally, the plas-
malogen levels in erythrocytes from patients with TIM defi-
ciencies due to TIME104D and TIM F240L/E145stop are 
diminished [101]. DHAP also inhibits competitively the ac-
tivity of myoinositol 3 phosphate synthase, an enzyme that 
involved in the de novo synthesis of inositol. A deficiency in 
the concentration of inositol has been described in several 
pathological conditions like bipolar disorder, Down's syn-
drome and peripheral diabetic neuropathy, which suggests 
that the deficit in TIM activity can contribute to neurodegen-
eration [101]. 

Other studies that could explain the development of neu-
rodegeneration are those made by Roland et al., [6, 7, 89], 
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Fig. (1). Role of TIM in Alzheimer’s disease. A) The accumulation of the amyloid peptide (Aβ), together with the oxidative/nitrative stress 
produce peroxynitrite which modifies tyrosines in proteins. During the progress of the disease, TIM is nitrotyrosinated (N-TIM), decreasing 
its catalytic activity, lowering ATP levels in the cells and favoring the formation of methylglyoxal (MEG), a highly toxic molecule. B) The 
accumulation of MEG generates further oxidative/nitrative stress in the cell. The contact of MEG with membranes produces 4-hydroxy-2-
trans-nonenal, which damages the membrane and changes the membrane potential of the mitochondria generating apoptosis [96]. MEG can 
also glycosylate proteins like Aβ (G-Aβ). Accumulation of G-Aβ further favors production of reactive oxygen species and reactive nitrogen 
species, and N-TIM aggregates can function as seeds to form new fibrillar structures. 

 
Ralser et al. [100] and Rodríguez-Almazán et al. [107]. 
These studies indicate that TIM deficiency is produced by 
changes in the conformation of the protein, more than be-
cause of the metabolic defects caused by the loss of activity. 
Specifically, problems in dimerization and/or the assembly 
of the enzyme are the main cause of the disease. One pro-
posal is that TIM participates in the dynamics of the vesicles 
in the synapse as the main source of the ATP (through glyco-
lysis) that feeds the process and, when this pathway is inhib-
ited, the traffic of the vesicles stops. Another proposal sug-
gests that TIM participates in the mobilization of vesicles as 
an activator of other molecules that facilitate vesicular traffic 
[7, 108, 109]. Recently it has been found that TIM binds to 
cofilin, which is a regulatory protein of actin, and that, the 

formation of a TIM-cofilin complex seems to regulate vesi-
cle traffic [7, 110]. Thus, an anomaly in the structure of ei-
ther protein could influence the formation of this complex, 
affecting neuronal communication [7]. 

It has also been reported that TIM can associate with the 
N-terminus of the transmembrane protein Band 3 from eryth-
rocytes and that this association diminishes its catalytic ac-
tivity [101, 111]. The N-terminus of protein Band 3 has great 
sequence similarity with the C-terminus of tubulin, which is 
the end with which tubulin is bound to the microtubules. It 
has therefore been suggested that TIM can also bind to the 
microtubules, which are the main component of neuronal 
axons, and thus provoke an energetic destabilization [87, 
101].  
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8. DISCUSSION 

There is a great discrepancy in the great size of the hu-
man genome and the number of synthesized proteins [13]. 
This difference implies the utilization of the limited amount 
of synthesized proteins to fulfill multiple functions. The case 
of TIM, as mentioned previously, is an enzyme present in all 
organisms, so that its reuse or moonlighting functions is a 
common occurrence. 

TIM has several roles that are different from its tradi-
tional main function. But, relatively little is known of the 
properties and mechanisms that allow it to perform the var-
ied functions described here. TIM seems to have a role in 
cell cycle signaling. It interacts with proteins like Cdk2, 
whose activity is essential in meiosis and the adequate con-
trol of cellular proliferation, repair, and death [15-17]. Its 
maximal activity is between phases S and G2, even though it 
is active in phases G1-S. It has been reported that Cdk2 is 
able to phosphorylate TIM, reducing its glycolytic activity 
and causing a disturbance in other pathways, which generate 
cellular arrest [96]. 

Cellular proliferation is strictly controlled and TIM, to-
gether with other enzymes seems to form a part of the con-
trols. In certain types of gastric cancer, the levels of TIM are 
unbalanced, initiating the loss of control in cellular prolifera-
tion. This makes TIM a good biomarker for this type of ail-
ment [24, 25]. 

The reason why a difference of expression levels of TIM 
between one type of cancer and another can vary the progno-
sis of the patients suffering these diseases is unknown. Yet, 
one of the aspects that have not been examined is that there 
may be several isoforms of this protein or that this enzyme 
may be subjected to different types of post-transcriptional 
modifications. In some cases, these modifications bring 
beneficial effects like in the maturation of sperm, where the 
active form of TIM is the one that is carbonylated [75]. Fur-
thermore, there are other modifications that result in patho-
logical processes like Alzheimer's disease [87, 88] and the 
formation of anti-TIM autoantibodies [34, 39]. For example, 
three isoforms of TIM are overexpressed in some types of 
pulmonary cancer, and, the clinical outcome of the disease 
varies depending on the isoform that is expressed. Interest-
ingly these isoforms vary only in the type of modifications 
they show, with phosphorylation being the most common 
[112]. 

One of the factors that control post-transcriptional modi-
fications in these proteins is the redox balance of the cell. 
Cdk2 is also related to the nitric oxide signaling pathway so 
that any failure in this pathway can cause important modifi-
cations in TIM and other proteins [96].  

Whenever TIM suffers changes due to oxidative stress, it 
reduces its activity and changes its conformation favoring 
the production of MEG and the propagation of the oxidative 
damage in the cell. 

As mentioned earlier, TIM expression has an impact on 
the prognosis of various cancer patients. The repercussions 
are different, depending on the type of tumor that develops. 
This may also be due to a high genetic variation between 
tumors and the way in which their metabolism varies, thus 

affecting the differential response in TIM expression and the 
prognosis of the patient. Renal tumors have the greatest ge-
netic variation and 3 types of mutations may be found among 
them. Clear cell renal carcinoma cells have a specific dele-
tion in chromosome 3P, while papillary renal cell carcinoma 
cells have trisomies and chromosome Y losses and chromo-
phobe renal cell carcinoma cells have losses in chromosomes 
1, 2, 6 and 10 [35]. 

A novel therapeutic strategy in cancer treatment is the in-
hibition of glycolysis. The disruption of this pathway, using 
Cdk2 to inactivate TIM, could produce the death of malig-
nant cells [96]. 

It is interesting to note that in several diseases like cancer 
and Alzheimer's disease, overexpression of TIM also coin-
cides with the overexpression of other proteins such as 
cofilin. This is a protein that binds actin and regulates the 
length of the microfilaments; it also acts in the reorganiza-
tion of the microtubules for vesicle traffic. It is now known 
that cofilin associates with TIM so that they can be translo-
cated by the plasmatic membrane and bind to the Na/K AT-
Pase [110]. As described previously, the mechanisms by 
which TIM is transported outside the cell, or induces the 
formation of antibodies, or functions as a virulence factor, 
are unknown. Perhaps, its ability to associate with proteins 
related with cellular traffic (cofilin, Band 3 and microtu-
bules) could give a clue. 

The presence of TIM autoantibodies in cancer represents 
a type of "fingerprint" or "signature" of the immune system 
responding to the progression of the disease. Antibodies can 
sometimes be detected years or months before the main 
symptoms of the disease are apparent, giving signs of the 
dynamics of the carcinogenic process [34]. In neuropsy-
chiatric lupus, anti-TIM antibodies appear in great quantities 
and they show a high specificity of 94.7%, making them a 
good marker for this disease [42].  

It is thought that antibodies arise due to the exposure of 
misfolded proteins, however, misfolding is not necessary for 
immunogenicity. The reason could be the form in which pro-
tein is associated with itself or with other proteins [72].  

Surprisingly, even though TIM is so immunogenic in cer-
tain pathologies, this enzyme also contributes to the evasion 
of the immune response. Certain parasites and bacteria use it 
as a protecting shield just for that purpose. In immune toler-
ance, the immune system recognizes a non-self or self-
antigen, but no response is elicited. Tolerance depends on the 
situation in which the recognition of the antigen takes place 
[113]. 

CONCLUSION 
TIM belongs to the group of moonlighting proteins, 

which carry multiple functions. Even though TIM is not a 
regulating enzyme, it seems to have an important metabolic 
role in the development of several cancers. The correct as-
sembly of the protein is necessary for normal neuronal func-
tion, with structural modifications leading to neurodegenera-
tion. Depending on the cellular environment TIM can be a 
potent allergen or induce immune tolerance. 

New protein moonlighting functions are being discovered 
and may have evolved as a means of communication and 
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cooperation between different pathways necessary for fun-
damental functions in the complex world of different types 
of cells, within an organism [13]. 

Finally, further research is required considering TIM and 
its multiple functions, trying to elucidate the mechanisms by 
which it accomplishes all these different tasks, either to ap-
ply them biotechnologically or to prevent and treat a select 
group of diseases. 
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Abstract
Perception of our environment entirely depends on the close
interaction between the central and peripheral nervous sys-
tem. In order to communicate each other, both systems must
develop in parallel and in coordination. During development,
axonal projections from the CNS as well as the PNS must
extend over large distances to reach their appropriate target
cells. To do so, they read and follow a series of axon guidance
molecules. Interestingly, while these molecules play critical
roles in guiding developing axons, they have also been shown
to be critical in other major neurodevelopmental processes,
such as the migration of cortical progenitors. Currently, a major
hurdle for brain repair after injury or neurodegeneration is the
absence of axonal regeneration in the mammalian CNS. By

contrasts, PNS axons can regenerate. Many hypotheses have
been put forward to explain this paradox but recent studies
suggest that hacking neurodevelopmental mechanisms may
be the key to promote CNS regeneration. Here we provide a
seminar report written by trainees attending the second
Flagship school held in Alpbach, Austria in September 2018
organized by the International Society for Neurochemistry
(ISN) together with the Journal of Neurochemistry (JCN). This
advanced school has brought together leaders in the fields of
neurodevelopment and regeneration in order to discuss major
keystones and future challenges in these respective fields.
Keywords: JNC-ISN Flagship School, review, cell therapy,
spinal cord, axon guidance, regeneration.
J. Neurochem. (2020) 153, 10--32.

The first anatomical reference of the brain dates back to the
ancient Egyptian mummifications. However, the tremendous
complexity of this organ was revealed by the work of the
world-renowned neuroscientist Santiago Ram�on y Cajal.
Nevertheless, his anatomical descriptions could not fully

explain the cellular and molecular events at the origin of
behavioral, motor or sensitive responses. Today, it is clear
that the CNS is the processing center for these events.
Moreover fine sensory perception and intricate motor control
are orchestrated by a discrete and permanent communication

© 2019 International Society for Neurochemistry, J. Neurochem. (2020) 153, 10--32

Construction and reconstruction of brain circuits 11



between the CNS and the PNS. In the last century,
neuroscientists have investigated the mechanisms involved
in the development and plasticity of this structure. To address
these fundamental questions, researchers made use of simple
and accessible animal models. Drosophila melanogaster was
one of the first organisms used because of several technical
advantages: amenability to genetic manipulation, short
lifespan and large number of offsprings. Studies emanating
from this model system paved the path toward our under-
standing of major neurodevelopmental mechanisms involved
in vertebrate behavior, neuronal migration and differentiation
among many others (Bellen et al. 2010). Danio rerio
(zebrafish), quickly emerged as an attractive more complex
animal model. Like the Drosophila melanogaster, the
zebrafish model also possessed a short lifespan and a large
number of offsprings. However, it provided the advantage of
studying neurodevelopmental mechanisms in vertebrates
(d’Amora and Giordani 2018). While findings in these two
models have led to major findings in the field of neuro-
science, there are still significant gaps in our understanding
of human development. Over the last 50 years, Mus
musculus and Rattus norvegicus are classic models in
neuroscience research because of their closer phylogenetic
proximity to humans (Ellenbroek and Youn 2016).
In parallel to these findings, a large number of pathologies

related to the CNS have emerged over the last century. This
is mainly related to the aging population, encountering
previously unknown neuro-degenerative diseases. The rising
prevalence of these neurodegenerative diseases has urged the
need for novel and more effective therapies (Gitler et al.
2017). Quickly, the idea emerged that developmental
processes could be reinitiated to induce regeneration and
brain repair. In an effort to target these fundamental
questions, the Journal of Neurochemistry organized in
September 2018 a workshop in Alpbach, Austria, gathering
some of the most prominent researchers in the field of
developmental neurobiology and regeneration in order to
discuss the most significant findings and current challenges
in these fields. Trainees attending this workshop have drafted
a seminar report of this workshop listing the major advances
and putting forward major questions in the field.

The developing nervous system

Metazoans all possess an axis of symmetry. In contrast to
radiata (radial symmetry), Bilateria possess a two-fold
symmetry. Thus, bilateria have a front and rear as well as left
and right sides. To connect its two lateral halves, the CNS of
bilateria possesses commissural neurons. These neurons,
which are born embryonically, project their axons contra-
laterally to connect the left and right side of the organism.
Together, these commissural networks not only allow for
integration and coordination of left-right neuronal activities,
but are essential for the correct processing and interpretation

of various sensory information, the coordination of motor
responses and other brain functions (Stoeckli 2018; Gaudet
and Fonken 2018; Ducuing et al. 2019). Many commissural
tracts exist in the CNS (Ch�edotal 2014). Here, we will
discuss the three major systems: the corpus callosum, the
ventral commissure of the spinal cord, and the optic chiasm.

Forebrain

The forebrain possesses two main cortical projection neu-
rons: cortico-cortical, that form the corpus callossum, and
cortico-fugal, further subdivided into corticothalamic and
coroticospinal tracts (Leyva-D�ıaz and L�opez-Bendito 2013).
The corpus callosum (CC) is the largest brain commissure

and develops alongside neocortex expansion. Interestingly,
this structure is unique to eutherian mammals and relays
information between left and right hemispheres via the
midline (Gazzaniga 2000; Su�arez et al. 2014). Corpus
Callosum dysgenesis affects ~ 1 : 4000 live births that result
in either partial or complete absence (agenesis) of the CC
(Edwards et al. 2014). Initially the two hemispheres are
separated, at the midline, by the interhemispheric fissure
(Rakic and Yakovlev 1968). This region is lined by
specialized astroglial and neuronal cells that are required
for proper CC tract formation (Silver et al. 1982; Niquille
et al. 2009; Gobius et al. 2016; Gobius et al. 2017). In
addition to providing a permissive substrate for callosal
growth cones to grow across the midline, midline cells also
secrete guidance cues. Pre-crossing CC axons are sensitive to
Slit2, expressed by these astroglia, which acts as a repulsive
cue to constrain callosal axons expressing the Roundabout
(Robo) receptors 1/2 (Unni et al. 2012). In contrast, netrin-1,
expressed by the cingulate cortex, counteracts the Slit2
repulsive signal by attracting callosal axons expressing the
transmembrane receptor deleted in colorectal cancer (Dcc)
(Fothergill et al. 2014). Indeed, loss of Dcc or netrin-1 leads
to CC agenesis (Serafini et al. 1996; Fothergill et al. 2014).
In addition to netrin-1, semaphorin (Sema3C) is secreted at
the midline and attracts callosal axons expressing the
receptor neuropilin 1 (Nrp1, Fig. 1a) (Niquille et al. 2009).
Once CC axons have reached and crossed the midline, this
attractive signal is switched off (Mire et al. 2018). This
coincides with an up-regulation of the transmembrane protein
ephrin-B1 in post-crossing CC axons. Interestingly, ephrin-
B1 possesses a unique Asparagine residue (N-139), not
shared by other ephrins, which once glycosylated can allow
ephrin-B1 interaction with Nrp1 and silence Sema3C/Nrp1
attraction (Mire et al. 2018) (Fig. 1b). These findings identify
a novel mechanism involving interaction between Sema3c/
Nrp1 and Ephrinb1 during midline crossing in the corpus
callosum (Fig. 1).

Optic chiasm

Another critical component of the CNS is visual perception.
The functional unit of the eye is the retina (Fig. 2a), which is
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a highly organized structure. Photoreceptor cells are photo-
sensitive cells that transform photons of light into an
electrical impulse that is transmitted to bipolar cells and
subsequently to Retinal ganglion cells (RGCs). RGCs relay
this electrical signal to the brain along their axons that form
the optic nerve. Importantly, whilst other retinal cell types
can modulate the electrical signal mediated by photoreceptor
cells, such as amacrine and horizontal cells, RGCs are the
only output neuron from the retina and connecting it to the
brain. During visual system development, retinal ganglion
cells (RGCs) extend axons toward a specialized structure at
the midline, named the optic chiasm (OC). At this point,
RGCs will either project to the same hemisphere (ipsi-lateral)
or cross the midline to project to the opposite hemisphere
(contra-lateral). Therefore, two types of RGCs, ipsilateral
RGCs (iRGCs) and contralateral RGCs (cRGCs) can be
defined by the laterality of their projections (Williams et al.
2004).
This process is critical for depth perception, stereopsis.

Indeed, since both eyes will obtain a “picture” of our
environment, by combining these pictures we will generate a
three-dimensional (3D) representation of the picture. Inter-
estingly, the amount of overlap between each eye is directly
proportional to the amount of ipsi-lateral projections. For
instance, species with laterally positioned eyes, such as mice,
possess only 3–5% of ipsi-laterally projecting RGCs. How-
ever, humans and primates, with more frontally positioned
eyes, possess approximately 50% of ipsi-laterally projecting
RGCs (Guillery et al. 1995; Jeffery and Erskine 2005;
Herrera et al. 2019). Mouse iRGCs and cRGCs are
characterized by specific transcriptional patterns and, in part,

spatial localization, with iRGCs residing in the ventro-
temporal retina, and cRGCs being dispersed across the retina
(Herrera et al. 2003; Pak et al. 2004; Williams et al. 2006;
Garc�ıa-Frigola et al. 2008; Kuwajima et al. 2017) (Fig. 2b
and c).
In order to control the crossing of RGC axons at the OC,

two processes take place: repulsion of axons with an ipsi-
lateral fate, and the crossing of contralateral axons across the
midline (Fig. 2d). EphB1/ephrin-B2 signaling pathway is a
key component of ipsi-lateral axon repulsion. Expression of
the EphB1 tyrosine kinase receptor is restricted to axons of
iRGCs, while its ligand, the repulsive axon guidance
molecule ephrin-B2, is expressed at the OC (Williams et al.
2003). When the axons reach the proximity of the OC, a
chemo-repulsive gradient of ephrin-B2 leads to growth cone
collapse and pausing of axonal outgrowth, eventually causing
changes of trajectory and driving the axon toward ipsi-lateral
visual nuclei (Petros et al. 2010). It was further shown that
RGC axon laterality is transcriptionally regulated. The
transcription factor Zic family member 2 (Zic2) was identified
as a key regulator of iRGCs identity (Herrera et al. 2003;
Wang et al. 2016). Furthermore, Zic2 is sufficient to induce
the expression of EphB1 receptor in iRGCs (Lee et al. 2008;
Garc�ıa-Frigola et al. 2008) (Fig. 2c). In addition, the
transcription factor Forkhead box D1 was shown to be
critical in maintaining iRGCs fate by promoting the expres-
sion of Zic2 (Herrera 2004). In addition to the EphB1/ephrin-
B2 repulsion pathway, another pathway also controls ipsilat-
eral RGC repulsion: Shh is expressed by contralateral RGCs
and transported axonally and anterogradely to the optic
chiasm (Peng et al. 2018). At the optic chiasm, ipsilateral

Fig. 1 Sema3C controls midline crossing in
the developing corpus callosum. (a) The

role of semaphorin in midline crossing in the
corpus callosum has been recently
elucidated. Sema3C is expressed in a
gradient across the callosal midline. It

binds the Nrp1 receptor on callosal axon
growth cones (b) acting as an attractive cue.
(c) The Sema3C/Nrp1 complex is silenced

by the presence of trans-membrane protein
ephrinB1. This requires an N-Glycan post-
traductional modification of ephrinB1. Ctx,

cortex; CC, corpus callosum; AC, anterior
commissure; CCA, corpus callosum axon.
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RGCs, which express the Shh receptor Boc, are repelled by
Shh and therefore do not cross the optic chiasm, remaining
ipsilateral (Fabre et al. 2010; Peng et al. 2018) (Fig. 2d).
In contrast, cRGC axons express the L1 cell adhesion

molecule, the neuronal cell adhesion molecule (NrCAM),
and the semaphorin receptor Plexin-A1. Together, these
molecules provide a permissive substrate for cRGCs to
invade and cross the OC (Williams et al. 2006; Kuwajima
et al. 2012). Transcriptionally, the Sox C family of
transcription factors (Sox4, Sox11, Sox12) was identified
as key regulators for cRGC fate by regulating NrCAM and
PlexinA1 expression (Kuwajima et al. 2017) (Fig. 2c and d).

In addition, the transcription factor Islet2 is expressed
by ~ 30% of cRGCs, mainly expressed by late-born cRGCs
(Pak et al. 2004; Kuwajima et al. 2017). Furthermore, the
leucine-rich repeat receptor Islr2 has been shown to be
expressed on cRGCs and its deletion leads to aberrant ipsi-
lateral projections in Danio Rerio (Panza et al. 2015).
Interestingly, binocular vision is impaired in patients with

albinism (an absence of melanin production of the retinal
pigmented epithelium). This led researchers to study the role
of pigmentation on iRGCs. It was found that albino mice
have less iRGCs, but a normal number of cRGCs (Rebsam
et al. 2012). This appears to be linked to the timing of RGC

Fig. 2 Retinal ganglion cells development and their pathfinding at the

optic chiasm. (a) In the developing visual system, retinal ganglion
cells (RGCs) project from the retina to the brain nuclei. During this
process, some RGC axons cross the midline at the optic chiasm. (b)

RGCs projecting towards the contra or ipsilateral side are already
specified in the retina by two sets of transcription factors: SoxC and
Islet2 in contralateral RGCs and Zic2 in ipsilateral RGCs. The Sonic

hedgehog (Shh) receptor Boc, is also expressed by ipsilateral RGCs.
(c) These two different combinations allow the expression of guidance
effectors, regulating the pathfinding choices at the optic chiasm.
Moreover Islet2 is also blocking the expression of Zic2 and Boc

expression in contralateral RGCs. (d) The optic chiasm is the

intermediate target where contralateral RGCs (green) project towards
the contralateral side of the CNS whereas ipsilateral RGCs (red)
follow the visual tract on their original side. Shh, transported by the

contra-lateral RGCs (gray), is released at the optic chiasm. Ipsi-lateral
RGCs expressing the transmembrane receptors Boc as well as
EphB1 are repelled by Shh and ephrinB2 at the optic chiasm. An

attraction of contralateral RGCs to the midline is mediated by the cell
adhesion molecule NrCAM and transmembrane semaphorin
Sema6D, through their interaction with NrCAM and the complex
PlexinA1-Neuropilin2. RG, radial glia.
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differentiation: albino animals have a shorter time window
during which iRGCs are born which is compensated by an
increased number of cRGCs (Bhansali et al. 2014). Further-
more, the functional comparison of gene expression in albino
and pigmented retinas, showed that the Wnt-pathway, which
controls iRGC differentiation and cell proliferation, is
dysregulated in albino animals (Iwai-Takekoshi et al.

2018). Rescue of ipsi-lateral deficit via blockage of Nr-
CAM may improve visual capability in albino animals,
thereby providing a paradigm for functionally investigating
the consequences of natural ipsi-lateral depletion (Williams
et al. 2006).
Interestingly, the existence of another population of RGCs

has been described to project between the two retinas (retino-

Fig. 3 Spinal cord commissural axons development: pre and post-
crossing guidance mechanisms. (a) Commissural axons arise from

the dorsal portion of the spinal cord. To cross the midline, they first
have to be guided to the floor plate. This first process involves
several guidance receptors that trigger the axon outgrowth toward the

ventral midline. (b) Pre-crossing axons express the Roundabout 3
(Robo3) receptor. Robo3 interacts with deleted in colorectal cancer
(Dcc) receptor and both promote axon extension to the floor plate in

response to Netrin-1. Netrin-1 was first thought to act as long-range
cue but recent studies suggest that it acts as short-range cue. Robo3
might also prevent Slit repulsion by interacting with the Robo1/2
receptors. (c) Moreover in pre-crossing commissural axons, the

presence of calpain induces a cleavage of the PlexinA1 receptor,
inactivating this repulsive signalling pathway. (d) After midline

crossing, commissural axons switch from midline attraction to
repulsion. They become sensitive to repulsive cues secreted by floor
plate cells which prevent midline re-crossing. Axon then start to

extend rostrally toward their final targets. (e) At the floor plate, Robo3
is down-regulated, and Robo1/2 interaction with Slits blocks the Dcc-
Netrin-1 attractive signalling. (f) In addition, the expression of Gdnf by

floor plate cells inhibits calpain activity on crossing fibres, allowing
PlexinA1 to reach the membrane where it interacts with Neuropilin2,
where this receptor complex triggers midline repulsion upon binding
Sema3B.
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retinal projection) in various vertebrate species (M€uller and
Holl€ander 1988; T�oth and Strznicky 1989; Nadal-Nicol�as
et al. 2015). More recently, it was described that this
population resides in the ventro-nasal retina and is transient
(E16.5 to postnatal day 4) (Murcia-Belmonte et al. 2019).
These late-born RGCs were shown to express Unc5c, a
netrin-1 receptor. Upon reaching the optic chiasm, Unc5c-
positive RGCs are repelled by netrin-1 and project into the
contralateral optic nerve. Indeed, Unc5c is both sufficient and
necessary for retino-retinal projections (Murcia-Belmonte
et al. 2019). However, the precise connection and function of
this projection remains to be characterized. Moreover the
implication of this projection in co-ordinating spontaneous
activity remains to be studied.

Spinal cord

In the developing spinal cord, midline crossing takes place
ventrally through a structure named the floor plate (FP). The
FP is a crucial patterning center composed of specialized
cells that contribute to the specification of the neuronal
lineages of the neural tube and adjacent territories.
Moreover the FP is a source of both growth-promoting and

growth-repulsive cues for commissural axons, such as netrin-
1 and Slits (Ch�edotal 2019). In vertebrates, spinal commis-
sural axons navigate first ventrally toward the floor plate
(Fig. 3a), cross the midline and then turn rostrally or caudally
(Fig. 3d). According to the current model, the sensitivity to
midline repellents is silenced in pre-crossing commissural
growth cones as they navigate toward the FP. However,
during FP crossing, commissural growth cones gain respon-
siveness to FP repulsive cues. The post-crossing commissural
neurons are thus expelled from the midline, and also
prevented from re-crossing the FP. At later stages, they
follow rostro-caudal gradients of guidance cues, turning
rostrally or caudally in the ventral or lateral funiculi (Gaudet
and Fonken 2018; Ducuing et al. 2019; Ch�edotal 2019).

Commissural axon guidance before midline crossing

The earliest born spinal commissural neurons will extend
their axons toward the pial surface of the spinal cord and
ventrally toward the FP (Fig. 3a). For many years it was
thought that a long-range gradient of the secreted protein
netrin-1 is generated by the FP and attracts commissural
neurons ventrally upon binding the receptor Dcc (Hiramoto
et al. 2000; Finci et al. 2015). However, recent studies have
challenged this model and rather support a local and
haptotactic function of netrin-1. Indeed, netrin-1 is not only
expressed by FP cells but also by the neural progenitors of
the ventricular zone of the spinal cord and brainstem. In
support to this model, specific deletion of netrin-1 at the FP,
does not perturb commissural axon crossing in the hindbrain
(Dominici et al. 2017; Yamauchi et al. 2017). Interestingly,
in the spinal cord, midline crossing appears slightly delayed
(Moreno-Bravo et al. 2019) and some axons are misguided

before crossing (Varadarajan et al. 2017; Moreno-Bravo
et al. 2019; Wu et al. 2019). These results suggest that floor
plate-derived netrin-1 is dispensable for commissural axon
crossing, but also highlight a different mechanism of action
of netrin-1 between the hindbrain and the spinal cord.
Importantly, ablating netrin-1 expression in ventricular zone
progenitors severely perturbs midline crossing in the brain-
stem (Dominici et al. 2017; Yamauchi et al. 2017) but only
mildly in the spinal cord (Moreno-Bravo et al. 2019).
However, the simultaneous deletion of ventricular and FP
derived netrin-1 prevents midline crossing (Moreno-Bravo
et al. 2019). Therefore, in the spinal cord, both sources of
netrin-1 cooperate to guide commissural neuron at the
midline. Other secreted proteins such as VEGF (Ruiz de
Almodovar et al. 2011) and Shh (Charron et al. 2003;
Bovolenta and Sanchez-Arrones 2012; Sloan et al. 2015; Wu
et al. 2019) are expressed at the floor plate and act
redundantly with netrin-1 to attract axons as they get close
to the FP.
Robo3, a member of the Roundabout (Robo) family, plays

a key role in midline guidance. This receptor is expressed
transiently by commissural axons in mouse spinal cord,
midbrain and hindbrain and then is rapidly down-regulated
after the axons have crossed the FP (Belle et al. 2014; Zelina
et al. 2014). It is expressed in human pontine neurons (Jen
et al. 2004) and in hindbrain and spinal cord commissural
axons of birds (Philipp et al. 2012; Escalante et al. 2013;
Friocourt and Ch�edotal 2017) and other vertebrate species
(Friocourt et al. 2019). The absence of Robo3 leads to a
complete loss of several commissures in mice and in humans
(Jen et al. 2004; Marillat et al. 2004; Sabatier et al. 2004;
Renier et al. 2010; Michalski et al. 2013). The mechanism
through which Robo3 controls commissure development is
not completely understood. However, it was proposed that
Robo3 expression in pre-crossing commissural neurons
repress Slit/Robo repulsion (Fig. 3b), thus allowing com-
missural axons to reach, enter, and cross the ventral midline
in response to netrin-1 attraction (Sabatier et al. 2004;
Jaworski et al. 2010; Ch�edotal 2011). This mechanism has
been validated in the spinal cord and lateral reticular nucleus.
Interestingly, the inferior olivary nucleus does not seem to
follow the same mechanism (Di Meglio et al. 2008).
However, it was initially proposed that Robo3 may facilitate
attraction of commissural neurons to the floor plate,
independently of Slit/Robo signaling (Sabatier et al. 2004;
Di Meglio et al. 2008; Jaworski et al. 2010). More recent
studies support this notion. Indeed, whilst non-mammalian
Robo3 retained its ability to bind Slits, the mammalian
orthologue of Robo3 has lost key residues in the Slit/Robo
binding domain (Zelina et al. 2014). Instead, it possesses the
ability to bind to netrin-1, by creating a receptor complex
between Dcc and Robo3 via Src kinases, on a conserved
tyrosine residue and contributes to the attractive actions of
netrin-1 (Zelina et al. 2014). Therefore, Robo3 might
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promote attraction to the ventral midline rather than coun-
teract repulsion.
To date, several transcription factors have been associated

with themost dorsal commissural population, dl1, which arises
from the Atoh1+ domain (Ch�edotal 2014). These interneurons
are divided in two different subtypes depending on the location
of their targets: ipsilateral (dl1i) or contralateral (dl1c) (Wilson
et al. 2008). Interestingly, their projection pattern relies on the
balance between the expression of two transcription factors
Lhx2 and Lhx9 (Lim homeobox) and their upstream activation
by the transcription factor Barhl2 (Ding et al. 2012). Lhx2 is
able to directly bind to the regulatory region of Robo3 and
modulate its expression in a dose-dependent manner. More-
over inLhx2/9 knockouts,most of dl1 interneurons fail to cross
the midline and project ipsilaterally (Wilson et al. 2008;
Marcos-Mondejar et al. 2012).
Furthermore, the transcription factor Zic2 triggers an

ipsilateral transcriptional program but also inactivates a
contralateral one (Escalante et al. 2013). Indeed, down-
regulation of Zic2 by in utero electroporation of siRNA
induces an abnormal up-regulation of Robo3 and a con-
tralateral projection of dorsal horn neurons. A Zic2 gain of
function has the reverse effect, reducing Robo3 expression
and an increase of ipsilateral projections. In addition to
modulating Robo3 expression, Zic2 is necessary and suffi-
cient to induce EphA4 expression and commissural neuron
repulsion in response to midline ephrinB’s.

Commissural axon guidance after midline crossing

Upon FP crossing, commissural axons become sensitive to a
myriad of repulsive guidance molecules expressed at the FP.
However, prior to midline crossing, commissural axons do
not express the receptors (at the surface) required to sense
this repulsive environment. One such example is the
repulsive receptor, PlexinA1, which is down-regulated at
the surface of commissural neurons prior to midline crossing
(Fig. 3c). PlexinA1 down-regulation at the growth cone
involves the protease, Calpain-1 (Nawabi et al. 2010; Charoy
et al. 2012). However upon FP entry, commissural neurons
become exposed to the NrCAM that inhibits calpain-1
activity (Fig. 3f). As a result, PlexinA1 can accumulate at the
growth cone which becomes sensitive to the repulsive cue
Sema3B (expressed at the FP) (Nawabi et al. 2010; Charoy
et al. 2012). In addition to PlexinA1, the semaphorin receptor
Neuropilin 2 (Nrp2) is also expressed at the growth cone
following FP entry. Indeed, Sema3B and Nrp2 double
mutants display FP stalling as well as post-crossing
misrouting (Nawabi et al. 2010; Parra and Zou 2010).
Slits are other repulsive cues expressed at the FP (Brose

et al. 1999). As with PlexinA1 and Nrp2, commissural axon
growth cones start expressing the Robo 1 and Robo2
receptors only after midline crossing, and become sensitive
to Slit repulsion (Fig. 3e). Indeed, deletion of Robo receptors
results in commissural axons stalling at the FP (Long et al.

2004; Garbe and Bashaw 2007; Blockus and Ch�edotal 2016).
However, Silts can also function independently of Robo
receptors. In vertebrates, Slits can be cleaved into two
separate fragments (Brose et al. 1999; Wang et al. 1999).
The shorter fragment (Slit-C) is able to bind to PlexinA1 in
commissural neurons to induce growth cone collapse (Del-
loye-Bourgeois et al. 2015).
Once commissural axons have exited the FP, they are then

guided by other cues to continue either rostrally or caudally.
Little is known about the cues guiding postcrossing axons
along the midline. However, Wnt signaling has been shown
to be critical in this process (Onishi et al. 2014). An
expression gradient of several Wnt family proteins controls
the rostral turning of post-crossing commissural axons
through an attractive mechanism involving the Frizzled3
(Fzd3) receptor (Lyuksyutova et al. 2003; Yoshikawa et al.
2003). The disruption of the Wnt gradient, results in a
randomization of the growth of post-crossing commissural
axons, which randomly turn toward the anterior or posterior
part (Yoshikawa et al. 2003; Zou 2004). Recently, a
mechanism orchestrating Wnt activation has been proposed.
During FP crossing, commissural neurons expressing
Smoothened (Smo) are exposed to the morphogen sonic
hedgehog (Shh). This interaction leads to the reduction in
mRNA translation of Shisa2, a well-known Wnt signaling
inhibitor. Shisa2 inhibits the Wnt receptor Frizzled (Fzd3)
trafficking to the cell surface by interfering with its
glycosylation, inactivating Wnt signaling (Onishi and Zou
2017). Moreover it has been shown that components of the
planar cell polarity signaling pathway mediate Wnt attraction
and the anterior turning of commissural axons (Lyuksyutova
et al. 2003; Zou 2012; Onishi et al. 2014). In addition to the
planar cell polarity pathway, the canonical Wnt signaling
pathway is critical in mediating post-crossing commissural
neuron turning. Indeed, down-regulation of both Lrp5 and
Lrp6 (Low density lipoprotein receptor-related protein, co-
receptors for Frizzled), which are required in the b-catenin-
mediated canonical Wnt pathway, lead to major defects in
post-crossing commissural neurons (Avil�es et al. 2016).
Shh also guides post-crossing commissural axons (Bour-

ikas et al. 2005; Yam et al. 2012). After crossing,
commissural axons become repelled by Shh and project
anteriorly along a posterior-high Shh and anterior-high Wnt4
gradients. However, instead of mediating its action through
Patched or smoothened, Shh acts through the Hedgehog
interacting protein. Further experiments showed that this
switch in Shh responsiveness depended on the levels of 14-3-
3 proteins, which are low in pre-crossing and high in post-
crossing commissural neurons, and modulate Protein Kinase
A activity (Yam et al. 2012).

Peripheral nervous system development

The bilaterian nervous system is subdivided in two main
components: the central and the peripheral nervous systems
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(CNS and PNS). Permanent cross-talk between the CNS and
PNS is critical for integration of sensory inputs. In the 4th

century BC, Alcmaeon of Croton (Goddard et al. 1996)
(Zolog 1994) proposed the first theory about channels
(“poroi” in ancient greek) that would connect the senses
and the brain, this last one being the center of human
perception. Later, it became clear that all sensory perception
being mechanical, auditory, gustatory, and olfactory were
relayed to the CNS through the “nerves” (Mazengenya and
Bhikha 2017). Indeed, the precise interplay between these
two networks develop in parallel during embryonic devel-
opment (Ben-Arie et al. 2000). Additionally, it has been
demonstrated that both axon guidance and neuronal activity
can strongly modulate connections between the PNS and the
CNS (Bonanomi and Pfaff 2010; Wang and Bergles 2015).
Nevertheless, the PNS is itself formed by different compo-
nents, each specialized in the transmission of a specific signal
to the CNS. These signals are transmitted by mechanosen-
sory, chemical or thermal receptors projecting to the
mammalian spinal cord via nociceptive afferents.
Drosophila bristles are sensory organs that are tightly

distributed and contain one single mechanosensory neuron
that specifically projects to the CNS. These axons can be
guided by cell adhesion molecules, such as Neuroglian or
Flamingo (Martin et al. 2008; Steinel and Whitington 2009),
but also by other guidance molecules, such as Plexins or
semaphorins (Wu et al. 2011). Down syndrome cell adhesion
molecule (DSCAM) is a transmembrane receptor of the
immunoglobulin-superfamily (Chen et al. 2006). DSCAM
has since been described to regulate cell targeting, axon
branch specification, and dendrite patterning (Schmucker
et al. 2000; Wang et al. 2002a; Dascenco et al. 2015). The
repulsive molecule, Slit, has been shown to bind and signal
through DSCAM1 independently of Robo receptors (Chen
et al. 2006). Indeed, local binding to Slit drives spatial
specificity of axon collateral formation. Furthermore, Chen
et al. (2006) report that many DSCAM isoforms exist and
particular DSCAM isoform mosaicism in a specific growth
cone appears to dictate local guidance decisions, such as the
formation of axon collateral projections.
The inner ear is essential for the transmission of sounds

and their integration by the CNS. This complex sensory
organ is composed of bipolar spiral ganglion neurons (SGN)
that connect the ipsilateral cochlear nucleus and the
mechanosensory inner and outer hair cells located in the
organ of Corti (Nayagam et al. 2011). SGNs project to both
the inner (IHC) and the outer hair cells (OHC). During the
course of development, both type I and II project to the OHC
but type I SGNs appear to refine in later stages and only
project to the IHC (Huang et al. 2012; Safieddine et al. 2012;
Druckenbrod and Goodrich 2015). The use of molecular
markers to target single spiral ganglia has revealed key
morphological differences between type I and type II SGNs
as well as their specific projection patterns to the IHC or

outer hair cells OHC (Druckenbrod and Goodrich 2015;
Coate et al. 2015). Indeed, type I and II SGNs were shown to
be molecularly different. Type I SGNs express the
semaphorin receptor Nrp2 and its co-receptor PlexinA3
(Coate et al. 2015). Upon binding Sema3F, secreted by the
OHC, type I SGNs are repulsed and restrict their projections
to the IHC (Coate et al. 2015). More recently, the use of
single sequencing has allowed a more in depth characteri-
zation of SGNs. In this study, Shrestha et al. (2018)
identified that type I SGNs can be further classified into
three different subtypes. These data suggest a growing
complexity of the auditory system formation and integration
of external signals.
These examples underline the complexity of PNS devel-

opment. With the aim of understanding the surrounding
environment, each of these systems seems to have its own
guidance mechanisms, which through a tight and orches-
trated regulation, establish an essential pathway between
sensory neurons and superior brain areas. Novel genetic and
technical approaches also highlight the cellular heterogeneity
in these systems, most of them considered quite homoge-
neous until recently. The understanding of the molecular
differences between cell types in a determined structure is a
key element in establishing therapeutic approaches such as
stem cell therapy. Moreover these molecular differences can
also help to understand the possible effects of different
known guidance mechanisms. Lastly, several groups have
tried to understand the role of spontaneous activity in these
structures. Neural activity has been observed to happen
randomly in most structures, since early development
(Shrestha et al. 2018). This neuronal activity could be
essential to pattern and reinforce synapses, as was shown in
the visual system (Ackman and Crair 2014).

Non-traditional roles of axon guidance molecules

Axon guidance molecules have been extensively studied
during axonal development but have also been shown to be
critical in many diverse biological processes such as
angiogenesis and cell migration (Castets and Mehlen 2010;
Aberle 2019). Undeniably, cortical development is depen-
dent on cellular migration. A fundamental question for the
past decades has been the emergence of the neocortex, a
specific feature of the mammalian brain (Finlay and
Darlington 1995; Northcutt 2006). Cortical development
begins with the division of radial glial progenitor cells
(RGPCs), which gives rise to all cortical neurons and glia.
RGPCs are aligned at the cortical ventricular zone and
undergo mitosis to either self-renew (symmetric divi-
sion = indirect neurogenesis), or differentiate into cortical
neurons (asymmetric division = direct neurogenesis). How-
ever, in mammals RGPCs can also divide symmetrically to
give rise to an intermediate progenitor cell (IPCs) (Hauben-
sak et al. 2004; Noctor et al. 2004; Miyata et al. 2004). IPCs
can either self renew or differentiate into cortical neurons.
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Thus, IPCs have been proposed to serve as the main
determinant for cortex expansion in mammals (Malatesta
et al. 2000; Noctor et al. 2001; Smart 2002; Noctor et al.
2004; Kriegstein et al. 2006; Hansen et al. 2010). Recently,
C�ardenas et al. (2018) have identified a novel role for Robo
1/2 in regulating radial glia cortical migration. By comparing
the mouse olfactory bulb (OB) (reminiscent of the reptilian
paleocortex) to the cortex (Cx), C�ardenas et al. (2018)
observed that the OB solely developed by direct neurogen-
esis whereas the Cx was developed mostly by indirect
neurogenesis. Interestingly, Robo1/2 were expressed in a
gradient, with a high-low expression in the OB compared to
the Cx. Furthermore, it was shown that Robo1/2 can regulate
the notch canonical signaling pathway via Delta-like 1 as
well as the ligands jagged 1 (Jag1) and Jag2. The
mechanism put forward is that high Robo1/2 expression in
the OB reduces Delta-like 1 expression and increases Jag1
and Jag2 expression, resulting in asymmetric division and
direct neurogenesis. Indeed, gain of function experiments
showed that high Robo1/2 expression is sufficient to induce
direct neurogenesis in the mouse Cx (C�ardenas et al. 2018).
Interestingly, amniotes deprived of a neocortex, such as birds
and reptiles, show high Robo1/2 expression in the cortex
(C�ardenas et al. 2018). Thus, the authors propose silencing of
Robo1/2 as an evolutionary switch giving rise to indirect
neurogenesis in mammals.
The Fibronectin Leucine Rich-repeat Transmembrane

(FLRTs) proteins have also been identified as axon guidance
molecules. For instance, thalamocortical axons expressing
Dcc are not sensitive to the netrin-1 gradient present in the
thalamus because of Robo1 silencing (Leyva-D�ıaz et al.
2014). However, FLRT3 can sequester Robo1 to allow for Dcc
expression at the surface of thalamocortical neurons, thereby
activating netrin-1 responsiveness (Leyva-D�ıaz et al. 2014).
More recently, FLRTs have also been implicated with cortical
progenitor migration (del Toro et al. 2017). In mammals the
cortex initially forms as a laminar sheet. Whilst some
mammals (mice and rats) will retain this smooth cortical
development (lissencephaly, Fig. 4a), other mammals (pri-
mates and ferrets) develop cortical folds (gyrencephaly,
Fig. 4b). FLRT1/3 have recently been shown to be critical
players in this process (del Toro et al. 2017). Interestingly,
genetic ablation in mice of FLRT1/3 promotes cortical folding
(del Toro et al. 2017).Whilst the proliferation rate of radial glia
cells was unchanged, their migratory patterns were signifi-
cantly perturbed. Indeed, loss of FLRT1/3 increased neuronal
clustering and radial migration rate. This creates columns of
migrating progenitors, inducing an asymmetric proliferation
across the surface of the cortex and as a result creating sulci. Of
note, FLRT1/3 expression is reduced in gyrencephalic species,
suggesting that the abundance of FLRT1/3 during evolution
promoted cortical smoothing (lissencephaly).
Whilst typical axon guidance proteins such as Slits and

ephrins have been largely discussed, a growing body of

literature has shown that some lipids could be atypical
guidance molecules. Phospholipids are considered the major
components of cell membranes and they have the ability to
form amphipathic lipid bilayers. Their role in axon guidance
was first proposed by some in vitro experiments in which
Lysophosphatidic acid, an intermediate substance of lipid
synthesis, was shown to be able to induce growth cone
collapse, neurite retraction and cell rounding in neuroblas-
toma-derived neuronal cell cultures (Jalink et al. 1993). Later
on, further evidence highlighted their role on primary
cultured chick embryo neurons and on isolated retinal
growth cones (Saito 1997; Campbell and Holt 2001).
Additional in vivo evidence of the axon guidance role of
lysophospholypids were obtained in the Xenopus visual
system. In absence of sphingosine 1-phosphate, retinal
projections were misguided and invaded abnormal areas
(Strochlic et al. 2007). Recently, a novel role for phospho-
lipids on axon guidance was brought to light: Phosphatidyl-
B-D-Glucoside (PtdGlc) is localized in radial glia and
nascent astrocytes in vivo (Nagatsuka et al. 2006; Kinoshita
et al. 2009). PtdGlc can be hydrolysed in lysoPtdGlc and
released into the extracellular environment (Guy et al. 2015).
In the embryonic chick and mouse spinal cord, TrkA and
TrkC dorsal root ganglion axons enter the CNS through the
dorsal root entry zone. Only TrkC axons get into the
primordial dorsal funiculus where LysoPtdGlc is found (Guy
et al. 2015), suggesting a possible repulsive role for
nociceptive afferences (TrkA). TrkA enriched dorsal root
ganglia (DRG) explants showed chemorepulsion in vitro in
presence of a lysoPtdGlc gradient. Furthermore, blocking
antibodies for lysoPtdGlc used in ovo, showed a misprojec-
tion of TrkA axons in the primordial dorsal funiculus.
Finally, a receptor screening proposed GPR55 as putative
receptor for this extracellular cue. GPR55 knockout mice
phenocopy the DRG axon misprojections induced by
lysoPtdGlc blocking antibodies, confirming the role of this
receptor-sensing glia released lysoPtdGlc in this system (Guy
et al. 2015).

Axonal regeneration

In the early 20th century, pioneering studies from Ram�on y
Cajal showed that the mammalian CNS is unable to regenerate
following a lesion (Ram�on yCajal 1914). Neuroscientists have
since delved on the idea that understanding CNS development
could be the key to hi-jack regenerative mechanisms following
CNS injury. Interestingly, similar lesion experiments carried
out on dorsal root ganglia axons (which belong to the PNS)
resulted in robust regeneration of their peripheral branch and
functional recovery following the lesion, whereas their central
branch projecting into the CNS did not regenerate. Therefore,
something either intrinsic or extrinsic to CNS neurons is
responsible for their lack of regeneration (Fig. 5a). This
fundamental question has sparked years of intensive research
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Fig. 4 Cortical folding relies on Fibronectin Leucine Rich-repeat Transmembranes (FLRTs) expression. Cortical folding appears to be dependent

on the presence of the cell adhesion proteins FLRT1 and FLRT3 during cortical expansion, where (a) higher expression in migrating cortical
progenitors is associated with parallel migration, resulting in a lissencephalic cortex. Conversely, (b) lower FLRT1 and 3 expression favors lower
migration rates, and promotes lateral adhesion resulting in a gyrencephalic cortex.

Fig. 5 Molecular mechanisms for CNS regeneration. (a) After CNS
injury, extrinsic and intrinsic mechanisms impair axonal regeneration.
These events occur both in the cell soma and the injure site and they

are the main targets of strategies aiming at promoting regeneration.
Most of the extrinsic inhibition comes from the recruitment of astrocytes
and macrophages to the injury area and the “activation” of local

oligodendrocytes. (b) In injured neurons, Pten blocks the mammalian
target of rapamycin (mTOR) pathway that induces axon regeneration.
The complete or conditional depletion of Pten in RGCs or corticospinal
tract neurons, promotes the regeneration of their axons after injury. (c)

Moreover oligodendrocytes at the lesion site, start to express inhibitory
signalling molecules such as Nogo and myelin associated glycopro-
teins that will block axonal regeneration. The simultaneous depletion of

Pten and Nogo, significantly promotes axonal regeneration. (d) Finally,
The expression of cytokines by macrophages also promote axon
outgrowth. Suppressor of cytokine signaling 3 (SOCS3) expression in

lesioned axons blocks signal transducer and activator of transcription 3
(STAT3), a downstream effector of this cascade. Together with Pten,
the depletion of SOCS3 also increases the regeneration rate of RGC
axons.
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to understand the molecular mechanisms activated after
axotomy and to develop strategies for inducing axonal
regeneration. Here, we will discuss some of the current
approaches and challenges in regeneration of CNS and PNS
axons.

Central nervous system regeneration

Visual system regeneration
Optic nerve (ON) transection or crush, have become a
predominant models for studying CNS regeneration. The ON
only contains axons which originate from RGC neurons in
the retina. Directly following ON lesions, multiple inhibitory
pathways are triggered. The activator protein 1 and the
transcription factor subunit c-Jun (Fos-binding protein p39)
both act in synergy to trigger cell death in RGCs following
an experimental axotomy (H€ull and B€ahr 1994). In addition,
interplay between c-Jun and the activating transcription
factor 2 dictates cell fate following ON crush. When both are
up-regulated, they promote cell survival. However, reduction
in activating transcription factor 2 expression induces
apoptosis (Martin-Villalba et al. 1998). The activation of c-
Jun is driven by calcium influx, since specific inhibition of
calcium channels leads to reduction of c-Jun activity in ON
crush models. Remarkably, the inhibition of calcium chan-
nels not only reduces acute axon neurodegeneration, but also
improves axonal regeneration (Ribas et al. 2017). The RhoA/
ROCK/LIMK pathway, which can be activated by a variety
of cytokines and inflammatory mediators, is another critical
inhibitory mechanism that mediates repulsive signals in the
injured CNS. The knockdown of either Rho associated
coiled-coil containing protein kinase 2 (ROCK2) or its
downstream substrate LIM domain kinase 1 promotes
neuronal regeneration following ON crush. However, only
ROCK2 knockdown was found to be neuroprotective in
RGCs following ON axotomy (Koch et al. 2014). ROCK2
down-regulation leads to reduced calpain and caspase3
activity and a concurrent increase in protein kinase B (Akt)
activity (Koch et al. 2014). Pharmacological inhibition of
RhoA/ROCK pathway through Y-27632 or Fasudil admin-
istration promotes neuronal regeneration in a dose-dependent
manner, probably because of enhanced MAPK and Akt
phosphorylation (Lingor et al. 2007; Lingor et al. 2008).
Pharmacological modulation of this pathway, thus, could
represent a therapeutic approach for CNS cell restoration.
Another inhibitory pathway exists in the surrounding

environment of the lesion (Fig. 5b-d). The myelin inhibitory
proteins: Nogo, myelin-associated glycoprotein (MAG), and
oligodendrocyte-myelin glycoprotein suppress axonal
growth in the optic nerve by acting through Nogo receptors
where they act in an orchestrated manner with other co-
receptors, such as p75 neurotrophin receptor and epidermal
growth factor receptor (Domeniconi et al. 2002; Wang et al.
2002b; Wang et al. 2002c; Koprivica 2005). Notably,

deletion of its downstream signaling pathway, through
protein kinase C appears to restore axonal growth by
blocking Rho activation (Sivasankaran et al. 2004). Further-
more, the over-expression of dominant negative Nogo
receptors in RGCs promoted axonal regeneration (Fischer
2004).
Alternatively to extrinsic factors inhibiting axon regener-

ation, many groups have shown that the intrinsic mechanisms
prevent CNS axon regeneration (He and Jin 2016). One
critical pathway, put forward by the group of Zhigang He,
was the phosphoinositide 3-kinase/mammalian target of
rapamycin (mTOR) signaling pathway. Following ON crush,
a dramatic decrease in phosphoinositide 3-kinase/mTOR
activity is observed (Park et al. 2008). Indeed, following ON
crush, mTOR activity is suppressed by the phosphatase and
tensin homolog (PTEN) (Fig. 5b). Genetically deleting
PTEN in RGCs, using an adeno-associated virus, induces
robust and long-distance axon regeneration following ON
crush (Park et al. 2008). Interestingly, PTEN deletion
following ON crush only stimulates the regeneration of a
subset of RGCs (Park et al. 2008). A large number of RGC
types exists with distinct physiology and projection patterns
(Sanes and Masland 2015; Martersteck et al. 2017). There-
fore, it is not surprising that distinct RGCs types respond
heterogeneously to injury. Further studies have shown that a
specific subtype of RGCs, the a-RGCs, are able to survive
following ON crush and express insulin-like growth factor
receptor (IGF1) as well as osteopontin (OPN) (Duan et al.
2015). Reprogramming of RGCs after injury is accompanied
by changes in mRNA expression profiles. The transcription
factors that are expressed after injury appear to determine
whether a specific sub-type of RGC will regrow. The
Kruppel-like factors 4 and 9 (KLF4 and KLF9), for example,
play a major role suppressing axon development (Qin et al.
2013; Apara et al. 2017). KLF4 interacts with Tyr705-
phosphorylated signal transducer and activator of transcrip-
tion 3 (STAT3) suppressing its activity and function as an
intrinsic barrier for regeneration of damaged adult RGC
axons (Qin et al. 2013). KLF9 functions as another intrinsic
inhibitor for axon regeneration as shRNA mediated knock-
down of KLF9 promote RGC survival and axon regeneration
following optic nerve injury in vivo (Apara et al. 2017). This
KLF9-mediated inhibition is via interaction of the upstream
kinase c-Jun N-terminal kinase 3 (JNK3) (Apara et al. 2017).
Recent findings indicate that micro RNAs 135a and 135b
(miRNA135s) could regulate KLF4 expression during axon
development. Intravitreal administration of miRNA135
induced axon regeneration following ON injury, in part by
suppressing KLF4 expression in RGCs (van Battum et al.
2018). SOX11, on the other hand, plays a dual role. When
overexpressed, it can stimulate axon growth of non-a-RGCs
while it induces cell death of a-RGCs following ON crush
(Norsworthy et al. 2017). In addition to intrinsic growth
metabolism, neuroinflammation has been shown to be critical
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for RGCs axonal regeneration (Smith et al. 2009). The
simple intraocular injection of Zymosan (protein-carbohy-
drate complexes derived from yeast cell wall), which
enhances macrophage infiltration in the injured ON, greatly
stimulates the expression of GAP-43 in RGC axons, resulting
in accelerated axonal regeneration (Leon et al. 2000).
During the past decades, major effort has been made toward

the development of combinatorial therapeutic approaches,
targeting two or more neuronal pathways. Over stimulating
cell growth programs by deleting PTEN and suppressor of
cytokine signaling 3 (SOCS3) promotes a well-sustained axon
regeneration (Fig. 5d), by brake-releasing two independent
pathways that converge into axon growth-related gene
expression (Sun et al. 2011). In an alternative approach, the
use of the pro-inflammatory Zymosan, in combination to
PTEN inhibition and cAMP analogue administration promotes
axonal regeneration, and allows the recovery of long distance
axonal degeneration (Kurimoto et al. 2010). The critical step
following regeneration and functional synapses formation is
the restoration of the conductance and visual function follow-
ing injury. Treatment with the voltage-gated potassium
channel blocker 4-aminopyridine (4-AP) or its methyl deriva-
tive 4-AP-3-Me restores conduction and visual acuity follow-
ing PTEN/SOCS3 co-deletion. Similar phenomena were
observed when mice were treated with 4-AP following OPN
overexpression in the presence of IGF1 and ciliary neu-
rotrophic factor. This highlights the importance of combina-
tion therapy for axon regeneration and improving visual
conduction (Bei et al. 2016).

Spinal cord regeneration
Another attractive model for studying CNS regeneration is
that of spinal cord injury (SCI). In addition to its scientific
interest, SCI has a dramatic clinical impact, with the world
health organization approximating between 250 000 to
500 000 people suffer from SCI each year (Courtine and
Sofroniew 2019). The Cortico spinal neurons (CSNs) located
in the mammalian neocortex are the major output from the
brain to the spinal cord (making up to 90% of projections),
which mediate both motor and sensory functions (Wang
et al. 2017). Indeed, corticospinal tract (CST) lesions, such as
a bilateral pyramidotomy, lead to the complete loss of
voluntary movement. Following a spinal cord lesion, extrin-
sic mechanisms such as growth inhibitors or glial scars,
inhibit axonal regeneration (Gaudet and Fonken 2018).
Several inhibitory signaling molecules have since been
identified such as Nogo or myelin-associated glycoproteins
(Caroni and Schwab 1988; McKeon et al. 1991; Afshari
et al. 2009; Lang et al. 2015). Indeed silencing these
inhibitory cues in mouse or rat models of spinal cord injury
has shown some success (Schmandke et al. 2014). Another
approach, led by Zhigang He’s group, questioned whether
the inability of CNS neurons to regenerate involved intrinsic
factors. They identified that mTOR (mammalian target of

rapamycin) activity and de novo protein synthesis are
suppressed after CNS lesions (Park et al. 2008). Reactivation
of the mTOR pathway by silencing of PTEN (phosphatase
and tensin homolog) and TSC1 (tuberous sclerosis complex
1), leads to extensive CST axon regeneration (Park et al.
2008). Together, these findings proved that both intrinsic and
extrinsic mechanisms were responsible for inhibiting CST
axon regeneration after spinal cord injury. Accordingly, the
combined genetic deletion of Nogo receptors and PTEN, led
to a major increase in the regeneration and sprouting of
lesioned CSNs (Geoffroy et al. 2015). However, there was
little to no functional amelioration in lesioned animals.
The lack of functional rescue observed in double mutants

of Nogo and PTEN led to the idea that a better understanding
of the locomotor system was required. Indeed, very little was
known about the localization, development, and function of
the CSNs responsible for voluntary movement. Using
retrograde viral tracing strategies, it was found that CSNs
were localized in both the motor and somatosensory cortex.
Two major nuclei were identified, the rostral forelimb area
(RFA) and the caudal forelimb area (CFA) (Wang et al.
2017). To better understand the precise function of RFA and
CFA CSNs in voluntary task, a food pellet retrieval task was
used to tease apart which CSNs were responsible for specific
motor movements. Using AAV:Cre-driven GCamp6 expres-
sion in CSNs, it was shown that RFA CSNs fired prior to
grasping the food-pellet, whereas CFA CSNs fired prior to
reaching as well as post-grasping the food pellet (Wang et al.
2017). These data provide evidence supporting a parallel
organization of motor tasks responsible for specific behavior
organized in a topographic manner.
While much work has focused on spinal cord lesions, the

majority of patients suffer from partial lesions. However,
partial spinal cord injuries still result in complete loss of
motor function below the site of injury. This hints toward the
idea that unlesioned axons are unable to properly function
despite being spared from injury. By carrying out a staggered
hemisection of the thoracic spinal cord on opposing sides,
Chen et al. (2018) took advantage of a partial spinal cord
injury model to carry out a small compound screening
approach. They identified that an agonist of the potassium/
chloride transporter (KCC2) resulted in increased weight
bearing strength in mice following lesion (Chen et al. 2018).
Because of the complexity of spinal circuits, they questioned
whether KCC2 activity was required by multiple or distinct
neuronal subsets (excitatory, inhibitory, motor). Interest-
ingly, only overexpression of KCC2 in inhibitory neurons
(Vgat:Cre) resulted in an improved weight-bearing strength
in injured mice. Moreover inhibitory neurons below the
staggered lesion were dispensable for this rescue, since
overexpressing KCC2 only in inhibitory neurons between the
lesions was sufficient to rescue the weight bearing strength.
Overall, this identifies a crucial role for inhibitory interneu-
rons in a closed-circuit to be critical in associating the
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excitation to inhibition ratio required to regulate functional
recovery following a lesion (Chen et al. 2018).
The translation of these findings to the treatment of spinal

cord injury, won’t be simple as the genetic manipulation of
tumor suppressor genes may not be suitable for the clinic.
Attractive treatment alternatives could consist of applying
growth factors (which occur endogenously in the CNS).
However, adult CNS neurons lose their sensitivity to growth
factors such as brain-derived neurotrophic factor (Liu et al.
2017). Moreover adult CSNs treated with OPN can be
sensitized to the IGF1 by reactivating the mTOR pathway
(Liu et al. 2017).
Furthermore, the identification that spared axons following

partial spinal cord injury could be re-synchronized to induce
functional recovery opens many questions, one of which, is
the importance of inhibitory synapses conserved amongst
other species. Indeed, the complexity in human spinal cord
circuitry may pose a major challenge toward this clinical
implication.
For instance, how does our current understanding on

excitatory/inhibitory ratios in the rodent spinal cord translate
to the human spinal cord? This is a daunting question since
inhibitory feedback loops in human spinal cord may be more
complex and thus more challenging to re-stimulate. Further-
more, more research should focus on understanding the
coordinated action between neurons and glial cells. Synaptic
activity, axonal and dendritic growth and regeneration are
fine-tuned by glial cells (Liu et al. 2017). There are a few
studies investigating how glial scar-induced disruption may
be overcome by improving the communication between
neurons and glial cells. Of note, exosomes released by glial
cells in the PNS have shown to promote robust axonal
regeneration and survival (Lopez-Leal and Court 2016). A
similar result was obtained from mesenchymal stem cells
releasing exosomes following spinal cord injury (Li et al.
2018; Liu et al. 2019).

Peripheral nerve regeneration
Insults such as physical trauma, chemotherapy or metabolic
disorders can lead to peripheral nerve damage (Scholz et al.
2009). As previously mentioned, PNS axons have retained
considerable capacity to regenerate following injury and to
form functional connections with their original targets
(Bremer et al. 2017). This seems in part because of a cell-
intrinsic growth-promoting response of PNS neurons and to a
favorable environment for axonal regeneration (Bremer et al.
2017). However, many aspects of this process, including how
regenerating axons navigate across the lesion site and select
their original trajectory at branch choice points, are not well
understood in vivo. Whilst many animal models have been
used to study PNS regeneration, the zebrafish has been
heavily studied because of its transparency (allowing for
in vivo live imaging) as well as the ability for genetic
manipulation. Adult and larval fish both have well-defined

PNS circuits and stereotyped behaviors, facilitating cell
biology studies underlying PNS axon regrowth and synapse
re-establishment (He and Jin 2016; Rasmussen and Sagasti
2017).
In vertebrates, spinal motor nerve degeneration after

transection occurs through morphological hallmarks charac-
teristic of Wallerian degeneration (Fig. 6a), a stereotyped
form of degeneration (Waller 1851). Live imaging on
zebrafish showed that following nerve transection, degrada-
tion of the distal axon happens within 120–240 min
(Rosenberg et al. 2012). Moreover it highlighted that
individual axons within the transected nerves initiate frag-
mentation at different times independent of myelination and
thickness of the axons. Once initiated, fragmentation occurs
along the entire length of the axon within minutes. Recruit-
ment of macrophages to the injury site starts between 60–
120 min before nerve fragmentation, and with the onset of
axonal fragmentation, macrophages enter the nerve and begin
to phagocytose nerve debris. Experimental elimination of
Schwann cells through genetic ablation does not change the
recruitment and behavior of macrophages to the injury site
suggesting that this process is independent on Schwann cells
(Dutton et al. 2001; Rosenberg et al. 2012).
In zebrafish, 80% of regenerating axons retain the ability to

select their original branch-specific trajectory in both ventral
and dorsal nerve branches following complete nerve tran-
section (Isaacman-Beck et al. 2015). After complete nerve
transection, usually a single axon emerges from the proximal
nerve stump to pioneer a regenerative path across the injury
site. At later stages, multiple emerging axons join the
pioneering axon and extend with about twice the speed of the
pioneering axon across the injury gap. The synaptic low-
density lipoprotein receptor-related protein 4 is critical for
the regrowth of follower axons across the injury gap and
toward their original targets (Gribble et al. 2018) (Fig. 6c).
Live-cell imaging shows that Schwann cells provide direc-
tionality to axons, by crossing the injury site and navigating
to their original trajectory. An interaction between Schwann
cells and motor axons is triggered following motor nerve
transection leading to highly coordinated changes in axonal
and Schwann cell morphology during both degeneration and
regeneration (Fig. 6b). For instance, once axons start to
fragment, Schwann cell membranes, localized distal to the
lesion site, undergo dramatic morphological changes return-
ing to a more immature state (Rosenberg et al. 2014). Lrp4
promotes the morphological changes associated with Sch-
wann cells re-differentiation after injury-induced de-differ-
entiation. In vivo evidence suggests that low-density
lipoprotein receptor-related protein 4 promotes peripheral
nerve regeneration through a non-canonical, Agrin/MuSK
independent signalling pathway that is critical for neuro-
muscular synapse development in mammals and zebrafish
(Gribble et al. 2018). The importance of this process in
promoting vertebrate nerve regeneration is also confirmed by
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the impairment of peripheral nerve regeneration by Topoi-
somerase I inhibitor, identified through a fin removal assay
performed by Bremer and colleagues, which hypothesizes
that Topoisomerase I promotes peripheral nerve regeneration
by regulating gene transcription specifically in de-differen-
tiated Schwann cells (Bremer et al. 2017).
In zebrafish mutants lacking Schwann cells, 50–80% of

transected nerves show a failure in regenerating axons along
their original trajectory through the ventral myotome com-
pared with 20% in wild-type (Rosenberg et al. 2014).
Netrin1 and its receptor DCC have been implicated in
promoting the extent of axon regeneration (Fig. 6c): in vivo
Netrin1b mRNA is expressed in Schwann cells before and
after motor nerve transection, and dcc mRNA is detectable in
motor neurons during initial axonal regrowth. In dcczm130198

mutants, characterized by a 90% reduction of dcc mRNA,

40% of regenerating motor axons extended not only along
their original path but also along ectopic lateral trajectories.
This suggests that DCC is required to guide regenerating
ventral motor axons across the injury gap toward their
original trajectory in vivo (Rosenberg et al. 2014).
Early after transection (7–11 h post transection), dorsal

axons sprout growth cones that explore the environment with
multi-directional extensions and retractions. In the following
2–4 h, only the growth cones extending along the correct
dorsal path are stabilized and quickly extend, supporting the
existence of extrinsic cues that drive the growth cones
through the branch point (Isaacman-Beck et al. 2015).
Among these cues, the collagen-modifying glycosyltrans-
ferase lysyl hydroxylase 3 (lh3), expressed by Schwann cells,
has a crucial role in promoting target selectivity of regen-
erating dorsal, but not ventral nerve axons (Fig. 6b). For this

Fig. 6 PNS axon regeneration in zebrafish spinal motor nerves. (a)
Zebrafish has extensively been used as PNS regeneration model. Its

transparency allows live-imaging of axons and genetic manipulations
remain simpler than in mammals. In this model, a transection of both,
dorso-ventral spinal cord motor branches is performed. First, a

Wallerian degeneration of the sectioned nerves occurs, dependent on
macrophages activity. Then, spontaneous regeneration occurs, pro-
moted by intrinsic and extrinsic signals. (b) After injury, 80% of the
lesioned axons retain the ability to regenerate. This relies on Schwann

cell activation that will ensure the proper pathfinding of the regenerating

axons through different mechanisms. This activation occurs by expo-
sure to ΔLrp4 and triggers the expression of axon guidance molecules

(Netrin-1 and Slit1a) and the remodelling of the extracellular matrix
(ECM). (c) There is evidence that nerve regrowth relies on the
extension of a single pioneer axon that will be used as migration

scaffold by follower axons. This process seems dependent on ΔLrp4
but no receptors have been identified yet. Axon guidance of dorsal or
ventral projections differs. Netrin-1 and Dcc promotes the growth of
ventral axons while Slit1a prevent dorsal axon from growing dorsally,

through a yet unknown receptor.
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process, equally fundamental is Collagen4a5 (col4a5), the
lh3 substrate, which is over expressed in a small group of
Schwann cells located ventral and ventrolaterally to the
transection gap. Col4a5 destabilizes mistargeted axons,
directing regenerating axons toward their original targets.
Following the nerve transection there is an up-regulation of
the canonical axon guidance repellent slit1a in cells
expressing col4a5. Hypothetically, in response to injury,
Schwann cells ventral to the transection site, secrete col4a5,
which binds and accumulates Slit, thereby forming a
repulsive barrier to direct dorsal axons onto their original
dorsal path (Isaacman-Beck et al. 2015) (Fig. 6c).
Real-time imaging on live zebrafish has allowed decipher-

ing some of the intrinsic and extrinsic mechanisms respon-
sible for peripheral nerve regeneration, but the molecular
mechanisms and the specific cellular interactions which are
vital for axon regeneration are not completely understood.
Furthermore, the identification of other regeneration-promot-
ing molecules could allow the development of new neuronal
repair strategies. Based on that premise a fin removal assay
was developed that enabled to perform the first whole
organism small molecule screen to identify pathways that
promote vertebrate nerve regeneration (Bremer et al. 2017).
The approach utilized the regeneration of the ring-like nerve
of zebrafish larvae pectoral fin after removal as readout of
axonal regrowth. 480 bioactive compounds with known
biological targets were screened to identify molecular
pathways promoting nerve regrowth. After excluding 134
compounds which affected larvae health, the remaining
compounds were combined in 69 distinct pools and added
each of these pool to larvae immediately following fin
amputation to evaluate the re-formation of regenerating
axons of a ring-like nerve network at the fin base that
normally occurs in 24 hours. In larvae exposed to 15 pools
regenerating axons failed to form the characteristic ring-like
network. Next, each of the compounds was tested within a
given pool individually. This failed to identify a singly
effective compound in 20% of pools which reduced nerve
regrowth in the first pass of the screen. Despite the fin
removal assay is a powerful screening method to study nerve
regeneration, the high false positive rate indicates the
importance of a second method to confirm the results
(Fig. 7).

Other strategies for CNS/PNS repair

Many strategies have shown incredible potential for regener-
ation of the CNS following an injury, but a major concern
remains the significant death of neurons (Ling et al. 2015;
Mckee and Daneshvar 2015). Moreover complex diseases
such as stroke, amyloid-b plaque accumulation and inflam-
matory-mediated neurodegeneration lead to broad defects
such as defective communication, glial scar formation and
ultimately neuronal loss, which make it challenging to repair
(Chauhan 2014; Albrecht et al. 2015). In such cases, the

development of cell therapy has shown some promising
results (Gates et al. 2000). Stem cell manipulation is a
powerful tool to understand neurodevelopment and its
integration into developing tissue can recapitulate neurogen-
esis. In vivo strategies based on stem cell replacement such as
human and mice-derived embryonic stem cells (ESCs) for
brain repair in models of neurological diseases, have made
significant progress in pre-clinical trials (Barker et al. 2015;
P�eron et al. 2017). It is known that the lack of endogenous
repair in the brain leads to a condition of life-long disease and
disability after a neuronal damage. Thus, understanding how
well the transplanted neurons are able to mature and integrate
into damaged circuits is a challenging task (Fig. 7a).
Because of the complexity of the organization of the

cerebral cortex in terms of highly specific topography and
connectivity (Guillemot et al. 2006; Tiberi et al. 2012), the
replacement of lost neurons is a daunting challenge. A
notable initial attempt at regenerative cortical cell therapy
showed that transplanting embryonic cortical tissue from
transgenic mice to lesioned cortex in an adult brain could
regenerate neurons and establish neuronal projections and
synaptic connections (Wernig 2004; Gaillard et al. 2007).
These findings have been corroborated by data from other
studies which have shown that not only ESCs have intrinsic
mechanisms of corticogenesis (Gaspard et al. 2008) but
induced pluripotent stem cell-derived neurons also can
regenerate functional cortical neurons (Falkner et al. 2016;
Espuny-Camacho et al. 2018).
There are certain prerequisites for the ESCs to successfully

integrate the malfunctioning adult cortex (Fig. 7b). Re-
establishment of neuronal connectivity and function requires
identity match between the damaged brain area and the
transplanted material (Michelsen et al. 2015). Human
embryonic stem cell-derived visual cortical neurons, once
grafted into the lesioned adult murine cortex, are able to
mature and integrate into the corresponding cortical layers,
acquiring a visual-like identity and rewiring the circuit with
appropriate inputs and outputs (Espuny-Camacho et al.
2018). Interestingly, Human embryonic stem-derived cells
transplanted into motor cortical areas showed a reduced
maturation and a lower capacity to send long-range projec-
tions, suggesting that the areal identity match represents an
important factor for successful cortical transplantation.
Another key factor accompanying identify match (Fig. 7c),

is the adaptation to the extrinsic in vivo environment to
establish polarity, such as microenvironment generated by
blood vessels (Javaherian and Kriegstein 2009) or compo-
sition of extracellular matrix (Fietz et al. 2012). Context-
wise, junctional complexes block the incorporation of grafted
cells at the apical surface (Espuny-Camacho et al. 2013). For
this reason, a new grafting method called TETCaD (trans-
plantation to epithelial tissue with calcium depletion) has
been developed, using moderate concentrations of EGTA
(ethylene glycol tetra-acetic acid) to chelate calcium,
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Fig. 7 Cell therapy. (a) Strategies based on stem cell replacement
such as human- and mouse-derived embryonic stem cells (ESCs) and

induced pluripotent stem cell (iPSC)-derived neurons. Grafting iPSC-
derived neurons in brain circuits requires (b) adaptation to the extrinsic
in vivo microenvironment or composition of extracellular matrix, lesion

site-specific cues and signalling pathways, and identity match between
the damaged brain area and the transplanted material. (c) Transplanted

neurons could mature and integrate into damaged circuits; however,
potential adverse effects as tumors or neuron death should be
addressed before these strategies are transferred to the clinic.
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increasing efficiency of transplantation and dissociating
adherents junctions in the epithelial tissue (Nagashima
et al. 2014). Lastly in the molecular level, lesion site-specific
cues and signalling pathways such as the WNT signalling
and NOTCH2NL genes have been implicated in human
corticogenesis (Raitano et al. 2015; Fiddes et al. 2018;
Suzuki et al. 2018). In vitro and in vivo use of induced
pluripotent stem cells in animal models simulating human
diseases such as stroke (Tornero et al. 2013), Alzheimer’s
disease (AD) (Espuny-Camacho et al. 2017) and multiple
sclerosis (Theotokis et al. 2015), highlight the hallmarks of
synaptic activity, connectivity and cortical neuronal matura-
tion (Suzuki and Vanderhaeghen 2015). Specifically for AD,
the significant expression of non- coding RNA sequences in
grafted human neurons further opens up an entirely new
avenue for investigating the involvement of non-coding
RNAs in AD-induced neurodegeneration.
Altogether, establishing the molecular mechanisms regu-

lating fate acquisition and plasticity after cell transplantation
is of great importance in the light of preclinical studies.
Determining which cues are involved in fate maintenance,
area specificity and functional integration in the adult brain
will be pivotal for successful outcomes in stem cell-based
therapies. These signaling events may also play major roles
in neurodegeneration so targeting pathways such as the Wnt
pathway, may result in the establishment of novel therapeutic
approaches. Nonetheless, potential adverse effects and host-
transplant compatibility should be addressed before these
approaches can be considered for clinical applications.
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Neuronal populations respond within a small number of relevant dimensions. New research by Trautmann
et al. (2019) shows that spike sorting is not necessary to extract the important features of this low-dimen-
sional population signal. Combined responses of multiple neurons (multiunit activity) only generate small
changes in the extracted signals.
Neural population dynamics do condense

to a few meaningful signals. Several thou-

sands of single-neuron responses give

rise to a small number of significant popu-

lation dynamics (‘‘E pluribus pauca’’). Low

dimensionality of neural data appears to

be a general biological feature, observed

in several experiments and animal models

(Gao and Ganguli, 2015; Kobak et al.,

2016; Rossi-Pool et al., 2017). Further,

the dimension-reduced representation of

the neural data across time constitutes a

surface with smooth curvature (manifold).

In recent years, different dimensionality

reduction methods have been employed

to infer the relevant latent population sig-

nals. Neural responses at a macroscopic

level have helped neuroscientists to infer

computational principles hidden in the

heterogeneous activity of single neurons

(Ames et al., 2014; Churchland et al.,

2012; Kaufman et al., 2014; Rossi-Pool

et al., 2019). This means that structures

and invariant features of the data emerge

by zooming out from single-neuron re-

sponses. However, what are the biolog-

ical implications of the low dimensionality

and smooth curvature of the population

dynamics?

In general, population analyses employ

a weighted sum of single-unit activity to

compute the meaningful population sig-

nals from data. Therefore, to obtain

each component of the population dy-

namics, different weights (importance)

are given to each individual neuron of

the network. Multiunit activity, recorded

with a simple voltage threshold at each

single channel, randomly combined ac-

tivity from several neurons (Figure 1A).

Notably, single neurons with analogous
or different coding dynamics (high tuning

correlation) are mixed spatially (see

Figure S2 in Trautmann et al., 2019).

Then, each multiunit response consti-

tutes a random selection of single units

that could be compelling for the same

or different population components.

Considering that the neural response is

low dimensional, is it possible to obtain

population dynamics employing multiunit

instead of single-unit activity?

In this issue ofNeuron, Trautmann et al.

(2019) address this question, offering

important new evidence of the robustness

of population dynamics. The authors

found that spike sorting is not necessary

to accurately determine which population

signals are most meaningful. To endorse

this claim, they replicate results from

three previous studies, originally spike

sorted (Ames et al., 2014; Churchland

et al., 2012; Kaufman et al., 2014) but

now directly using the unsorted multiunit

activity. Notably, they were able to extract

population signals, employing threshold-

crossing multiunit activity, with only minor

differences with respect to the signals

found in the previous studies. When

dimensionality reduction methods are

applied to random linear combinations of

single-unit responses, they yield analo-

gous neural trajectories. Equivalent hid-

den population responses emerged from

both approaches (Figure 1A). Not only

do these results have great implications

for facilitating future population studies,

they also provide new evidence of the

robustness and stability of population

signals. Moreover, multiunit responses

include hash activity that cannot be

sorted into isolated neurons. This unsort-
Neuron 1
able activity could carry relevant signals

that increase the statistical power of the

population analysis.

In addition to the previously recorded

neurons, the authors collected new neural

data using silicon Neuropixels probes

during a motor reaching task. Employing

this new high-density recording technique

(�20 mm site spacing), Trautmann et al.

(2019) were able to sort hundreds of sin-

gle neurons per trial. Again, the same

population dynamics were obtained with

the well-isolated single neurons. Impor-

tantly, their results suggest that more in-

dependent observations of the neural

population are fundamental to compute

the important aspect of the network. Con-

trary to that, redundancy given by high-

density electrodes will not improve accu-

racy to infer the underlying neural signals.

However, the authors used this new

recording technique to provide significant

additional evidence that nearby neurons

do not share similar tuning properties.

The results show that there are no

spatially organized clusters of neurons

with similar selectivity. This finding opens

new questions that could be tackled with

these high-density recordings. Is noise

correlation higher between nearby neu-

rons? Is there any relationship between

distance, tuning, and noise correlation?

These important questions could help to

understand the underlying architecture

of neural microcircuits.

As the authors assert across the manu-

script, these results are restrained to pop-

ulation analysis. Crucial to this point, there

are still many important questions to be

addressed with single units. To evaluate

individual cells’ properties, like tuning to
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Figure 1. Single-Unit Versus Multiunit Activity in Low-Dimensional Neural Trajectories
(A) Single-unit activity obtained with spike sorting or multiunit activity obtained from threshold crossing
gives rise to similar neural dynamics. Note that in the single-neuron approach, hash activity is discarded.
(B) Easy and difficult tasks exhibit low dimensionality. Few significant dynamics explain most of the
variance. A more difficult task displays more significant dynamics (above noise) than an easier task.
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a stimulus parameter, spike sorting is still

imperative. Studies based on single units

are extremely important to understand

the basic operations employed by

neuronal circuits. Some of the most pro-

found understandings of the neural mech-

anisms of working memory and decision

making were obtained from studies of sin-

gle-neuron activity across brain areas

(Hernández et al., 2010). Furthermore, to

our knowledge, there are no population-

level studies analyzing neural features

across areas.

To give a deeper interpretation of their

results, the authors apply the theory of

random projections (Ganguli and Sompo-

linsky, 2012). This theory is pertinent

when a low-dimensional neural response
178 Neuron 103, July 17, 2019
is enclosed in a high-dimensional space.

In this case, each single-neuron activity

represents one axis of the high-dimension

space. While the number of significant di-

mensions in a neural state is around ten,

the number of recorded neurons could

be on the order of thousands (Gao and

Ganguli, 2015). Under these circum-

stances, recording small numbers of

random linear combinations of single-

neuron activity (multiunit activity) is

enough to extract the meaningful popula-

tion responses (Figure 1). Applying this

theory, Trautmann et al. (2019) show that

higher-dimensional neural data require a

larger number of multiunit channels to

properly estimate the population dy-

namics. Importantly, recent results sug-
gest that dimensionality is associated

with the complexity of the task (Rossi-

Pool et al., 2017, 2019). When a task is

too easy, the number of relevant dimen-

sions decreases (Figure 1B). Note that to

consider a neural dimension as signifi-

cant, its explained variance should be

higher than the noise variance associated

with this component. Markedly, several

tasks have shown that many significant

dimensions and most of the network vari-

ance is captured by pure temporal latent

signals (Kobak et al., 2016). These timing

signals could be understood as a neces-

sary substrate on which parameter cod-

ing responses can develop (Rossi-Pool

et al., 2019).

Another important problem to be

answered in future research is the rele-

vance of the population-level responses.

Do population responses reveal funda-

mental processes of brain circuits or do

they only represent suitable pictures of

their dynamics? Are the population re-

sponses, calculated with dimensional

reduction approaches, still meaningful

when the task is much more complex? Is

it possible to establish an electrophysio-

logical relationship between population

signals and the oscillatory activity

computed with local field potentials,

which is considered to measure the level

of synchronization of neural activity?

These and other important questions are

still open for future studies.

The work of Trautmann et al. (2019)

leads the way to some other important,

unresolved questions. Which are the

biological reasons to have population

neural responses with low dimensionality

and high robustness? One possible hy-

pothesis is that neurons from a down-

stream area could obtain the relevant

neural information from upstream areas

combining randomly single-unit activity.

This population feature could help to facil-

itate communication across brain areas.

Another complementary hypothesis is

that low dimensionality gives stability

and redundancy to the network. Once a

complex task is learned, the neuronal

population response could be prone to

tolerate perturbation in its dynamic. How-

ever, under this stability, how do the net-

works learn a completely new task or var-

iations of a previously acquired task? Is

the dimensionality of the population

higher when the subject is being trained
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in a new task? New experiments, compu-

tational analyses, and theoretical biology

developments are necessary to clear up

these propositions.

To conclude, Trautmann et al. (2019)

present a meticulous study showing how

dimensionality reduction methods can

be employed with multiunit instead of sin-

gle-unit activity, and by doing so, they

provide new evidence to the actual

debate about the functional roles of

dimensionality, robustness, stability, and

redundancy of neural network dynamics.
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Body temperature control is a critical brain function. In this issue of Neuron, Wang et al. identify a negative
feedback circuit in mouse preoptic area of the hypothalamus that regulates body temperature to
counter fever.
Body temperature regulation is a funda-

mental homeostatic function in mam-

mals. The maintenance of a constant

body core temperature (Tc) at approxi-

mately 37�C is controlled by a central

nervous network in an orchestrated

manner. The thermoregulation system

also plays a key role in host defense

against pathogens through elevation of

Tc, a response called fever. How is this

accomplished? As a concept, the ther-

moregulation system consists of three

components: sensory afferents, the cen-

tral integration center, and command

outputs (Morrison and Nakamura, 2019).

The thermoregulatory center in the brain

receives information through sensory
afferents from thermoreceptors in the

skin to detect ambient temperature and

from thermoreceptors in viscera, muscle,

spinal cord, and brain to detect body

temperature. The thermal information is

integrated in the thermoregulatory cen-

ter, and then the center provides com-

mands to thermoeffectors to control

heat production or heat loss (Morrison

and Nakamura, 2019). Work in the

past decade has greatly advanced our

understanding of the role of the tempera-

ture-sensitive TRP (transient receptor

potential) family of cation channels in

cutaneous thermosensation, particularly

heat sensation (Dhaka et al., 2006). How-

ever, the molecular and cellular mecha-
nisms underlying body temperature

regulation in the brain remain largely

unknown.

In mammals, the preoptic area (POA),

located in the rostral pole of the hypothal-

amus, is thought to functionas the thermo-

regulatory center in which a variety of

thermal information, including ambient

and body temperature, is integrated for

the maintenance of temperature homeo-

stasis (Morrison and Nakamura, 2019)

(Figure1). In their classicwork in 1938,Ma-

goun and colleagues precisely defined the

thermosensitive area in the POA (Magoun

et al., 1938). Later, single-unit studies in

1960s to 1980s showed that about 30%

of POA neurons are warm-sensitive, 10%
03, July 17, 2019 ª 2019 Elsevier Inc. 179
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Temporal signals underlying a cognitive process in the
dorsal premotor cortex
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During discrimination between two sequential vibrotactile stimulus
patterns, the primate dorsal premotor cortex (DPC) neurons exhibit a
complex repertoire of coding dynamics associated with the work-
ing memory, comparison, and decision components of this task. In
addition, these neurons and neurons with no coding responses
show complex strong fluctuations in their firing rate associated with
the temporal sequence of task events. Here, to make sense of this
temporal complexity, we extracted the temporal signals that were
latent in the population. We found a strong link between the individ-
ual and population response, suggesting a common neural sub-
strate. Notably, in contrast to coding dynamics, these time-dependent
responses were unaffected during error trials. However, in a non-
demanding task in which monkeys did not require discrimination for
reward, these time-dependent signals were largely reduced and
changed. These results suggest that temporal dynamics in DPC
reflect the underlying cognitive processes of this task.

behaving monkeys | dorsal premotor cortex | temporal signals | context-
dependent signals | ramping activity

Our ability to anticipate the occurrence of future events is
crucial when performing many cognitively demanding be-

haviors. For example, the benefits of anticipating the arrival of
sensory inputs can be decisive in our perceptual behavior (1–3).
In this way, neural circuits engaged in cognitive processes of this
type would profit from employing temporal signals. Thus, the
timing information contained in those signals may then consti-
tute a mechanism to anticipate future task events. In fact, during
experiments it is common to find neurons that display note-
worthy temporal dependencies in their firing rate (4–9). In
particular, a large proportion of the individual neurons from
the frontal lobe cortices exhibit intricate time-dependent re-
sponses that mesh in myriad ways with stimulus identity and
decision outcomes during behavioral tasks (4, 10–12). How-
ever, individual neurons must be reflecting a more widespread
response across the network; temporal signals that represent
anticipation of task events and stimulus identity must be
coded at the population level. Recently, these neuronal pop-
ulation signals from the frontal lobe cortex were studied
employing methods that reduced the dimensionality of net-
work dynamics (11, 13). These methodological approaches
facilitated the recognition of latent population responses
during cognitive tasks (14–17). Notably, large differences
between the population variance related to purely temporal
signals and task parameter coding were observed (11, 13).
Markedly, even if the tasks examined were completely dif-
ferent and employed two types of animal models, the temporal
signals always captured more than 65% of the total variance.
These results indicate that temporal signals occupy a central
role during the execution of any behavioral task.
Here, to further investigate the temporal responses in single units

and neuronal population, we employed the network activity recor-
ded in dorsal premotor cortex (DPC) during a temporal pattern
discrimination task (TPDT) (18, 19). Monkeys were trained to
report whether the temporal patterns of two vibrotactile stimuli
(P1 and P2) of equal mean frequency were the same or different

(Fig. 1A and SI Appendix) by pressing one of two push-buttons
(pbs). In two prior works, we studied the coding capacity of DPC
single neurons (18) and population responses (19). In the first work,
we showed that DPC neurons coded the stimulus patterns as broader
categories and signaled them during the working memory, compari-
son, and decision periods of the TPDT. Furthermore, neurons
exhibited mixed selectivity (20) and an extreme heterogeneity in their
coding dynamics (21, 22). In our second work, we showed that this
heterogeneous population activity can be condensed into two major
coding components: one that persistently represented in working
memory both the first stimulus identity and the postponed informed
choice, and another that transiently coded the initial sensory in-
formation and the result of the comparison between the two
stimuli. These dynamics, hidden in the neuronal coding hetero-
geneity, emerged in the DPC population response.
An important hypothesis is that the temporal signals should ad-

just to different cognitive contexts. Here, we tested this conjecture
employing single-unit and population methodological approaches.
First, focusing on the cognitively demanding TPDT, we compared
the variance related to coding against time-dependent variance,
using both single DPC neurons and population average. In the two
cases, the results were analogous: the proportion of variance related
with timing is much higher than that associated with task parameter
coding. This means that temporal dynamics is responsible for the

Significance

When trained monkeys discriminate between two sequential
vibrotactile stimulus patterns, neurons in the dorsal premotor
cortex (DPC) code current and remembered inputs and the
commands expressing the decision report. Additionally, re-
sponses of these neurons and neurons with no coding re-
sponses also reflect the timing of the task sequence. What is
the cognitive relevance of these time-dependent signals? We
show that time-dependent signals reflected the temporal se-
quence of the task during both hits and error trials but di-
minished or disappeared during a nondemanding cognitive
task that did not require discrimination for reward. Also,
strong links were detected between neuronal population and
individual neurons’ time-dependent signals. These time-
dependent responses may function as the substrate network
dynamics on which task coding components emerge.
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large proportion of DPC firing rate fluctuations during the TPDT.
In addition, we identified several DPC neurons with pure temporal
responses. These responses also proved to be heterogeneous. Fur-
thermore, we focused on the pure temporal signals that emerged
from the DPC population. Most of the population variance was
captured by these pure temporal components. These signals were
engaged during relevant periods of the task: they reflected stimulus
arrival and button presses, and had ramping activity during delays.
To further address our hypothesis, we investigated the role of

these temporal signals in two different cognitive contexts. First,
when the monkeys performed the TPDT and after during a
nondemanding variation of the task [light control task (LCT)].
During this control task, no parameter encoding was found in
single neurons and population dynamics. Notable, the time-
dependent signals observed in the TPDT reduced their intensity
or completely vanished during this nondemanding task. Addi-
tionally, the temporal variance was diminished in single-unit
responses and in their population average. Several temporal
neurons reflected this decline in their temporal responses. These
results show that pure temporal responses were bound to the
cognitive processes of the TPDT. Second, we focused on the
relevance of the temporal responses during error trials. Note-
worthy, temporal variance remained unaffected in both single
neurons and population average during the animals’ hit and er-
ror responses. These findings support the idea that the temporal-
dependent signals code the temporal sequence of this task.
Collectively, our results indicate that time-dependent signals
observed in both levels, single units and population dynamics,
could be interpreted as a necessary substrate on which the coding
responses can develop to reach a decision during the TPDT.

Results
Previously, we identified and classified single neurons associated
with relevant task parameter coding during the TPDT (ref. 18
and SI Appendix, Fig. S1 A–L). DPC neurons (Fig. 1B) exhibited
a high heterogeneity among their responses during the TPDT.
Additionally, several single units coded more than one task pa-
rameter throughout the task. This is illustrated in SI Appendix,
Fig. S1, where we display 12 DPC neurons that coded different
task parameters (P1, decision and class identity). Most of these

neurons showed mixed selectivity in their coding responses (18,
20). We then condensed these heterogeneous single-unit responses
into two major population signals that built an elegant and compact
solution for the task, consistent with the monkeys’ psychophysical
performance (19).
Here, to measure the response’s variability associated with

task parameters coding, we calculated the population instanta-
neous coding variance during the TPDT (VarCOD, SI Appendix;
Fig. 1C, blue trace). This metric quantified the firing rate fluc-
tuations among classes and neurons at each time point. Clearly,
time bins in which more neurons code task parameters usually
give rise to higher instantaneous coding variance. Additionally,
we calculated the population variance associated with each task
parameter: P1 (VarP1, SI Appendix; Fig. 1C, cyan trace), P2
(VarP2, SI Appendix; Fig. 1C, light green trace), and decision
period (VarDec, SI Appendix; Fig. 1C, black trace). In a previous
work (18), we quantified the coding dynamic as the percentage of
cells that coded each task parameter. Notably, those coding dy-
namics closely resembled the specific task parameter variances
observed here. This means that there was a close relationship
between the number of neurons coding a task parameter and the
population coding variance associated with it. Notice that before
the arrival of P1 (prestimulus period), there is no task parameter
to be coded. Thus, one could expect that the population variance
associated with each task parameter should be zero. Neverthe-
less, all of the traces shown in Fig. 1C exhibit a positive value
before P1. This nonzero instantaneous variance observed during
the prestimulus period could be interpreted as an estimate of the
basal variances associated with residual fluctuations. When each
type of variance is higher than its basal value, these larger
fluctuations must be associated with task parameter coding.

Population and Single-Unit Temporal Variance During the TPDT. We
wondered how much population variance could be associated with
temporal dynamics during the TPDT. To quantify this, we calcu-
lated the population instantaneous temporal variance with respect
to its mean response (VarTemp, SI Appendix; Fig. 1D). At each time
bin, VarTemp quantifies the quadratic square sum among the neu-
ron’s responses of the difference between their mean firing rates for
each time bin [ri(t)] and mean firing rates across the whole task
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Fig. 1. Temporal pattern discrimination task (TPDT),
single DPC neuron, and population variances. (A) Trial
sequence of events. The mechanical probe is lowered
(pd), indenting the glabrous skin of one fingertip of
the right restrained hand; the monkey places its free
hand on an immovable key (kd). After a variable
prestimulus period (uniformly distributed from 2 to 4
s), the probe vibrates, generating one of two possible
stimulus patterns [P1, either grouped (G) or extended
(E); 1 s duration; mean frequency of 5 Hz]; after a first
delay (2-s length, from 1 to 3 s) between P1 and P2,
the second stimulus is delivered, again either of the
two possible patterns (P2, either G or E; 1-s duration;
mean frequency of 5 Hz); after a second fixed delay
(2-s length, from 4 to 6 s) between P2 and pu, the
monkey releases the key (ku) and presses the push-
button (pb) to indicate whether P1 and P2 were the
same or different (P2 ≠ P1). (B) Top (Left) and lateral
(Right) views of the brain. Dark orange spots mark the
location of the dorsal premotor cortex (DPC). Single
DPC neurons were recorded from both hemispheres,
while trained monkeys performed the TPDT. (C)
Population instantaneous coding variance (VarCOD,
blue, SI Appendix, Eq. S1), P1 variance (VarP1, cyan
trace), P2 variance (VarP2, light green trace), and de-
cision variance (VarDEC, black trace). (D) Population instantaneous temporal variance (VarTemp, green trace). (E) Single-neuron temporal variance (x axis, SI Ap-
pendix) is plotted against single-neuron coding variance (y axis, SI Appendix). Each dot corresponds to one neuron (n = 1,574). Diagonal line (45°) indicates
equality between both measures. Inset histogram show angular distributions for the population (<θ> = 36.0°). In general, SNVariTemp is higher than SNVariCod.
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(ri, from −1 to 7.5 s). Whenever the mean population activity departs
from its mean value, the temporal variance will increase. Re-
markably, the instantaneous temporal population variance was
much higher than the coding variance at any time bin (Fig. 1C vs.
Fig. 1D). The same effect was observed using the temporal pop-
ulation fluctuation FlucTemp computed with respect to the mean
basal firing rate (SI Appendix, Fig. S2A and Eq. S6). Hence, most of
the population variance in firing rate over the extent of a trial
corresponded to variability across the sequential events of the
task rather than across classes. Even though FlucTemp was highest
at stimulus arrival, it exhibited large values during both working
memory (from 1 to 3 s) and postponed decision (from 4 to 6 s)
delay periods. Additionally, VarTemp and FlucTemp displayed high
values after pb presses.
To further study temporal variance, we focused on single-

neuron responses. For each unit, we compared the variance as-
sociated with parameter coding ðSNVariCODÞ with the temporal
variance ðSNVariTempÞ during the whole task period (from −1 to
7.5 s). On one hand, SNVariCOD measures the variance of the
firing rate among classes from each individual cell (SI Appendix,
Eq. S7). On the other hand, SNVariTemp computes the average
temporal variance for each neuron across the whole task (SI
Appendix, Eq. S8). Note, in these single-neuron metrics (Fig.
1E), we averaged across time bins for each unit, whereas in Fig.
1D we averaged across neurons for each time bin. Each point in
Fig. 1E represents one neuron response, and the position in the
plot was defined by SNVariTemp (x axis) and SNVariCOD (y axis). In
concordance with the results observed in Fig. 1D, individual
neurons displayed higher values of SNVariTemp than SNVariCOD.
Hence, the mean value of the angular distributions was <θ> =
36.0° (Fig. 1E, red dotted line), which means that most of the
neurons were closer to the temporal than the coding axis.
Analogous results were found computing the single-neuron
temporal fluctuation (SNFluciTemp, SI Appendix, Eq. S9) with
respect to their mean basal firing rate (from −1 to 0 s, SI Ap-
pendix, Fig. S2B). Looking at the distribution shown in Fig. 1E
and SI Appendix, Fig. S2B, we can see that there were no neurons
with coding variance only. Thus, it is unlikely to find cells with
significant task parameter coding and where the firing rate curves
cancel out when averaged over trials of different classes.

Temporal Versus Coding Latencies.We wondered whether the pure
temporal responses increased earlier than the task parameter

coding variances. For each neuron, we quantified the time bin at
which the temporal and the coding variance increased signifi-
cantly with respect to its basal value during P1 (from 0 to 1 s).
These time bins defined two different latencies: LatTemp and
LatCod. Fig. 2A shows the latency distributions for LatTemp and
LatCod. During P1, more neurons displayed a significant increase
in the temporal variance (n = 1,436; 91.2%) than in the coding
response variance (n = 946; 60.1%). Importantly, the tempo-
ral signals emerged before than the coding signals (Fig. 2A,
<LatTemp> = 283 ± 181 ms vs. <LatCod> = 546 ± 192 ms). Thus,
pure temporal responses could act as a precursor for task pa-
rameter coding. Previously, similar response and coding latencies
were found using a completely different approach (18). In addi-
tion, most of the neurons with significant LatCod exhibit significant
LatTemp (n = 920). For each of these neurons, we plotted LatTemp
(Fig. 2B, x axis) against LatCod (y axis). In general, the single-
neuron temporal responses appeared before the coding signals.
This was further documented by dividing the temporal latency
(n = 1,436) during P1 into two groups: one with significant coding
latency (n = 920) and another without coding (n = 516). Notably,
we show that LatTemp distributions were statistically the same for
these two groups of neurons (Fig. 2C). This means that the tem-
poral signals from single neurons emerged independently of
whether the neurons significantly encoded task parameters.

Temporal Responses of Single DPC Neurons. We employed
SNVariTemp and SNFluciTemp to identify neurons with strong tem-
poral signals. Fig. 3 and SI Appendix, Fig. S3 illustrate typical
temporal activity of single DPC neurons. Clearly, all of these
neurons’ responses are not essentially related with task parameter
coding. Most of these neurons do not code any task parameters
during the task. These neurons exhibit response dynamics that
vary over time, but not in a manner that encodes task variables.
Furthermore, DPC neurons exhibited a large repertoire of neu-
ronal responses associated with pure temporal dynamics. Some of
these neurons were involved in stimulus arrival with positive (Fig.
3F and SI Appendix, Fig. S3 B, D, and F–H), negative (Fig. 3E and
SI Appendix, Fig. S3 C and I), or mixed (Fig. 3C and SI Appendix,
Fig. S3A) responses. Another group of neurons was associated
with ramping activity during the delay periods (Fig. 3 A, B, and D
and SI Appendix, Fig. S3 A, F, G, and I). Finally, another over-
lapping group of neurons was related to temporal responses after
pb (Fig. 3 A, D, and F and SI Appendix, Fig. S3 A, C–E, and G–I).
Interestingly, there were neurons that only respond during pb,
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Fig. 2. Temporal and coding latency variances. (A)
Latency distribution for neurons with temporal (green;
n = 1,436) or coding (blue; n = 946) variance statisti-
cally different from their basal values during P1. In
general, pure temporal signal (<LatTemp> = 283 ±
181 ms) appeared before coding signals (<LatCod> =
546 ± 192 ms). (B) Neurons with significant latencies
of temporal and coding variances (n = 920). LatTemp

(x axis) is plotted against LatCod (y axis). Each dot cor-
responds to one neuron. Single-neuron latencies were
higher for coding than for temporal variances. (C )
Latency distributions of temporal variance for neurons
with significant LatTemp and LatCod (n = 920; light
green) and for neurons with only significant LatTemp

(n = 516; dark green). Latency distributions are
statistically the same in both groups (<LatTemp> = 280 ±
180 ms vs. <LatTemp> = 288 ± 186 ms). Response
temporal latencies were very much alike for neurons
with significant temporal and coding responses and
for neurons with only significant temporal signals.
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independently of the decision outcome (SI Appendix, Fig. S3E).
Therefore, even for temporal signals, the complexity and diversity
of responses was broad. To handle this temporal heterogeneity, we
applied dimensional reduction methods of the population activity
to reveal temporal latent signals.

Population Principal Components Exhibit Temporal Signals. Such
dimensional reduction was done using a condensed population-
level representation of the data, based on the state space of
neural responses. The state of the DPC population was repre-
sented by a point in a n-dimensional (n = 1,574) space of firing
rate responses. Each dimension, at each time point, corre-
sponded to the firing rate of one neuron. The dynamics of the
network was described by combining 1,574 firing rates mostly
recorded separately (15, 19, 23–25). As neurons’ activity evolves
over time, the point moves through the space, forming a tra-
jectory that represents the response of the population.
We first employed principal-component analysis (PCA) to

identify a lower dimensional subspace underlying the DPC net-
work dynamics (26). The covariance matrix used for PCA was
quantified from the whole task (SI Appendix, Eq. S10). Even if
PCA could be used to reduce the dimensionality of the dynamics,
the new subspace was deficient in highlighting temporal signals
or task parameter dynamics (SI Appendix, Fig. S4). Overall, PCA
gave a much more complex picture of the population dynamics,
dominated by strong temporal signals mixed with parameter
coding responses. The first five PCs were ordered by the amount
of explained total variance (ETV) (SI Appendix, Eq. S15). For
each PC, we displayed the population activity projections sorted
by classes. In general, PCs exhibited strong temporal signals that
dominate the population dynamics. Notice that the fifth PC dis-
played a ramping temporal activity during the first (from 1 to 3 s)

and second (from 4 to 6 s) delay periods (SI Appendix, Fig. S4).
Even though PCA was a fully unsupervised approach, it was
possible to recognize almost pure temporal responses such as
the fifth PC.

Population Temporal Dynamics. Then, to focus on the task timing
signals from the population activity, we applied demixed PCA
(dPCA) (13). Employing dPCA, we were able to extract a low-
dimensional subspace more sensitive to the pure temporal re-
sponses. Contrary to other approaches, dPCA split the population
variability associated with different task parameters employing
marginalized matrices. Here, we center our analysis on decom-
posing the population temporal responses. In a previous study
(19), we studied the population components associated with coding
task parameters. Fig. 4A displayed the first five temporal dPCs
that captured most of the variance during the task. To calculate
the temporal dPCs, we applied a temporal marginalization of the
population activity. Then, we averaged the responses of all of the
trials without considering class identity. The temporal dPCs were
optimized to maximize (SI Appendix, Eq. S13) the ETV (SI
Appendix). Due to this optimization, the population activity of
the four classes overlapped when they were projected onto this
axis (Fig. 4A). We selected class E-G (c3, green trace) to be on
top of the other four traces.
The first temporal dPC displayed an intense response during

P1 and P2 periods (Fig. 4A). This component captured 23.9%
ETV and represented the most relevant demixed signal. We
remark that there was no component with higher variance as-
sociated with task parameter coding. This means that the sensory
stimulation gave rise to strong temporal dynamics that underlay
the coding of the stimulus pattern. Notably, second temporal
dPC (Fig. 4A) exhibited a strong temporal response immediately
after the pb press. This signal contrasted highly with the first
dPC: It was less involved in stimulus presentation and more
engaged with a population dynamic after the animals reported
their decisions. Although this component was related with the
last period of the trial, it explained 13.5% of the total variance.
This signal was presumably linked with the strong decision signal
that emerged after pb (ref. 18 and Fig. 1C). By construction, this
second temporal dPC was orthogonal to the first dPC. This means
that the sensory temporal signal (first dPC) was independent of
the signal after pb presses (second dPC). The third temporal dPC
projections showed a mixed dynamic with sensory and persistent
responses (Fig. 4A, 9.5% ETV). It exhibited a stepped change
during P1 followed by persistence during the first delay; after that,
it showed another stepped response during P2, again followed by
persistence during the second delay between P2 and pu. Re-
markably, the neural projections onto the fourth temporal dPC
presented a temporal pacemaker during both delays (Fig. 4A).
This component, which explained 8.25% ETV, begins in each
stimulus period with a negative value and reaches peak values
during P1, P2, and pb. We notice the resemblance between this
component and the fifth PC shown in SI Appendix, Fig. S4. We
hypothesize that this pacemaker component could act as an in-
ternal time estimator that allows the network to predict the arrival
of relevant events during this cognitively demanding task. Last, the
fifth temporal dPC showed a ramping temporal activity during the
first delay, and with markedly smaller one during the second delay
(5.84% ETV).

Task Dimensionality and Temporal Signals. Subsequently, we stud-
ied the dimensionality of the population across the TPDT. We
wonder: How many dimensions or components were necessary
to explain the network dynamics? Moreover, how many of these
relevant dimensions were pure temporal signals? To estimate
quantitatively the dimensionality, we used both dPCA and PCA.We
constructed a noise population covariance matrix that only included
single-trial variability (Xnoise; SI Appendix, Eq. S16). Using this noise
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covariance matrix, we estimated the fraction of the “signal-plus-
noise” variance that was related to noise. The percentage
of variance that was related with signal and not with noise
(1 − VarNoise) determined the red dashed line in Fig. 4B. In Fig.
4B, Left, we compared the cumulative explained variance for
PCs and dPCs. Using both techniques, we obtained analogous re-
sults: Few components are necessary to reach the signal variance
estimation. In addition, the dimensionality of the population re-
sponses estimated with dPCA was equivalent to the one calculated
with PCA. Consistently, in Fig. 4B, Right, we showed that there were
only few dPCs that captured higher explained signal-plus-noise
variance (ESNV) than noise variance (SI Appendix). This means
that the inherent population fluctuations (noise) projected onto the
dPCs captured significantly less variance, but only compared with
the first few components. Keep in mind that there were 1,574 pos-
sible dimensions. However, few components are enough to explain
the relevant dimensions of the network. We calculated that around
12 dPCs are at least 50% above inherent noise variance. This
number estimates the dimensionality of the population responses
during the TPDT. In a previous study, this approach was applied to
estimate the dimensionality of the dynamic in a frequency discrim-
ination task (11).
Most notably, 7 out of 12 relevant dimensions are pure temporal

signals (green dots in Fig. 4B). Then, a large proportion of the di-
mensions of the network are only related to time. Even more, the first
four dimensions, which captured 55.15%ETV (48.1% of ESNV), are
temporal signals. These results are strong evidence that temporal
signals are a relevant part of the network response and that they
might act as a substrate for coding dynamics.

A Common Anatomical Substrate for Temporal Signals. We specu-
lated on whether there were separate categories of neurons in-
volved in different temporal components. To explore this
possibility, we plotted for each neuron their first and second
temporal-dPC weights (Fig. 4C). We did not identify evidence
for separate clusters of neurons. Even if we showed individual
neurons with responses that resembled each of these two com-
ponents (SI Appendix, Fig. S3 G and F for first dPC, and SI
Appendix, Fig. S3E for second dPC), this was not the general
trend. Analogous results were observed when we plotted the
weights of other temporal dPCs. Thus, although these temporal

signals can be read out independently, they were built from the
same anatomical substrate. Analogous results were found in
previous studies for other types of components and tasks (11, 13,
19, 27).
Additionally, we calculated the distribution of the weights

given by this dPCs for each of the 1,574 neurons. Note that the
weight distribution for the first temporal dPC (Fig. 4C, Top)
exhibited a bias to positive values (μ = 0.028; σ = 0.035). This
means that the sensory temporal signals were in general positive
(excitatory). Although it was possible to identify negative (in-
hibitory) temporal sensory neurons (Fig. 3E and SI Appendix,
Fig. S3 C and I), they were not as abundant as the positive
sensory neurons (Fig. 3F and SI Appendix, Fig. S3 B, D, and F–
H). However, the weights given by the second temporal dPCs
(Fig. 4C, Right) were equally distributed for both positive and
negative values. These results agree with previous studies that
found that coding components behave like zero-centered
Gaussians distributions (11, 13, 19). Similar distributions were
found for higher-order temporal dPCs. Thus, except for the first
dPC, the other components exhibited zero-centered weight dis-
tributions. Furthermore, the unimodal weight distributions also
suggested that there was not a clear division between single
neurons that might have participated in temporal signals from
those neurons that did not.

Population and Single-Unit Temporal Variances During the LCT. To
further quantify whether the DPC temporal signals depended on
the animal’s task performance, many of the neurons (n = 462)
were also tested in a control variant of the TPDT. In each trial,
the monkeys received identical stimuli as in the TPDT, but the
correct answer was indicated by a continual visual cue (Fig. 5A).
We refer to this task as LCT.
As before, we calculated the population instantaneous coding

variance during the LCT (VarCOD, SI Appendix; Fig. 5B). Analo-
gously, we calculated the population variance associated with each
task parameter: P1 (VarP1; Fig. 5B), P2 (VarP2), and decision
(VarDec). Under the LCT, the population coding variance was no
longer related to the identity of the stimulus pattern or the de-
cision report (Fig. 5B). Accordingly, the population coding vari-
ance stayed constant and equal to its basal value during the whole
task. These results agree with the coding dynamics of individual
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dered according to their explained total variance
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8.25%; fifth ETV, 5.84%. (B) Cumulative sum of
explained signal-plus-noise variance (Left, ESNV). The
dashed red line shows an estimate of the fraction of
task-related variance. ESNV per component (Right).
The red traces correspond to PCs; the blue traces are
for dPCs. The gray trace represents the percentage of
noise variance explained by the dPCs. The green points
indicate which dPCs are temporal. (C) Central graph:
For each neuron, we use its first and second temporal-
dPC weights to plot its location on the plane. Heat-map
Inset (Bottom Left) shows the joint weight distribu-
tion (20 × 20 grid, 0.01 bin side length, corresponds
to black dashed square; color scale goes from 0 to
2.5%). First temporal-dPC weight distribution tends
to positive values: μ = 0.028; σ = 0.035 (Top). Second
temporal-dPC weights are equally distributed for
positive and negative values: μ = 0.0001; σ = 0.029
(Right).
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neurons observed before (18). Even though stimuli and final
movements were the same as in the TPDT, no coding variance
modulation was observed. Thus, the population coding variance
increased above its basal state only when the task demanded it.
Again, we wonder how much population variance could be

associated with temporal dynamics. We remark that although
coding variance was not modulated, the firing rate of the
neurons evolved during the LCT. To further show this, we
quantified the population instantaneous temporal variance
(VarTemp, SI Appendix, Fig. 5C) during the LCT. In contrast to
coding variances, VarTemp evolved during the LCT. Thus,
fluctuations in firing rate are only involved in timing of the
task events. However, the values VarTemp are not as high as
during the TPDT (compare Fig. 5C with Fig. 1D). Thus, we
could speculate that part of the temporal signals were still
present during LCT, but other temporal dynamics diminished
or disappeared. In addition, we compared the variance asso-
ciated with coding ðSNVariCODÞ and temporal ðSNVariTempÞ for
each neuron during the LCT. Each dot in Fig. 5D represents

one neuron during LCT (SNVariTemp, x axis; SNVariCOD, y axis).
In concordance, neurons displayed much higher temporal than
coding responses. Coding variance remained at small values for all
462 neurons and the angular distribution was biased to small angles
(<θ> = 25.2°; Fig. 5D).

Temporal Responses of Single Neurons in the TPDT vs. the LCT. Do
the responses of single neurons undergo their own decrease in
temporal variability during LCT? To quantify this, we chose
neurons with high temporal variance during the TPDT that were
also tested in the LCT. In Fig. 6 and SI Appendix, Fig. S5, we
show typical DPC temporal activity under both task conditions.
In concordance with the differences in VarTemp between Figs. 1D
and 5C, most of the temporal responses declined or vanished during
LCT. Notably, even the sensory temporal signal during the stimulus
arrival are diminished noticeably during the LCT (Fig. 6 and SI
Appendix, Fig. S5 A–C). All ramping activity observed during the
TPDT ceased (Fig. 6 A and C and SI Appendix, Fig. S5 A–E). Some
of the temporal signals after pb presses remained during both task
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conditions (SI Appendix, Fig. S5D–F). In summary, during the LCT,
the temporal signals of individual neurons diminished or ceased,
while the coding responses disappeared (18).

Population PCs During the LCT. To investigate whether population
temporal signals depended on the cognitive context, we imple-
mented the same population analysis to a subgroup of neurons (n =
462) recorded during TPDT and LCT. First, we applied PCA to the
population response under each condition (SI Appendix, Fig. S6).
We displayed the first five PCs during the TPDT for this sub-
population. We remark that although the number of neurons de-
creased from 1,574 to 462 (29.3%), the dynamics remained
approximately the same (compare SI Appendix, Fig. S4 with SI Ap-
pendix, Fig. S6A). This suggests that network dynamics was robust
and stable under changes in the number of neurons.
Next, we computed the PCs for the same group of neurons under

the LCT (SI Appendix, Fig. S6B). Although the PCs did not show
task-related coding, they exhibited prominent temporal responses.
Moreover, all of the components appeared to be associated with the
stimulus arrivals or the pb presses. Notably, the PCs’ dynamics
during delay periods are much weaker than in TPDT. Furthermore,
the ramping temporal activity was no longer present under LCT.

Single-Neuron Temporal Variance Compared Between the TPDT and
LCT.Based on the results shown in the previous three sections, we
speculated that single neurons may diminish their temporal vari-
ance under a nondemanding cognitive task (LCT). To test this
hypothesis, we compared SNVariTemp under both task variants.
Each point in Fig. 7A was determined by the two values: the
TPDT SNVariTemp (x axis) and the LCT SNVariTemp (y axis). In
concordance, cells presented much higher temporal variance un-
der the demanding task (TPDT) than the nondemanding task

(LTC). Additionally, the distribution (Fig. 7A) was biased to small
angles (<θ> = 27.5°). Similar results were found comparing
SNFluciTemp for each task condition (SI Appendix, Fig. S7A). This is
further evidence that several temporal signals were recruited only
when the task was demanding enough.

Task Dimensionality and Temporal Signals During the LCT. We ap-
plied dPCA to obtain the temporal components optimized for
the LCT population. Then, we estimated the dimensionality of
the responses during LCT. In Fig. 7B, Top, we displayed the
cumulative sum of total variance captured by the dPCs. We
computed the fraction of the total population variance associ-
ated with the signal variance (red dashed line). Consistently, few
components were enough to reach the estimated signal variance.
Additionally, the first six components are pure temporal dPCs.
In Fig. 7B, Bottom, we estimated ESNV from each LCT com-
ponent and its fraction associated with noise (gray trace). No-
tably, only six temporal components were significantly above the
noise variance estimate. This means that the dimensionality of
the network dynamic diminished from 12 dPCs during the TPDT
to 6 dPCs during the LCT. Similar results were found using the
same neurons (n = 462) to calculate the dimensionality of the
network under both task conditions (SI Appendix, Fig. S6 C and
D). This dimensionality reduction was due to two factors: the
lack of coding dynamics and the decline of temporal signals
during LCT.
In Fig. 7C, we show the temporal dPCs optimized for the LCT

activity. Comparing the temporal dPC from TPDT and LCT, the
persistent activity and the ramping responses of Figs. 4A and 7D
were no longer present in Fig. 7C. This means that temporal
signals are not equivalent in LCT and TPDT, except for those
related to stimuli or pb presses. Nevertheless, the intensity of the
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LCT (n = 462). (A) SNVariTemp in TPDT (x axis, SI Ap-
pendix) is compared with SNVariTemp in LCT (y axis).
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distributions for the population (<θ> = 27.5°).
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sensory component clearly diminished during the LCT. The most
plausible explanation is that as task parameter coding was not
necessary during LCT, the temporal responses that supported
this coding ceased or disappeared. Note that the first temporal
dPC explained 30.5% of the total variance and was mainly as-
sociated with the signal after pb presses. Furthermore, the sec-
ond dPC was involved with stimulus arrival and pb signal (19.5%
ETV). Moreover, the absence of coding during LCT, except for
the timing of the task events, entailed similar results when we used
dPC or PC projections (compare Fig. 7C vs. SI Appendix, Fig. S6B).

Context-Dependent Temporal Signals. To examine the differences
between TPDT and LCT temporal signals, we benefited from the
462 neurons recorded in both task conditions. We calculated the
temporal dPCs, now restricted to only those neurons during
TPDT. The results were presented in Fig. 7D. Again, as with
PCA, the temporal dPCs of this subgroup of neurons (n = 462)
matched those of the full population (Fig. 4A). Then, the num-
ber of neurons was reduced from 1,574 to 462, and the temporal
components remained unaltered. On the other hand, when we used
the TPDT temporal dPCs to project the LCT population activity,
we observed a pronounced disappearance of most of the temporal
signals (Fig. 7E). Thus, the same temporal axes were used to project
the TPDT (Fig. 7D) and LCT (Fig. 7E) population activities. This
analysis allowed us to compare between task conditions, the tem-
poral signals that remained or disappeared within the components.
Consistent with our previous result, the persistent and ramping re-
sponses calculated during the TPDT (Fig. 7D) were no longer present
in LCT projections (Fig. 7E). However, the temporal responses ob-
served after pb during TPDT, remained unaltered across all LCT
projections. This is evidence that pb temporal signals are uncon-
nected to those during the delays. All of these results agree with what
was observed across the exemplary neurons (Fig. 6 and SI Appendix,
Fig. S5). Collectively, our population findings suggest a close re-
lationship between the temporal dynamics and task execution. These
results are strong evidence that some temporal signals were only
recruited when parameter coding was needed to solve the TPDT.

Population and Single-Neuron Temporal Variances During Hit and
Error Trials. We wanted to determine to what degree the pure
temporal signals in the DPC population predicted the monkeys’
performance. We investigated whether the evoked temporal
variance was somehow different between correct (hit) vs. in-
correct (error) trials during the TPDT. For this, we computed

(VarTemp) during hit and error trials (Fig. 8A). We restricted this
analysis to a subgroup of neurons with at least three error trials
in each of the four classes (n = 547). Note that during LCT there
were no error trials to analyze; the performance was consistently
100%; this reflects that this guided task was not cognitively de-
manding, which was part of the intended design.
Notably, Fig. 8A shows that VarTemp evolved together during

hit and error trials (the same conclusion was obtained employing
FlucTemp; SI Appendix, Fig. S7B). In other words, at each time
point, the quadratic distance between the population mean and
the basal firing rate during hit and error trials was approximately
the same. This means that it is impossible to use VarTemp or
FlucTemp to predict the animals’ choice. This result gave us a first
suggestion that temporal responses were the same for error and
correct choices. We then evaluated the error effect in temporal var-
iance of single neurons. This was made by measuring the SNVariTemp
for each cell during hit and error trials. Similar as we have done
previously, on Fig. 8B we compared on the same plot the SNVariTemp
associated with hit (x axis) and error (y axis) trials for each single
neuron (n = 547). We found that SNVariTemp evoked by the two types
of trials were statistically identical (Fig. 8B; <θ> = 46.9 ± 10.1°). The
same effect was observed when SNFluciTemp is compared in hit vs.
error trials (SI Appendix, Fig. S7C). This means that it would also be
impossible to differentiate between hit and error trials, based on the
temporal variance of single DPC neurons.

Population Temporal Signals During Hit and Error Trials. Finally, we
investigated the relationship between the population temporal
signals and monkeys’ behavior. For this purpose, we studied the
differences between hit and error trials on the temporal dPCs.
We constructed single-trial activity matrices by pseudorandomly
selecting trials from all neurons. Then, we plotted the average and
SD of repeated projections (1,000) of single-trial activity onto the
temporal axis used in Fig. 4A. For error trials, we randomly chose
one error trial per iteration for each neuron in each class. Since all
neurons (n = 1,574) had at least one error trial per class, we
employed the full population for this analysis. The average (solid
lines) and SD (shading) of single-hit trial projections are shown in
Fig. 8C. Note the similarity between the traces in Figs. 4A and 8C. In
addition, the single-trial projection onto each temporal dPC pro-
duced small values of SD throughout the task.
Even if it is possible to think that an error in the temporal signal

could contribute to an error report, this is not in agreement with our
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results. Clearly, there was a high correspondence between the temporal
signals in error (Fig. 8D) and hit (Fig. 8C) trials. In general, our
findings suggest that errors were not associated with the temporal
signals. This finding is complemented by previous studies that have
shown strong evidence that error trials were associated with task pa-
rameter miscoding (18, 28). We remark the notable differences be-
tween the temporal signals found in error trials (Fig. 8D) with the LCT
temporal components (Fig. 7C). On one hand, a nondemanding task
led to a decline in temporal responses (Fig. 7C). On the other hand,
during error trials, the temporal signals remained unchanged (Fig. 8D).

Discussion
Previously, we showed that DPC codes the relevant task pa-
rameters of the TPDT. Here, we found that although a large per-
centage of DPC neurons were involved in coding dynamics, the
variance related to coding task parameters was small in comparison
with the size of temporal variance over time.We observed this by using
both single-unit and population-averaged approaches. In both cases,
the time-dependent responses showed higher variance than task
parameter coding.
Contrary to the neuronal responses recorded in the active task

(TPDT), during the control task (LCT), DPC neurons did not
code task parameters. Furthermore, the only task-related responses
that remained during LCT were some pure temporal fluctuations, but
their variance were reduced in comparison with the TPDT. Again,
this observation was corroborated using both single-unit and
population-averaged approaches. Nevertheless, focusing on the error
trials, the total amount of temporal variance was similar to hit trials.
Then, fluctuations in firing rate related to time were not affected
during the animals’ errors. Thus, it is not possible to predict an error
employing neither single neurons nor population temporal variance.
To extend our analyses to the neuronal population level, we

employed dimensionality reduction methods (15, 23–25, 29). We
found that the population dynamics were robust and stable de-
spite the high variability in the single neuron’s responses. Con-
sistently, a recent study has shown that population responses are
unaffected using multiunit threshold crossing activity instead of
sorted individual neurons (30). Although PCA served to reduce
the dimensionality of the data, most of the components did not
reveal a useful representation of the data (13, 14). Consequently,
we used dPCA to focalize on the temporal signals of the network
responses (13). Thus, we split the whole DPC responses into a
more tractable problem. Notable, although temporal dPCs are
not linked to task parameter coding, their high explained vari-
ance suggested that they constituted a crucial element of task
execution. Importantly, these temporal population signals were un-
affected during error trials. However, previous studies have shown
that coding signals noticeably changed during animals’ errors (18, 19,
28). Combining both results, we hypothesize that errors emerge as
task parameter miscoding, but not due to the pure temporal signals.
This is further supported by the fact that LCT temporal population
signals significantly decreased their intensities or disappeared. These
results agree with the decreased in variance measured in single units
during the LCT. Thus, a big proportion of the temporal signals
appeared only when the animals performed the TPDT. The pop-
ulation signals that remained during LCT were only associated with
the stimulus arrival and pb responses. To further understand the
role of temporal signals during nondemanding tasks, future studies
could employ passive tasks (31–34). Under this condition, stimuli
remain the same, but animals are not required to push a button to
receive reward. Since there was no decision report and no overt
attention is necessary in this context, temporal signals in DPC could
cease entirely. In support of this conjecture, other studies have
shown that coding dynamics vanish completely in frontal cortices
during the passive condition (31, 34).
Several studies have shown that neural activity was often

sensitive to the temporal task sequence. In particular, a signifi-
cant proportion of frontal lobe cortex neurons respond to the

amount of time elapsed during the delay period between two
events. Cells with these types of responses are generally called
ramping neurons (4, 10). Note that it was not necessary for the
subject to estimate the duration of the delay period to provide an
appropriate answer. If they appear, as they do, it should be be-
cause they offer some advantage or alternatively, due to some
constraint upon the network dynamics. Here, we showed that
these ramping responses are commonly found in DPC neurons
during both delays (from 1 to 3 s and from 4 to 6 s). Further-
more, we observed that peacemaker-shaped signals prominently
emerged from the population response during the TPDT. No-
tably, they disappeared during the nondemanding task. This suggests
that ramping signals were only generated during the active task. Since
the network did not code task parameter during the LCT, it did not
need to infer the arrival of the task events. Based on those results, we
speculate that as the pacemaker component was no longer necessary,
it vanished. Future studies could examine the relevance of this
ramping activity during task designs in which each trial consists of
delay periods of different durations (6, 35–37). Under duration
uncertainty, peacemaker signals could adapt, or become useless
to predict the stimulus arrival.
We would like to emphasize that a large proportion of the TPDT

network dimensions were only associated with time events. In ad-
dition, there was a large disparity between the variance captured by
population temporal signals vs. the variance associated with task
parameters coding. Furthermore, most of the significant TPDT
components were only associated with the temporal sequences of
task events: 7 out of 12 relevant dimensions were pure temporal
signals. However, during the LCT the dimensionality was even
smaller than in the TPDT, and all significant components were
associated with the temporal signals. These results are in concor-
dance with a recent theoretical work (38) that showed that network’s
dimensionality increases from a simple task to a more complex one.
Altogether, this is further evidence that time-dependent signals
emerging in relation to different stages in the task constitute an es-
sential element of the network dynamics during cognitive tasks.
A functional distinction between task coding components and

time-dependent variations in firing rates has been proposed
previously (11, 39). These studies suggested that functional
separation appears at the population level, but not at the single
neuron’s responses. Our results indicate that temporal readouts
arose from diffuse combinations of the single neuron’s re-
sponses. The distributions of the weights given to each neuron
indicate that they share a common anatomical substrate: the
distributions were unimodal and Gaussian-like. Despite this, it
was still possible to identify single neurons with temporal dynamics
that resembled the population dynamics. This means that although
these temporal signals emerge at the population level, there are
usually stereotypical neuron responses that mimic these temporal
responses. However, we were not able to separate them into dif-
ferent categories or give them labels; neuronal response exists in a
continuum. This agrees with the notion that the functional sepa-
ration does not emerge at the single-neuron level (13, 27).
Another important question regarding time-dependent signals

is how they are generated. One possibility is that they are gen-
erated by a mechanism independent of the task parameter coding
dynamics; a sort of master clock that could allow timing across a
variety of contexts (40). However, we are inclined to think that our
results point in the direction of a different mechanism that has been
already proposed: Neuronal populations can inherently produce
temporal signals relevant to the task being performed (41). Many
networks models have been put forth to address this issue: Re-
current networks could supply a robust and flexible dynamics to
encode the passage of time (42–44).
In previous studies, it was suggested that pure time-dependent

signals could adapt much faster than task coding components
(5, 10, 11). In other words, temporal signals during delays could
readapt in blocks of trials with different durations. This mechanism
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could increase the flexibility for coding dynamics to solve the same
task under different durations (45–47). Although in our experiment
we could not test this hypothesis, it is an important question to
address in future experiments.
To conclude, we propose that the temporal signals in DPC (or

in any other brain areas) could be interpreted as a substrate
necessary to supply a framework on which the task parameter
coding dynamics can be computed during sequential events re-
quired to reach a decision report. Whether these signals are grad-
ually constructed, beginning in sensory areas or whether they arise
abruptly in the frontal lobe cortex remain open questions. This
yields at least two possibilities: there exist specific brain areas that
construct temporal signals such as the ones extracted here, which are
broadcast to other regions, or, rather, the capacity to estimate time
through these signals is embedded in the circuits across the brain.
Further work is needed to answer these possibilities.

Materials and Methods
Monkeys were trained to report whether the temporal structure of two
vibrotactile stimuli of equal frequency was the same or different (SI Appendix).
Neuronal recordings were obtained in DPC while the monkeys performed the
TPDT. Methods for single-unit and population analysis are provided in SI
Appendix. Animals were handled in accordance with standards of the Na-
tional Institutes of Health and Society for Neuroscience. All protocols were
approved by the Institutional Animal Care and Use Committee of the Insti-
tuto de Fisiología Celular, Universidad Nacional Autónoma de México.
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Key within-membrane residues and precursor 
dosage impact the allotopic expression of yeast 
subunit II of cytochrome c oxidase

ABSTRACT Experimentally relocating mitochondrial genes to the nucleus for functional 
expression (allotopic expression) is a challenging process. The high hydrophobicity of mito-
chondria-encoded proteins seems to be one of the main factors preventing this allotopic 
expression. We focused on subunit II of cytochrome c oxidase (Cox2) to study which modifica-
tions may enable or improve its allotopic expression in yeast. Cox2 can be imported from the 
cytosol into mitochondria in the presence of the W56R substitution, which decreases the 
protein hydrophobicity and allows partial respiratory rescue of a cox2-null strain. We show 
that the inclusion of a positive charge is more favorable than substitutions that only decrease 
the hydrophobicity. We also searched for other determinants enabling allotopic expression in 
yeast by examining the COX2 gene in organisms where it was transferred to the nucleus 
during evolution. We found that naturally occurring variations at within-membrane residues 
in the legume Glycine max Cox2 could enable yeast COX2 allotopic expression. We also 
evidence that directing high doses of allotopically synthesized Cox2 to mitochondria seems 
to be counterproductive because the subunit aggregates at the mitochondrial surface. Our 
findings are relevant to the design of allotopic expression strategies and contribute to the 
understanding of gene retention in organellar genomes.

INTRODUCTION
Most mitochondrial proteins are encoded in the nuclear genome, 
translated by cytosolic ribosomes, and directed to mitochondria. 
However, migration of mitochondrial genes to the nucleus occurs 
widely in nature (Adams and Palmer, 2003; Burger et al., 2003; 
Timmis et al., 2004). These relocalized nucleotide sequences 
acquire more complex regulation and tend to exhibit lower muta-
tion rates (Martin and Herrmann, 1998). Mitochondrial genomes 

mainly encode subunits of oxidative phosphorylation (OXPHOS) 
complexes. In general, these proteins are embedded in membranes 
and are highly hydrophobic, a feature that is considered to be one 
of the main driving forces for the retention of a genome in mito-
chondria (Johnston and Williams, 2016).

Experimentally relocating mitochondrial genes to the nucleus 
holds promise for the development of treatments of mitochondrial 
diseases (De Grey, 2000; DiMauro et al., 2006; Kyriakouli et al., 
2008). A mutation in the mitochondrial genome, yielding a defec-
tive protein, could be overcome in principle by the import of a 
nucleus-encoded functional version of the protein. Multiple efforts 
have been undertaken to express mitochondria-encoded genes 
allotopically using yeast or mammalian model systems, but conflict-
ing and inconsistent results call for careful interpretation of results 
and warrant further experimental testing (Oca-Cossio et al., 2003; 
Perales-Clemente et al., 2011).

The COX2 gene, encoding subunit 2 (Cox2) of cytochrome c 
oxidase (CcO), provides an example of natural migration of a 
mitochondrial gene to the nucleus. This gene is generally mitochon-
dria-encoded, but in a few organisms it is found in the nuclear 
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genome (Adams et al., 1999; Pérez-Martínez et al., 2001; Szafranski, 
2017). For example, COX2 was transferred to the nucleus in some 
members of the legume lineage, resulting in mitochondrial and nu-
clear versions of COX2. The representative species of this lineage 
encode Cox2 in the nuclear DNA, in the mitochondrial DNA, or in 
both genomes, depending on which copy was activated and/or in-
activated (Adams et al., 1999; Daley et al., 2002a,b). Also, the COX2 
gene has been relocalized experimentally to the yeast nucleus 
(Supekova et al., 2010), and subsequent studies have provided sup-
porting genetic and biochemical evidence for successful allotopic 
expression (Cruz-Torres et al., 2012; Elliott et al., 2012; Rubalcava-
Gracia et al., 2018). The substitution of a tryptophan for an arginine 
in position 56 (Cox2W56R), within the first transmembrane segment 
(TMS) of allotopically produced Cox2, decreases its hydrophobicity 
and allows the partial respiratory rescue of a cox2-null yeast strain, 
with an estimated ∼60% recovery of CcO levels as compared with 
the wild-type strain (Cruz-Torres et al., 2012). This partial comple-
mentation can be attributed solely to diminished import, since a 
mitochondrial COX2 gene producing the W56R variant cannot be 
distinguished from wild-type (Rubalcava-Gracia et al., 2018). The 
decrease in hydrophobicity of the first TMS in Cox2 also occurred 
during the natural relocation of the COX2 gene to the nucleus in 
legumes (Daley et al., 2002b). Other necessary modifications for 
successful allotopic expression include recoding the mitochondrial 
gene to the nuclear genetic code and fusing a sequence encoding 
a mitochondrial targeting sequence (MTS) to the open reading 
frame. Given that the W56R substitution was found in a random 
mutagenesis screen of 20,000 alleles (Supekova et al., 2010), it is 
likely that this is the only permissible change that enables import 
from the cytosol to the mitochondria and at the same time maintains 
CcO functionality. This underscores the power of such an approach 
to uncover mutations allowing the allotopic production of other 
mitochondria- encoded proteins.

Here, we further explored the W56 position in Cox2 by testing 
whether other residues with similar properties to arginine could con-
fer allotopic expression. We also tested whether naturally occurring 
changes in the legume Glycine max Cox2 enable yeast Cox2 to be 
imported from the cytosol into mitochondria and assembled into a 
functional CcO. Finally, we evidenced that dosage of the cytosol-
synthesized Cox2 precursor is critical for the outcome of allotopic 
expression.

RESULTS
Other substitutions at residue 56 enable the allotopic 
expression of COX2
First, we tested whether other changes at position 56, besides the 
tryptophan-to-arginine substitution (Supekova et al., 2010) (W56R), 
can restore the respiratory growth of a cox2-null strain expressing an 
allotopic version of COX2. We substituted W56 for two residues 
sharing at least one physicochemical property with arginine: lysine 
(W56K), which also has a positive charge, and glutamine (W56Q), 
which has the closest hydrophobicity score to arginine (Calado-
Botelho et al., 2011). Upon introduction of the allotopic constructs 
encoding Cox2W56K or Cox2W56Q into a cox2-null strain, we observed 
a restoration of respiratory growth. Respiratory growth of the strain 
with the W56K substitution was comparable to that of the strain 
carrying the W56R substitution, while the recovery of respiratory 
competence by Cox2W56Q was significantly less (Figure 1A). Hence, 
the growth behavior of yeast carrying these constructs was Cox2W56R 
= Cox2W56K > Cox2W56Q. As a negative control, we included a strain 
expressing an allotopic wild-type COX2 gene (producing the 
Cox2WT subunit). As expected, neither this construct producing 
Cox2WT, nor the empty plasmid, was able to restore respiratory 
growth in the cox2-null strain (Figure 1A).

Previous work evidenced that most of the allotopically synthe-
sized Cox2W56R protein accumulates as an unprocessed precursor 
(i.e., still carrying its MTS) detected in the mitochondrial fraction 
(Supekova et al., 2010; Cruz-Torres et al., 2012; Rubalcava-Gracia 
et al., 2018). We thus performed cellular fractionations to test the 
cytosolic versus mitochondrial distribution of Cox2WT, Cox2W56K, and 
Cox2W56Q. Most of the Cox2 precursors were found associated with 
mitochondria (Figure 1B), indicating that, similarly to Cox2W56R, the 
limiting step occurs before their processing into mature forms in the 
mitochondrial matrix. Our results show that other residues at 
position 56 allow allotopic expression of COX2 and that the inclu-
sion of a positive charge in the first TMS (W56K) is favorable over a 
substitution that only diminishes hydrophobicity (W56Q).

Mutations that allow the nuclear expression of COX2 in 
legumes also confer allotopic expression in yeast
Next, we sought to identify other changes in Cox2 that might en-
able its allotopic expression in the yeast system. We reasoned that 
in organisms that naturally encode COX2 in the nucleus, the protein 

FIGURE 1: Substituting residues of properties similar to those of arginine in position 56 of allotopic Cox2 restores 
cellular respiration to a cox2-null strain. (A) Tenfold serial dilutions of yeast liquid cultures from strains transformed with 
the indicated constructs or with an empty vector (plasmid) were plated on fermentable (glucose), respiratory (ethanol + 
glycerol), and minimal, selective media (-ura or -arg, for verifying the presence of the transforming plasmid or the 
mitochondrial genome, respectively). (B) Immunoblots decorated with an anti-Cox2 antibody of cytosolic (c; 100-µg) and 
mitochondrial (m; 50-µg) fractions of the indicated yeast strains. The Cox2 precursor and mature forms of Cox2 are 
indicated. Antibodies anti-Atp2 and anti-Oxa1 were used to immunodetect the corresponding mitochondrial markers 
and anti-Hog1 was used for the cytosolic marker. Squared brackets indicate Cox2 variants expressed from plasmids. All 
the Cox2 variants contain an MTS from Oxa1.
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sequence must carry determinants for import into the mitochondria 
and subsequent assembly into a functional holoenzyme. For exam-
ple, the legume Glycine max expresses the COX2 gene from both 
nuclear and mitochondrial genomes (Adams et al., 1999). Previous 
research showed that a two-residue substitution within the first TMS 
of Cox2 is necessary and sufficient for the mitochondrial version of 
Cox2 to be imported into isolated mitochondria. Accordingly, the 
nucleus-encoded Cox2 protein could no longer be imported into 
the organelle when the residues (Q and G) at these two positions 
were modified to the ones (L and L) present in the mitochondria-
encoded Cox2 (Daley et al., 2002b; Figure 2A). The conclusion 
from this study is that this two-residue substitution was determinant 
in facilitating the import of Cox2 from the cytosol to the 
mitochondria.

To test whether this two-residue substitution could confer allo-
topic expression in the yeast system, we sought to reproduce the 
legume COX2 mutations in the COX2 sequence from yeast. We 
generated an alignment of the two legume Cox2 subunits with the 
one from yeast and identified that the key residues conferring im-
port of the legume Cox2 correspond to a valine and a leucine at 
positions 49 and 51 in the yeast sequence (Figure 2A). We therefore 
engineered the mutations corresponding to the single and double 
substitutions V49Q and L51G in yeast COX2. We observed that only 

the Cox2V49Q/L51G variant was able to restore respiratory growth in a 
cox2-null strain, while the Cox2V49Q and Cox2L51G variants could not 
(Figure 2B), demonstrating that both changes are required for 
successful allotopic expression of COX2. However, the respiratory 
growth of the Cox2V49Q/L51G strain was less than that of the 
Cox2W56R strain. To test whether the overall decrease in hydropho-
bicity within the first TMS of Cox2 is sufficient for restoring respira-
tory growth, we substituted other aliphatic residues at other posi-
tions, resulting in the construct Cox2L47Q/V49G. To explore any 
additive effect, a triple COX2 mutant corresponding to W56R com-
bined with a double substitution (L47Q/V49G/W56R) was also gen-
erated. All these constructs could restore the respiratory growth of a 
cox2-null strain, although to a lesser extent than the construct pro-
ducing Cox2V49Q/L51G. We also could not observe any additive effect 
in the strain producing the Cox2V49Q/L51G/W56R variant. Using in-gel 
activity staining, we verified that CcO activity correlated with the 
observation that the Cox2W56R variant exhibits increased respiratory 
growth compared with that in the variants containing two-residue 
substitutions (Figure 2C). In contrast, another OXPHOS complex, 
ATPase, exhibited comparable activity for all strains.

Next, we questioned whether Cox2V49Q/L51G follows the same bio-
genesis pathway as that of allotopically produced Cox2W56R. In con-
trast to orthodox Cox2, synthesized in mitochondria, allotopically 

FIGURE 2: Mutations that allow the nuclear expression of COX2 in legumes also confer allotopic expression in yeast. 
(A) Sequence alignments of the first transmembrane segment (TMS1) from the yeast Cox2 (mScCox2) and the 
mitochondrial and nuclear Cox2 versions of Glycine max, mGmCox2 and nGmCox2, respectively. An asterisk (*) 
indicates positions that have a single, fully conserved residue. A colon (:) indicates conservation between groups of 
strongly similar properties (scoring >0.5 in the Gonnet PAM 250 matrix). A period (.) indicates conservation between 
groups of weakly similar properties (scoring ≤0.5 in the Gonnet PAM 250 matrix). Key residues that are critical for 
import of the legume Cox2 from the cytosol are boxed (see text). Two yeast Cox2 constructs were designed based on 
this alignment: Cox2V49Q/L51G and Cox2L47Q/V49G. (B) Tenfold serial dilutions of yeast cultures from the indicated strains 
were spotted on fermentable (glucose), respiratory (ethanol + glycerol), and minimal, selective media (-ura or -arg). 
(C) In-gel activity staining of complex IV and of complex V as a loading control. Isolated mitochondria (250 µg) from the 
indicated strains were solubilized with lauryl maltoside and resolved by BN-PAGE. (D) Strains (WT, Δcox2, and Δcox18) 
were plated on fermentable (glucose), respiratory (lactate), and minimal, selective media (-ura or -arg). Squared brackets 
indicate Cox2 variants expressed from plasmids. All the Cox2 variants contain an MTS from Oxa1.



Volume 30 August 15, 2019 Factors that impact allotopic expression | 2361 

FIGURE 3: The allotopically synthesized proteins face the limiting step by aggregating at 
the mitochondrial periphery. (A) Immunoblots decorated with anti-Cox2 of cytosolic (c; 
100-µg) and mitochondrial (m; 50-µg) fractions. Arrows indicate the precursor and mature 
forms of Cox2. The mitochondrial markers Oxa1 and the cytosolic marker Hog1 were 
decorated with their corresponding antibodies. (B) Isolated mitochondria (50 µg) were 

treated with proteinase K (PK) to degrade proteins 
external to the outer membrane. Parallel samples 
were preincubated with Triton X-100 to dissolve 
the membranes and to make all mitochondrial 
proteins accessible to protease degradation. The 
asterisk indicates partial degradation of Cox2, 
possibly due to imperfect mitochondrial 
preparation. (C) Carbonate extraction separating 
the membrane extrinsic proteins in the supernatant 
(S) from the integral membrane proteins in the 
pellet (P) from yeast expressing the indicated 
constructs. Atp2 was used as a soluble protein 
marker and Oxa1 as an integral membrane protein 
marker. (D) Triton X-100 extraction separating the 
detergent-solubilized proteins in the supernatant 
(S) from the (detergent-resistant) aggregated 
proteins in the pellet (P) from yeast expressing the 
indicated constructs. Cox3 was used as a 
solubilized membrane protein marker. Squared 
brackets indicate Cox2 variants expressed from 
plasmids. All the Cox2 variants contain an MTS 
from Oxa1.

synthesized Cox2W56R does not require the Cox18 
translocase for the correct insertion of its second 
TMS into the inner membrane (Elliott et al., 2012), 
and it was postulated to be released laterally into 
this membrane directly from the TIM23 complex 
(Rubalcava-Gracia et al., 2018). We observed that, 
similarly to the Cox2W56R strain, the Cox2V49Q/L51G 
variant is able to restore respiration when ex-
pressed in a cox18-null (Figure 2D), indicating 
that the Cox18 translocase is completely dispens-
able. This suggests that the second TMS of 
Cox2V49Q/L51G is released laterally into the inner mi-
tochondrial membrane by the TIM23 translocator.

We observed that while the mature forms of 
Cox2 were protected from degradation upon incu-
bation of mitochondria-enriched fractions with 
proteinase K (PK), a result indicative of mitochon-
drial localization, the Cox2 precursors were mostly 
degraded by the protease (Figure 3, A and B). 
These results may be interpreted in two ways: ei-
ther the precursors are associated with the exter-
nal face of the outer mitochondrial membrane or 
they are retained while in transit through the TOM 
and TIM23 complexes with their C-termini still 
exposed to the cytosol (note that our anti-Cox2 
antibody recognizes the C-terminus of Cox2). To 
distinguish between these two possibilities, we 
performed carbonate and Triton X-100 extractions 
of the mitochondrial fractions. We found that the 
precursors are mostly resistant to both carbonate 
(Figure 3C) and detergent treatments (Figure 3D). 
As expected, mature Cox2 proteins resist carbon-
ate extraction but are solubilized into the superna-
tant upon Triton extraction (Figure 3, C and D). 
These observations suggest that most Cox2 pre-
cursors aggregate at the external mitochondrial 
surface, thus preventing their import.

Taken together, our data show that substitu-
tions at a position different from that of W56 
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enable the successful allotopic expression of COX and that a major 
limiting step for importing allotopic Cox2 into mitochondria is its 
aggregation.

Lowering the dose of allotopic COX2 expression enhances 
Cox2 import and assembly in CcO
While the use of a multicopy plasmid for allotopic expression of 
COX2 to ensure successful complementation seemed justified a 
priori (Supekova et al., 2010), we wondered whether reducing the 
allotopic expression of COX2 would decrease the rescue of the 
respiratory defect proportionally. For this purpose, we opted to 
test allotopic expression under a condition where the same COX2 
construct carried in the multicopy plasmid was used as a single 
copy. To achieve this, we integrated the COX2-expressing 
construct (under the same phosphoglycerate kinase promoter and 
terminator present in the multicopy plasmid) in the nuclear 

genome. Surprisingly, we observed a notable increase in respira-
tory growth in the strains expressing the nuclear-integrated 
constructs producing Cox2W56R and Cox2V49Q/L51G in comparison 
with the strains producing the same Cox2 variants from a multicopy 
plasmid (Figure 4A). Growth of the yeast containing the single-
copy COX2W56R construct was even comparable to that of a 
wild-type strain, and the strain containing the single-copy 
COX2V49Q/L51G exhibited more robust respiratory growth than the 
one with the high-copy COX2W56R. The strain producing Cox2WT 
did not display any growth in respiratory medium, even at low 
doses. Immunodetection of Cox2 in mitochondria-enriched frac-
tions of these strains showed that, at low dosage, Cox2W56R and 
Cox2V49Q/L51G only accumulated in their mature forms at levels 
similar to those of the WT strain (Figure 4B). As previously 
observed, at high dosage, Cox2W56R and Cox2V49Q/L51G were mainly 
observed as precursors, with only a fraction converted to the 

FIGURE 4: Lowering the expression of allotopic COX2 in a cox2-null strain improves rescue of the respiratory growth. 
(A) Tenfold serial dilutions of yeast cultures from the indicated strains were plated on fermentable (glucose), respiratory 
(ethanol + glycerol), and minimal, selective media (-arg or -ura) and in the presence of hygromycin B (+hygB). The letter 
p represents expression from a multicopy plasmid, and the letter n represents expression from a single copy inserted in 
the nuclear genome. (B) Cox2 steady-state levels in isolated mitochondria (50 µg) from the indicated strains. Arrows 
indicate the precursor and mature forms of Cox2. The letters p and n indicate expression levels as in A. (C) Tenfold serial 
dilutions of yeast cultures from the indicated strains were plated on fermentable (glucose); respiratory (ethanol + 
glycerol), and minimal, selective media (-arg or -ura) and in the presence of hygromycin B (+hygB). The letter c 
represents expression from a centromeric plasmid. The order of the letters indicates the order in which COX2-
expressing constructs were introduced into yeast cells. All the Cox2 variants contain an MTS from Oxa1. (D) Biogenesis 
model of allotopically synthesized Cox2. On the left, insertion of Cox2 results in its correct topology. On the right, the 
high hydrophobicity of the first TMS leads the cytosol-synthesized Cox2 to aggregate at the mitochondrial periphery or 
to be prematurely released by TIM23 into an incorrect topology. TOM: translocase of the outer membrane, TIM: 
translocase of the inner membrane, MPP: mitochondrial processing peptidase, LP: leader peptide, MTS: mitochondrial 
targeting sequence, TMS: transmembrane segment.
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Cox2 variant TMS1 H

Cox2WT IMFYLLVILGLVSWMLYTIVMTYS 0.349

Cox2W56K IMFYLLVILGLVSKMLYTIVMTYS 0.367

Cox2L51G IMFYLLVIGGLVSWMLYTIVMTYS 0.375

Cox2W56Q IMFYLLVILGLVSQMLYTIVMTYS 0.395

Cox2W56R IMFYLLVILGLVSRMLYTIVMTYS 0.427

Cox2V49Q IMFYLLQILGLVSWMLYTIVMTYS 0.435

Cox2V49Q/L51G IMFYLLQIGGLVSWMLYTIVMTYS 0.461

Cox2L47Q/V49G IMFYQLGILGLVSWMLYTIVMTYS 0.461

Cox2L47Q/V49G/W56 IMFYQLGILGLVSRMLYTIVMTYS 0.540

Average hydrophobicity for the first transmembrane segment of each Cox2 
variant used in this work. The “biological scale” was experimentally obtained 
and provides a hydrophobicity value for each residue present in the TMS of a 
model yeast mitochondrial protein (Calado-Botelho et al., 2011). Cox2 variants 
are ordered by decreasing hydrophobicity (increasing hydrophilicity). Residue 
substitutions are underlined.

TABLE 1: Average hydrophobicity of the Cox2 variants.

mature form. In line with the absence of respiratory growth of the 
strains carrying the COX2WT construct, the Cox2WT protein was 
observed only as a precursor and, at low dosage, its steady-state 
level was probably extremely low, as we could not detect it under 
our experimental conditions (Figure 4B). We observed the same 
behavior, that is, enhanced respiratory growth, lower accumulation 
of precursors, and higher levels of mature forms of Cox2, when the 
same constructs were expressed in few copies from a centromeric 
plasmid (Figure 4C and unpublished data). To test the importance 
of high versus low doses of Cox2 for the rescue of respiratory 
growth, we increased the dosage by producing the high-copy 
Cox2 variants (p) in a strain already encoding a single-copy Cox2 
in the nuclear genome (n). We observed that this strain (n+p) grew 
in respiratory medium to levels similar to those of the strain ex-
pressing Cox2 encoded only in the nucleus (Figure 4C) and verified 
the presence of the precursors by immunoblotting (unpublished 
data). Unexpectedly, these increased levels of expression did not 
show the same growth defect of the high-copy Cox2 strain. How-
ever, when we inverted the order of production of allotopic Cox2 
variants in the cells by integrating Cox2 into the nuclear genome 
in a strain already encoding a high-copy Cox2 (p+n), we observed 
that this strain showed the same level of respiratory growth as the 
strain expressing a high-copy Cox2 from a plasmid (Figure 4C).

The aforementioned results suggest that, although overexpres-
sion of allotopic COX2 constructs is able to restore respiration to 
cox2-null strains, directing high doses of these proteins to 
mitochondria at the same time is counterproductive. Because the 
limiting step resides in the import of allotopic Cox2, low-dose 
expression seems to have a better outcome in terms of aggregation 
propensity and recovery of the respiratory growth.

DISCUSSION
The experimental relocation of mitochondrial genes to the nucleus 
has paved the way for the development of therapies intended to 
treat syndromes caused by mutations in the mitochondrial genome 
(González-Halphen et al., 2004; Taylor and Turnbull, 2005; Kyriakouli 
et al., 2008; Calvo and Mootha, 2010; Gorman et al., 2016). 
Ongoing research has unveiled several constraining factors that 
limit allotopic expression (Claros et al., 1995; Oca-Cossio et al., 
2003; Figueroa-Martínez et al., 2011; Björkholm et al., 2017). 
Because most proteins encoded in the mitogenome are integral to 
the membrane, the high hydrophobicity and the number of TMSs in 
these proteins seem to be major limiting factors for their import 
when synthesized in the cytosol (Claros et al., 1995; Johnston and 
Williams, 2016). In this work we also found that aggregation propen-
sity, which is directly correlated with high hydrophobicity (Chiti et al., 
2003; Dobson, 2004), contributes to the efficiency of importability 
before assembly of allotopic Cox2 into cytochrome c oxidase. 
Average hydrophobicities for the first TMSs of the different Cox2 
variants used in this work are shown in Table 1.

First, we turned our attention to the Cox2 subunit to examine the 
importance of the residues enabling its allotopic production. 
Previous work demonstrated that substituting a tryptophan for an 
arginine decreases the hydrophobicity of the first TMS of Cox2 by 
adding a positive charge (Supekova et al., 2010). In this study, 
substitution of a lysine or glutamine in the same position also 
allowed recovery of the respiratory growth, but residues containing 
a positive charge (arginine and lysine) yield better rescue than a resi-
due decreasing the hydrophobicity (glutamine). It is possible that 
Cox2W56Q is poorly inserted into the mitochondrial inner membrane, 
because the key determinant for importability is the presence of a 
positive charge (R+ or K+) and not reduction of the hydrophobicity 

(Q) at this position (von Heijne, 1992; Andersson and von Heijne, 
1994) (see Table 1). This view is supported by the fact that while a 
similar number of Cox2 variant precursors accumulate in the mito-
chondria, the mature form of Cox2W56Q is significantly less abundant 
than those of Cox2W56R and Cox2W56K (Figure 1B). This indicates that 
Cox2W56Q is probably limited in its insertion in the inner membrane 
because it is more prone to aggregation. That mature Cox2W56K and 
Cox2 W56R accumulate at the same level reinforces the view that a 
positive charge at this position is the key determinant of Cox2 im-
portation into mitochondria when it originates from the cytosol.

Here, we designed allotopic Cox2 variants in yeast based on 
naturally evolving alterations in legumes. Notably, we observed 
that the double substitution reported as key for nuclear expres-
sion of Cox2 in Glycine max also allowed the allotopically 
expressed yeast COX2 to restore respiration to a cox2-null 
mutant. Similarly to what was observed in in vitro import assays in 
legumes (Daley et al., 2002b), each single-substitution V49Q or 
L51G was insufficient to restore respiration. In line with the 
cytosol-synthesized Cox2 biogenesis model (Daley et al., 2002a; 
Jiménez-Suárez et al., 2012; Rubalcava-Gracia et al., 2018), the 
first TMS (TMS1) of Cox2 is transferred to the matrix through the 
TIM23 translocase, while the second TMS is laterally released into 
the inner membrane by TIM23 (Figure 4D). As a final step, TMS1 
is inserted from the matrix in the inner membrane by Oxa1, posi-
tioning Cox2 in its correct topology (Figure 4D). We assume that 
in the presence of either substitution (V49Q or L51G), the proteins 
aggregate at the mitochondrial periphery before import because 
they are too hydrophobic (Figure 4D and Table 1). Accordingly, 
only the double substitution, which diminishes the overall hydro-
phobicity of the TMS1 of Cox2, allows its correct insertion into the 
inner membrane.

It should be mentioned that the legume Cox2 substitutions 
(V49Q/L51G) are less efficient in conferring respiratory growth than 
the W56R that was identified through random mutagenesis 
(Supekova et al., 2010). Indeed, the W56R substitution meets 
Goldilocks conditions: besides maintaining CcO activity intact 
(Rubalcava-Gracia et al., 2018), it balances the need to diminish the 
hydrophobicity of Cox2 TMS1, but at the same time, it maintains the 
ability of TMS1 to be recognized as a transmembrane domain by 
the inner membrane translocator Oxa1. Notably, in the mitochon-
drial Cox2 sequence from Glycine max, the residue corresponding 
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to position 56 contains an arginine, indicating that a positive charge 
in the first TMS of Cox2 is permissible, at least in some organisms. 
Production of low levels of Cox2V49Q/L51G results in the accumulation 
of mature Cox2 at a level similar to that of Cox2W56R, suggesting that 
insertion in the inner membrane occurs to the same extent for both 
Cox2 variants (Figure 4B). However, the fact that the rescue with 
Cox2V49Q/L51G is significantly less efficient indicates that the V49Q/
L51G modifications impact the biogenesis of Cox2 or the activity of 
the yeast enzyme. Furthermore, we observed that the combination 
of W56R substitution with the V49Q and L51G changes did not 
further improve respiratory growth, and resulted in lower CcO 
activity, as observed in Figure 2C. We assume that, despite the fact 
that these mutations enable respiratory growth, they may also affect 
CcO activity. Another possibility is that the hydrophobicity of the 
first TMS of the Cox2L47Q/V49G/W56R subunit is lowered to such an ex-
tent (Table 1) that it is not promptly recognized as a transmembrane 
domain and is therefore only partially routed for insertion into the 
inner membrane by the Oxa1 translocator.

Our experiments indicate that allotopically expressed proteins 
face a limiting step by aggregating before their import into mito-
chondria. When we lowered the COX2 expression levels by inte-
grating the COX2 gene into the nuclear genome, we observed a 
notable increase in the rescue of the cox2-null strain, which corre-
lated with lower levels of precursor and corresponding enhanced 
levels of mature Cox2. It is conceivable that excess cytosol-synthe-
sized Cox2 aggregates at the mitochondrial surface, limiting the 
import of allotopic Cox2 (Figure 4D). These aggregates do not 
affect the import of other mitochondria-targeted proteins, as the 
precursors of Oxa1 and Atp2 were not observed to accumulate in 
our mitochondrial preparations (Figures 1B, 3A, and 4B). We noted 
that aggregation can also be avoided if large doses of Cox2 are 
produced in a strain already synthesizing small doses of allotopic 
Cox2. We explain this observation by the importing competence 
of cox2-null mitochondria. If large doses of the precursors of Cox2 
are directly produced in a cox2-null mutant, most precursors 
aggregate and only a fraction assemble into CcO, resulting in 
difficulties in restoring respiration and in building up the electro-
chemical gradient required for further protein import. At small 
doses, aggregation of Cox2 is prevented and its assembly into 
CcO is enhanced, giving rise to an optimal transmembrane 
gradient that facilitates further import of cytosolic proteins. These 
results suggest that expression levels of the allotopic gene (from a 
centromeric plasmid or a high-copy plasmid) define the levels of 
importability versus aggregation of Cox2. It is also conceivable 
that cytosolic chaperones and other aggregation-response 
proteins might play a role in preventing the aggregation of Cox2 
precursors.

Aggregation propensity is directly related to hydrophobicity and 
has been an underinvestigated factor in the study of allotopic ex-
pression. Highly hydrophobic proteins imported from the cytosol 
must avoid aggregating at the mitochondrial periphery to cross 
both mitochondrial membranes. All reports of allotopic expression 
in either yeast or cell cultures use high-level expression plasmids to 
ensure a high accumulation of the desired protein products inside 
the mitochondria (Guy et al., 2002; Manfredi et al., 2002; Ojaimi 
et al., 2002; Bokori-Brown and Holt, 2006; Bonnet et al., 2008; 
Figueroa-Martínez et al., 2011; Cwerman-Thibault et al., 2015; 
Boominathan et al., 2016). Here, we found that a high level of the 
allotopically expressed Cox2 protein may be detrimental to the 
mitochondrial import system.

In summary, we provide a proof of principle that mimicking the 
modifications found in an organism that naturally transferred its 

mitochondrial gene to the nucleus can result in successful allotopic 
expression. This strategy includes expressing a gene with adequate 
mutations in a low copy number to ensure that moderate protein 
quantities are produced for mitochondrial import. Our results 
underscore that dosage, a previously unexplored important param-
eter, may be critical for allotopic expression in mammals, especially 
in human cell lines. The relevance of our finding is high, since allo-
topic expression still represents a promising strategy for developing 
treatments for patients with mitochondrial diseases. Our data also 
stress the relevance of studying organisms that naturally and 
atypically encode hydrophobic mitochondrial OXPHOS proteins in 
the nuclear genome.

MATERIALS AND METHODS
Strains, gene constructs, and culture conditions
The Saccharomyces cerevisiae strains used in this study were de-
rived from the D273-10B parental strain. We used NB40-36A as 
the wild-type strain (MATα, arg8::hisG, leu2-3, 112, lys2, ura3-52, 
[rho+]), EHW154 as the Δcox2 strain (MATa, arg8::hisG, his3-
ΔHindIII, leu2-3, 112, lys2, ura3-52, [rho+] cox2-208::ARG8m), and 
CAB116 as the Δcox18 strain (MATa, arg8::hisG, his3-ΔHindIII, 
leu2-3,112, lys2, ura3-53, cox18Δ::KanMX4 [rho+]). Cells were 
grown on YPD as fermentable medium (1% yeast extract, 2% bac-
topeptone, and 2% dextrose) or YPEG as nonfermentable medium 
(1% yeast extract, 2% bactopeptone, 3% ethanol, and 3% vol/vol 
glycerol). Minimal medium was SD or SGal (0.17% yeast nitrogen 
base [without amino acids and (NH4)2SO4], 0.5% (NH4)2SO4, 2% 
glucose or galactose supplemented with specific amino acids and 
nucleotides). All strains were grown at 30°C in liquid (with shaking) 
or solid medium (containing 1.75% agar). We calculated duplica-
tion times by measuring the absorbance of cultures with an initial 
O.D.600 of 0.01 every 2 h in a Bioscreen C spectrophotometer 
(Growth Curves, USA). Dilution series were performed by diluting 
10-fold a culture of 0.5 O.D.600 and plating 3 µl on Petri dishes with 
the indicated medium.

The yeast allotopic COX2W56R gene was recoded for expression 
from the nucleus and a sequence encoding the MTS of Oxa1 was 
added at the 5′ end, as previously described (Supekova et al., 2010). 
The construct was chemically synthesized (GeneScript, Piscataway, 
NJ) and cloned at the NotI site in the pFL61 vector, which contains 
a phosphoglycerate kinase (PGK) promoter and terminator (Minet 
et al., 1992).

Additional COX2 mutations (WT, W56K, W56Q, V49Q, L51G, 
V49Q/L51G, L47Q/V49G, L47Q/V49G/W56R) were constructed 
using the pFL61 plasmid containing the COX2W56R insert via 
site-directed mutagenesis, according to the manufacturer’s 
instructions (QuikChange II site-directed mutagenesis kit, Agilent 
Technologies). The presence of the site-directed mutations was 
confirmed by DNA sequencing. For the expression of the 
constructs from centromeric plasmids, the fragments containing 
the COX2 constructs flanked by the PGK promoter and terminator 
were cloned from pFL61 into pRS306H upon digestion with HindIII 
and SmaI restriction enzymes. Nuclear localization was achieved 
by integration transformation at the URA3 nuclear locus using the 
pRS306H plasmid and hygromycin B resistance as a selection 
(Taxis and Knop, 2006).

Yeast cells were transformed in the presence of lithium acetate 
and salmon sperm DNA as described (Gietz and Schiestl, 2007). At 
least 12 transformed individual colonies were grown in Petri dishes 
containing fresh SD medium and then were replica-plated into 
YPEG to ensure that the selected colonies had respiratory growth 
similar to the rest of the transformants.
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Isolation of yeast mitochondria
Mitochondria were isolated from 100–200 ml of liquid SGal cultures 
as previously reported (Herrmann et al., 1994). Briefly, cells were 
harvested at logarithmic growth phase (O.D.600 0.8–1.0), washed 
with H2O at 4500 rpm in a Beckman Coulter JA-25.5 rotor (2500 × 
g) for 5 min, resuspended in TD buffer (100 mM Tris, 10 mM dithio-
threitol), and centrifuged at 4500 rpm (2500 × g) for 5 min. The cells 
were resuspended in 10 ml of zymoliase buffer (1.2 mM sorbitol, 20 
mM KH2PO4 [pH 7.4], 3–5 mg zymoliase/g of wet weight), incu-
bated for 1 h in a shaker at 30°C, and centrifuged at 4500 rpm (2500 
× g) for 5 min at 4°C. The pellet was resuspended in 1 ml of Dounce 
buffer (0.6 M sorbitol, 10 mM Tris [pH 7.4], 1 mM EDTA, 0.2% bovine 
serum albumin, 1 mM phenylmethylsulfonyl fluoride [PMSF]) using a 
homogenizer and pestle (30 strokes). Samples were transferred to 
1.5-ml tubes and centrifuged at 4500 rpm in a microcentrifuge 
(2000 × g) for 5 min at 4°C. The supernatants were transferred to 
new tubes and centrifuged at 12,000 rpm (13,500 × g) for 10 min at 
4°C. The supernatant (cytosolic fraction) was collected in new tubes 
and the pellet (mitochondrial fraction) was resuspended in 100 µl of 
SH buffer (0.6 M sorbitol, 20 mM HEPES, pH 7.4). Protein concentra-
tion was determined by a modified Lowry method (Markwell et al., 
1978). Mitochondria and cytosolic fractions were frozen and stored 
at –70°C until use.

Proteinase K protection assays
For protease treatment of mitochondria, 50 µg of mitochondria was 
gently resuspended in 100 µl of SH buffer and incubated at 20°C for 
30 min in the presence of 100 µg/ml Proteinase K; parallel reactions 
were made in the presence of 1% Triton X-100. PMSF was added to 
all suspensions (at 4 mM final concentration), which were then incu-
bated on ice for 10 min and centrifuged at 14,000 rpm (18,400 × g) 
for 10 min. Most of the supernatant in each tube was discarded; the 
pellet was resuspended with 4 µl of 6× loading buffer (375 mM Tris-
HCl [pH 6.8], 6% SDS, 48% glycerol, 9% β-mercaptoethanol) + 4 mM 
PMSF and incubated for 1 min in boiling water before being loaded 
onto 12% SDS-tricine-PAGE gels.

Sodium carbonate and Triton X-100 extractions
Integral membrane proteins were separated from peripheral or solu-
ble proteins by carbonate extraction. Aggregated proteins were 
separated from membrane proteins by Triton X-100 extraction. 
Briefly, 50 µg of mitochondria was incubated with 100 µl of cold 
0.1 M Na2CO3 (pH 11.0) or with 9.4 µl of 1% Triton X-100 (2 mg Triton 
X-100/mg protein) for 30 min on ice. The samples were centrifuged 
at 90,000 × g in a TLA 55 rotor for 30 min at 4°C. Supernatants and 
pellets were incubated with 500 µl of 12.5% TCA for 15 min on ice, 
followed by centrifugation for 15 min at 14,000 rpm (18,400 × g) at 
4°C. Samples were washed by adding 500 µl of cold 100% acetone, 
centrifuged for 10 min at 14,000 rpm (18,400 × g) at 4°C, and dried 
for ∼10 min at room temperature. The dried pellets were resus-
pended in 15 µl of 1× loading buffer and incubated for 1 min in boil-
ing water before loading onto 12% SDS-tricine-PAGE gels.

Gel electrophoresis and in-gel enzymatic activities
Denaturing gel electrophoresis was carried out via SDS-tricine- 
polyacrylamide gels with 12% acrylamide (Schagger, 1994a). Sample 
preparation and blue native polyacrylamide gel electrophoresis 
(BN-PAGE) were carried out as described (Schagger, 1994b). Briefly, 
mitochondria were washed twice in 250 mM sorbitol, 50 mM Bis-Tris 
(pH 7.0), and centrifuged at 12,000 rpm (13,500 × g) for 10 min at 
4°C. The pellet was resuspended in sample buffer (750 mM amino-
caproic acid, 50 mM Bis-Tris, pH 7.0) and solubilized with 2 g of 

lauryl maltoside per g of protein for 30 min with gentle stirring and 
centrifuged at 13,200 rpm (16,400 × g) at 4°C for 12 min. The super-
natants were loaded on 5–15% polyacrylamide gradient gels. The 
stacking gel contained 4% (wt/vol) polyacrylamide. In-gel activities 
were carried out following established procedures for CcO activity 
(Wittig et al., 2007; Wittig and Schägger, 2007) and ATPase activity 
(Zerbetto et al., 1997; Wittig and Schägger, 2005). Gels were stained 
with Coomassie solution (50% ethanol, 10% acetic acid, 0.1% 
Coomassie Brilliant Blue G) or otherwise transferred and then 
subjected to immunodetection.

Immunodetection
From SDS-tricine-PAGE, proteins were electrotransferred onto a ni-
trocellulose Trans-Blot membrane (Bio-Rad) for immunodetection. 
Membranes were washed, blocked, and independently incubated 
for 4 h with the following antibodies: anti-Cox2 antibody at a 1:9000 
dilution (Invitrogen; Molecular Probes), anti-Oxa1 antibody at a 
1:1000 dilution, anti-Hog1 antibody at a 1:2000 dilution (Santa Cruz 
Biotechnology), and anti-Atp2 antibody at a 1:50,000 dilution. 
Alkaline phosphatase-conjugated IgGs (1:15,000 for 2 h) were used 
as secondary antibodies. Insoluble black–purple precipitates were 
formed upon addition of nitro-blue tetrazolium chloride and 
5-bromo-4-chloro-3′-indolyl phosphate p-toluidine salt. Images of 
the immunodecorated polypeptide bands were captured in an HP 
Scanjet G4050. For immunodetection on previously probed 
membranes using a different primary antibody, membranes were 
stripped by incubation for 45 min at 50°C in the presence of 2% 
SDS, 62.5 mM Tris-HCl, pH 6.8, and 100 mM β-mercaptoethanol.

In silico protein sequence analysis
A TMS1 of 24 residues was considered for the yeast Cox2. The hy-
drophobicity calculations were performed using the “biological” 
hydrophobicity scale (Calado-Botelho et al., 2011).
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Abstract

Swine influenza is a worldwide disease, which causes damage to the respiratory sys-

tem of pigs. The H1N1 and H3N2 subtypes circulate mainly in the swine population

of Mexico. There is evidence that new subtypes of influenza virus have evolved

genetically and have been rearranged with human viruses and from other species;

therefore, the aim of our study was to identify and characterize the genetic changes

that have been generated in the different subtypes of the swine influenza virus in

Mexican pigs. By sequencing and analyzing phylogenetically the eight segments that

form the virus genome, the following subtypes were identified: H1N1, H3N2, H1N2

and H5N2; of which, a H1N1 subtype had a high genetic relationship with the

human influenza virus. In addition, a H1N2 subtype related to the porcine H1N2

virus reported in the United States was identified, as well as, two other viruses of

avian origin from the H5N2 subtype. Particularly for the H5N2 subtype, this is the

first time that its presence has been reported in Mexican pigs. The analysis of these

sequences demonstrates that in the swine population of Mexico, circulate viruses

that have suffered punctual‐specific mutations and rearrangements of their proteins

with different subtypes, which have successfully adapted to the Mexican swine pop-

ulation.

K E YWORD S

complete sequences, H5N2, phylogenetic analysis, swine influenza virus Mexico

1 | INTRODUCTION

Swine influenza is a worldwide disease that causes damage to the

respiratory system of pigs (Bouvier & Palese, 2008). Influenza viruses

belong to the Orthomixoviridae family and have a genome composed

of eight segments of ssRNA (−), where each one encodes for one or

two proteins (Flint & Racaniello, 2001; King, Adams, Carstens, &

Lefkowitz, 2012). The evolution of these viruses occurs through anti-

genic drift (Drift), characterized by the selection of new strains that

contain amino acid changes in hemagglutinin (HA) and neuraminidase

(NA) proteins; these changes are responsible for seasonal influenza

infections (Carrat & Flahault, 2007; Treanor, 2004). In addition, these

viruses can also have genetic rearrangements (Shift) associated with

the emergence of pandemic viruses; these occur when a host cell is

infected by more than one different virus subtype and the viral

genomic segments are rearranged, generating a new combination

(Boni, 2008; Webster, Laver, Air, & Schild, 1982; Zambon, 1999).

Some accumulated and continuous mutations in the HA protein of

the influenza virus have generated new antigenic strains that cause

annual epidemics (Liao, Lee, Ko, & Hsiung, 2008). Pigs can naturally

or experimentally be infected with viruses of avian or human origin

because in the epithelial cells of the trachea, they express avian and
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human type receptors (Ito et al., 1998; Scholtissek, Bürger, Bach-

mann, & Hannoun, 1983), which is why they are considered as mix-

ing containers (Castrucci et al., 1993; Christoph Scholtissek, 1995).

Currently, three subtypes of influenza viruses circulate mainly in pigs

around the world: H1N1, H3N2 and H1N2 (Chambers, Hinshaw,

Kawaoka, Easterday, & Webster, 1991). In the Mexican swine popu-

lation, it has been reported the circulation of the H1N1 and H3N2

subtypes (Avalos, Sanchez, & Trujillo, 2011; López‐Robles, Montalvo‐
Corral, Caire‐Juvera, Ayora‐Talavera, & Hernández, 2012); however,

there are several studies showing the circulation of new subtypes of

influenza virus, which have evolved genetically and have been rear-

ranged with human viruses and from other species (Aguirre et al.,

2014; Escalera‐Zamudio et al., 2012; Nelson, Culhane et al., 2015;

Nelson, Schaefer, Gava, Cantão, & Ciacci‐zanella, 2015). On the

other hand, there is evidence of the transmission of influenza viruses

between different species (bird, pig, equine and human), as well as,

rearrangements with different subtypes (H9N2, H4N6, H2N3,

H3N8, H3N1, H5N2) in distinct parts of the world (Karasin, Brown,

Carman, & Olsen, 2000; Lee et al., 2009; Ma et al., 2007; Peiris et

al., 2001; Shin et al., 2006; Tu et al., 2009). These events highlight

the requirement for a greater epidemiological surveillance, emphasiz-

ing the interest of isolating and characterizing the influenza viruses

that circulate currently in the Mexican swine population.

2 | MATERIALS AND METHODS

2.1 | Samples

The research was carried out using 486 pig lung tissue samples from

different production units located in twelve states of Mexico (Jalisco,

State of Mexico, Guanajuato, Sonora, Michoacan, Puebla, Morelos,

Yucatan, Queretaro, Hidalgo, Veracruz and Nuevo Leon) (Figure 1).

The criterion for obtaining the samples was to use pigs that pre-

sented suggestive signology to infection with influenza virus.

The samples were remitted and processed in the Biosafety Labo-

ratory Level 3 of the Medicine and Zootechnics Swine Department

(DMZC) from the Veterinary Medicine and Zootechnics Faculty

(FMVZ), National Autonomous University of Mexico (UNAM).

2.2 | RNA extraction

A total of 0.5 gr from each lung tissue was powdered in liquid nitro-

gen and homogenized in extraction buffer in order to obtain the

RNA. RNA extraction was performed with the column technique

using the QIAamp Viral RNA mini kit (QIAGEN, Germany) commer-

cial kit, following the manufacturer's specifications. The purified

nucleic acid was resuspended in 60 μl of elution buffer and stored at

‐70°C.

2.3 | qRT‐PCR for the M gene

In order to confirm the presence of influenza virus A in the lung

samples, a Real Time Reverse Transcription and Polymerase Chain

Reaction (qRT‐PCR) assay was performed using the FIND‐IT INFLU-

ENZA® (Biotecmol, México) commercial kit, directed to the identifi-

cation of the matrix gene (M) and under the following conditions:

42°C for 30 min for reverse transcription, 95°C for 10 min for initial

denaturation, 40 cycles at 95°C for 15 s for denaturation, 60°C for

45 s for annealing and 72°C for 5 min for extension.

2.4 | Sequencing of the Influenzavirus genome

The positive lung samples to the presence of influenza viruses were

subjected to RT‐PCR for the amplification of the eight gene seg-

ments of the virus, using the PathAmp™ FluA Reagents kit (Life

Technologies, Carlsbad, CA) and a GeneAmp 9700 end point ther-

mocycler (Applied Biosystems, CA). The RT‐PCR products were visu-

alized by electrophoresis in a 0.8% agarose gel.

Once the amplifications were obtained, the eight viral segments

were sequenced using an Ion Torrent Genome Machine (PGM) Sys-

tem, following the manufacturer's specifications. Briefly, 100 ng of

DNA input was used to prepare a library using the Ion Xpress™ Plus

Fragment Library Kit (Life Technologies) by physical fragmentation of

genome segments with the Bioruptor® Sonication System, in order

to generate fragments of approximately 200 base pairs (bp). DNA

fragments were linked to Ion‐compatible adapters and amplified

using the Ion PGM™Hi‐Q™ OT2 Kit (Life Technologies) on an Ion

OneTouch™ 2 System. The sequencing reaction was carried out

using an Ion 314 Chip v2 and the Ion PGM™ Hi‐Q™ Sequencing kit

(Life Technologies). The obtained readings were subjected to quality

filtering using the FastQC plug‐in, and all of them were aligned with

a Q‐score ≥ 20 and assembled with the AssemblerSPAdes v 5.4.0

program. The average genomic coverage depth of the Ion Torrent

PGM was up to 300‐fold.

2.5 | Phylogenetic analysis

The obtained sequences were compared with those reported in the

GenBank, selecting those with an identity percentage higher than

95%, using BLAST (Basic Local Alignment Search Tool) from the

NCBI (National Center for Biotechnology) (“Nucleotide BLAST 2017:

Search nucleotide databases using a nucleotide query”). The phylo-

genetic analysis was performed independently for each genomic seg-

ment with the MEGA 7.0.26 software the evolutionary history was

inferred using the Maximum Likelihood method based on the Gen-

eral Time Reversible (GTR) model and discrete Gamma distribution

with invariant sites was used (Kumar, Stecher, & Tamura, 2016; Nei

& Kumar, 2000). The trees were edited with the FIGTREE v1.4.3

program (“FigTree 2017: Molecular evolution, Phylogenetics and Epi-

demiology”).

2.6 | Viral isolation

For viral isolation, sterile 200 μl of lung suspension were inoculated

into the allantoic cavity of ALPES1® embryos of 9–11 days, free of

specific pathogens (SPF) and incubated at 37°C. The allantoic fluid
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was collected at 24, 48 and 72 hr after inoculation and centrifuged

at 423 g for 5 min (World Organisation for Animal Health, 2015).

The viruses were titrated by hemagglutination (Ramírez, Carreón, &

Mercado, 1996).

3 | RESULTS

Of 486 pig pulmonary samples, 10 (0.48%) were positive for influ-

enza virus and 476 (99.52%) negative to the presence of this virus.

From the positive samples, the complete genome of 8 influenza

viruses was sequenced; three samples corresponded to the H1N1

subtype from the states of Guanajuato (2) and Jalisco (1), and two

corresponded to the H3N2 subtype from the states of Jalisco and

Hidalgo. An isolated H1N2 sequence was also obtained in the state

of Guanajuato, while two H5N2 sequences came from Guanajuato

and the State of Mexico (Table 1).

3.1 | Phylogenetic analysis of HA and NA genes

Regarding the evolutionary structure of the inferred topologies of

the HA gene, the analysis of the sequences indicated that the HA

protein of the GtoDMZC01(H1N2) virus was found in a clade with

porcine and human H1N2 influenza viruses, reported in the United

States in the period 2005‐2010; whereas the HA of the

GtoDMZC02(H5N2) and EdoMexDMZC03(H5N2) viruses, were

found in a clade of avian influenza H5N2 viruses isolated in Mexico

during 1994 and 1995. The HA of the GtoDMZC04(H1N1) virus

was found in a clade of H1N1 human influenza viruses, isolated in

the United States in 2013 and with one from Mexico isolated in

2014. On the other hand, there is homology between the HAs of

JalDMZC05(H1N1) and GtoDMZC09(H1N1) viruses, which were

found in a clade of porcine H1N1 influenza viruses isolated in Mex-

ico in the period 2012‐2014. The HA of the HgoDMZC11(H3N2)

virus was found in a clade of Mexican H3N2 swine influenza viruses

isolated in 2012 and 2013. The HA of the JalDMZC12(H3N2) virus

was found in a clade with porcine influenza viruses from Canada and

the United States, isolated during 2005 and 2006 (Figure 2).

Regarding the evolutionary structure of the inferred topologies from

the NA gene, the analysis of the sequences indicated that the NA pro-

teins of the GtoDMZC01(H1N2) and HgoDMZC11(H3N2) viruses were

found in a clade with the Mexican H3N2 swine influenza viruses iso-

lated in 2012 and 2013; while the NA of the GtoDMZC02(H5N2) and

EdoMexDMZC03(H5N2) viruses were found in a clade of avian influ-

enza H5N2 viruses isolated in Mexico during 1994 and 1995, and with

the influenza viruses isolated in the United States in 1994 and 1995.

The NA of the GtoDMZC04(H1N1) virus was found in a clade with

H1N1 human influenza viruses isolated in the United States during

2013 and 2014. The analysis of the sequences indicated that the NA

protein of the JalDMZC05(H1N1) and GtoDMZC09(H1N1) viruses

were found in a clade of porcine H1N1 influenza viruses isolated in

Mexico in the period of 2012–2014. The NA of the JalDMZC12(H3N2)

virus was found in a clade with porcine influenza viruses from Canada

and the United States, isolated during 2005 and 2006 (Figure 3).

F IGURE 1 Percentage and number of samples per state. Different colors in the map represent the sampled states; whereas the graph
shows the percentage and number of samples obtained for each state [Colour figure can be viewed at wileyonlinelibrary.com]
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Regarding the origin identification of the eight genetic segments

of the influenza viruses isolated in Mexico, it is clear that the eight

segments that form the GtoDMZC01(H1N2) virus have a porcine

origin; the genes of the PB1, PA, NP and NS proteins correspond

to the H1N1 subtype, the NA to the H3N2 subtype and the pro-

teins PB2, HA and M to the H1N2 subtype. In the case of the

GtoDMZC02(H5N2) and EdoMexDMZC03(H5N2) viruses, their

eight segments have an avian origin and correspond to the H5N2

subtype. On the other hand, the eight segments of the

GtoDMZC04(H1N1) virus have a human origin and correspond to

the H1N1 subtype; whereas, the eight segments of the JalDMZC05

(H1N1) virus have a porcine origin and also correspond to the

H1N1 subtype. The eight segments of the GtoDMZC09(H1N1)

virus have a porcine origin and the PB2, PB1, PA, HA, NP, NA and

M proteins correspond to the H1N1 subtype; however, NS belongs

to the H3N2 subtype. The eight segments of the HgoDMZC11

TABLE 1 Number of positives and negatives according to the origin and subtype of the obtained sequences in our study

State (−)* (+)* Sequences obtained Identification in trees**

Slaughterhouse

Jalisco 207 1 A/swine/Mexico/JalDMZC12/2015(H3N2)a

JalDMZC12(H3N2)b

MH006723‐MH006730c

JalDMZC12H3N2_swine_MEX_2015.

State of Mexico 78 0 ‐

Guanajuato 60 1 A/swine/Mexico/GtoDMZC09/2015(H1N1)a

GtoDMZC09(H1N1)b

MH006699‐MH006706c

GtoDMZC09H1N1_swine_MEX_2015.

Michoacan 3 1 ‐

Hidalgo 2 1 A/swine/Mexico/HgoDMZC11/2015(H3N2)a

HgoDMZC11(H3N2)b

MH006715‐MH006722c

HgoDMZC11H3N2_swine_MEX_2015.

Puebla 3 0 ‐

Farm

Sonora 30 1 ‐

Jalisco 16 1 A/swine/Mexico/JalDMZC05/2015(H1N1)a

JalDMZC05(H1N1)b

MH013200‐MH013207c

JalDMZC05H1N1_swine_MEX_2015.

Michoacan 15 0 ‐

Puebla 15 0 ‐

Guanajuato 11 3 A/swine/Mexico/GtoDMZC04/2015(H1N1)a

GtoDMZC04(H1N1)b

MH013192‐MH013199c

A/swine/Mexico/GtoDMZC01/2014(H1N2)a

GtoDMZC01(H1N2)b

KT225468‐KT225475c

A/swine/Mexico/GtoDMZC02/2014(H5N2)a

GtoDMZC02(H5N2)b

KU141369‐KU141376c

GtoDMZC04H1N1_swine_MEX_2015.

GtoDMZC01H1N2_swine_MEX_2014.

GtoDMZC02H5N2_swine_MEX_2014.

Morelos 10 0 ‐

Queretaro 9 0 ‐

Yucatan 9 0 ‐

Veracruz 3 0 ‐

State of Mexico 2 1 A/swine/Mexico/EdoMexDMZC03/2015(H5N2)a

EdoMexDMZC03(H5N2)b

MH013208‐MH013215c

EMXDMZC03H5N2_swine_MEX_2015.

Nuevo Leon 2 0 ‐

Hidalgo 1 0 ‐

Total 476 10 8

aInternational classification for each virus. bAbbreviations used for each virus. cGenbank accession numbers for each virus. dby the qRT‐PCR assay.
eIdentification used in the construction of inferred phylogenetic trees.
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(H3N2) virus have a porcine origin; the PB1, NP, M and NS pro-

teins correspond to the H1N1 subtype and the PB2, PA, HA and

NA proteins to the H3N2 subtype. Finally, the eight segments of

the JalDMZC12(H3N2) virus have a porcine origin and correspond

to the H3N2 subtype (Table 2).

4 | DISCUSSION

In our study, the central region of Mexico is where the largest num-

ber of sequences was obtained; therefore, it could be the region

where the largest number of rearrangements occur with viruses of

F IGURE 2 The tree is drawn to scale, with branch lengths corresponding to the number of substitutions per site. Mexican isolates are
observed in color depending on the subtype: H1N1 (blue), H3N2 (pink), H1N2 (gray), H5N2 (orange). The brackets and arrows indicate the
classification of Anderson et al., 2016 [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 3 The tree is drawn to scale, with branch lengths corresponding to the number of substitutions per site. Mexican isolates are
observed in color depending on the subtype: H1N1 (blue), H3N2 (pink), H1N2 (gray), H5N2 (orange) [Colour figure can be viewed at
wileyonlinelibrary.com]
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different subtypes, due to production conditions where different

species interact in the same habitat (INEGI, 2007).

In our analysis, we identified that in the GtoDMZC01(H1N2),

GtoDMZC09(H1N1) and HgoDMZC11(H3N2) viruses, there are

rearrangements between different subtypes. On the other hand, the

inter‐species barrier crossing was appreciated in the following

viruses: GtoDMZC02(H5N2) and EdoMexDMZC03(H5N2), which

were transferred intact from chicken to pig; and in GtoDMZC04

(H1N1) which was transferred intact from human to pig. Only two

viruses were found without change JalDMZC05(H1N1) and

JalDMZC12(H3N2). Several phylogenetic analyzes suggest that the

transmission between species has occurred from birds to pigs (Kara-

sin et al., 2000; Lee et al., 2009; Peiris et al., 2001), horses to pigs

(Tu et al., 2009), and from humans to pigs (Nelson, Gramer, Vincent,

& Holmes, 2012; Nelson et al., 2014).

There are several studies that have reported the transmission of

influenza viruses between humans and pigs, suggesting that these

viruses have circulated without being detected (Cappuccio et al.,

2011; Nelson, Culhane et al., 2015; Nelson, Schaefer et al., 2015). In

our study, we identified one subtype of viruses of human origin in

Mexican pigs and although there are surveillance data regarding

influenza viruses in the human population of this country (“Dirección

General de Epidemiología, 2017”, “FluNet, 2017”). Although, it has

been reported that the H1N1 and H3N2 subtypes are officially cir-

culating in the Mexican swine population, until 2012, a seropreva-

lence of 80.26% was reported for the first time in Mexico for the

H1N2 subtype (Lara‐Puente, 2012); whereas in other study, the

serological evidence for the H1N2 subtype was shown since 2010

(Gaitán‐Peredo, 2016). In addition, a virus was isolated in the central

region of Mexico, where the genetic characterization and phyloge-

netic analysis determined that it corresponded to an H1N2 influenza

virus, and that the segments came from humans and pigs, besides

reporting a 26.74% seroprevalence towards the same subtype (Sán-

chez‐Betancourt, Cervantes‐Torres, Saavedra‐Montañez, & Segura‐
Velázquez, 2017). In our study, an H1N2 influenza virus was phylo-

genetically analyzed, showing that all of its segments have a porcine

origin; however, it is rearranged with the H1N1 and H3N2 subtypes.

In 2008, two H5N2 viruses were reported in Korea and were

isolated from pigs. The sequencing and phylogenetic analysis of the

proteins determined that the Sw/Korea/C12/08 isolate corresponds

to a fully avian virus from wild birds (Lee et al., 2009), similar to the

H5N2 viruses reported in our study, where all their proteins corre-

spond to an avian virus. However, in our analysis, the H5N2 sub-

types were located in a clade of influenza viruses that originated

from production birds (chicken) that were isolated and characterized

in Mexico during 1994 and 1995. This coincided with several low‐
pathogenicity outbreaks of influenza viruses in 1994, which mutated

into a high pathogenicity H5N2 strain during 1995 (“Servicio Nacio-

nal de Sanidad, Inocuidad y Calidad Agroalimentaria, 2017”).
In Mexico there is an evident scenario for the transmission of

chicken virus to pigs, due to the existence of mixed production sys-

tems, where two different species (chicken and pigs) share physical

spaces (INEGI, 2007). However, the participation of dogs in the dis-

semination and the interspecies transmission of influenza viruses

should not be ruled out (Giese et al., 2008; Song et al., 2013). In

China during 2009, an H5N2 influenza virus was isolated from a dog

that showed respiratory signs (Guang‐jian, Zong‐shuai, Yan‐li, Shi‐jin,
& Zhi‐jing, 2012). Later on, the transmission of this virus from dog

to dog was confirmed (Song et al., 2013). Afterwards, infective mani-

festations of this H5N2 virus were observed in cats and chickens

(Hai‐xia et al., 2014).

Our results show that in Mexico, there are viruses with gene

rearrangements and viruses that have crossed the inter‐species bar-

rier; for this reason, it is important to continue characterizing the A‐
type influenza viruses circulating in animal populations, in order to

identify the new variants, particularly those closely associated with

humans to avoid potential zoonotic threats.

Based on the phylogenetic analysis, we conclude that within the

Mexican swine population, there are circulating viruses that have

undergone punctual mutations and protein rearrangements with dif-

ferent subtypes. On the other hand, we also determined that some

segments of human influenza viruses have been rearranged with

swine influenza viruses, and these have been detected in Mexican

pigs (see figures S1–S6).

TABLE 2 Origin of the genetic segments of swine influenza viruses identified in Mexico [Colour table can be viewed at
wileyonlinelibrary.com]

SEGMENT 1 2 3 4 5 6 7 8
PROTEIN PB2 PB1 PA HA NP NA M NS

A/swine/Mexico/GtoDMZC01/2014(H1N2) S S S S S S S S
A/swine/Mexico/GtoDMZC02/2014(H5N2) C C C C C C C C
A/swine/Mexico/EdoMexDMZC03/2015(H5N2) C C C C C C C C
A/swine/Mexico/GtoDMZC04/2015(H1N1) H H H H H H H H
A/swine/Mexico/JalDMZC05/2015(H1N1) S S S S S S S S
A/swine/Mexico/GtoDMZC09/2015(H1N1) S S S S S S S S
A/swine/Mexico/HgoDMZC11/2015(H3N2) S S S S S S S S
A/swine/Mexico/JalDMZC12/2015(H3N2) S S S S S S S S

Notes. The Mexican isolates are located in the left side column and the segments of each protein are represented by a color chart depending on the

subtype to which they belong: H1N1 (blue), H3N2 (pink), H1N2 (gray) and H5N2 (orange).

The letters that are inside the coloring boxes indicate the species to which they correspond: swine (S), chicken (C) and human (H).
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Karina Jácome-López,5 Elphege P. Nora,6,7 Benoit G. Bruneau,6,7,8,9 Aristotelis Tsirigos,3,4 Mayra Furlan-Magaril,5

Jane Skok,3 and Danny Reinberg1,2,10,*
1Department of Biochemistry and Molecular Pharmacology, NYULSoM, New York, NY, USA
2Howard Hughes Medical Institute, NYU Langone Health, New York, NY, USA
3Department of Pathology, NYULSoM, New York, NY, USA
4Applied Bioinformatics Laboratories, NYU School of Medicine, New York, NY 10016, USA
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SUMMARY

The function of the CCCTC-binding factor (CTCF) in
the organization of the genome has become an
important area of investigation, but the mechanisms
by which CTCF dynamically contributes to genome
organization are not clear. We previously discovered
that CTCF binds to large numbers of endogenous
RNAs, promoting its self-association. In this regard,
we now report two independent features that disrupt
CTCF association with chromatin: inhibition of tran-
scription and disruption of CTCF-RNA interactions
through mutations of 2 of its 11 zinc fingers that are
not required for CTCF binding to its cognate DNA
site: zinc finger 1 (ZF1) or zinc finger 10 (ZF10). These
mutations alter gene expression profiles as CTCF
mutants lose their ability to form chromatin loops
and thus the ability to insulate chromatin domains
and to mediate CTCF long-range genomic interac-
tions. Our results point to the importance of CTCF-
mediated RNA interactions as a structural compo-
nent of genome organization.

INTRODUCTION

Spatial and temporal control of gene expression is crucial for the

development of multicellular organisms. Improper gene expres-

sion leads to developmental abnormalities and diseases such as

cancer. In addition to the ‘‘linear’’ genetic information, the three-

dimensional (3D) spatial organization of the eukaryotic genome

within the nucleus contributes to genome function (Bonev and

Cavalli, 2016; Merkenschlager and Nora, 2016).

The 3D genome is hierarchically organized: from nuclear com-

partments, to large insulated chromatin domains, to short-range
412 Molecular Cell 76, 412–422, November 7, 2019 ª 2019 Elsevier I
cis-interactions. These chromatin domains are designated

throughout the literature as topological associated domains

(TADs), topologically constrained domains, physical domains,

insulated neighborhoods, contact domains, or loop domains

depending on their characteristics, size, and the algorithms

used to identify them (Lieberman-Aiden et al., 2009; Dixon

et al., 2012; Dowen et al., 2014; Nora et al., 2017; Rao et al.,

2017). To avoid confusion, we simply call them chromatin-inter-

acting domains. These domains are formed and delimited pri-

marily by the interaction of CTCF with the cohesin complex,

and proteins such as YY1, the Mediator complex, and others

yet to be discovered. CTCF and the cohesin complex are pivotal

to 3D structure formation (Rowley and Corces, 2018). The

depletion of either factor has drastic effects on chromatin struc-

ture, with chromatin-interacting domains essentially disappear-

ing (Nora et al., 2017; Rao et al., 2017). The most widely

accepted explanation of how chromatin organizes 3D structure

is through the loop extrusion model (Fudenberg et al., 2017).

This model proposes that cohesin rings create loops by actively

extruding DNA until the cohesin complex contacts two CTCF-

binding sites in convergent orientation to serve as anchors.

This simplifies the underlying mechanism of chromatin organi-

zation, but many questions remain unanswered as to how these

domains are regulated temporally and in a cell type-specific

manner and the repertoire of factors that participate in this

process.

Although most chromatin domain boundaries are enriched by

CTCF and cohesin, the majority of CTCF-bound sites are found

elsewhere in the genome (Merkenschlager and Nora, 2016).

Furthermore, CTCF and cohesin binding sites are significantly

conserved among cell types, yet many of them, as well as

many chromatin-interacting domains, display cell type-specific

patterns and changes during differentiation as a result of

stage-specific transcription factors (Narendra et al., 2016;

Pękowska et al., 2018; Stadhouders et al., 2018).

Together with CTCF, YY1, cohesin, and Mediator complexes

are also implicated in defining chromatin architecture at
nc.
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Figure 1. Transcriptional Inhibition Disrupts CTCF Binding Predominantly in TSS

Transcription was inhibited in mESCs for 4 h with co-incubation of DRB and triptolide. Cells incubated with DMSO served as control.

(A) Shows CTCF ChIP-seq heatmaps centered and rank-ordered on CTCF-binding sites. Corresponding average density profiles are plotted at the top of the

heatmaps to illustrate differences between DMSO and 4 h of TI.

(B) A subset of peaks exhibit dramatically reduced CTCF enrichment after 4 h of TI. Overlapping peaks for TSS are highlighted in blue.

(C) Average density profiles for the same ChIP-seq as (A) but centered on TSS.

(D) Boxplot showing the motif affinity scores for CTCF-binding sites lost after transcriptional inhibition versus a random set of CTCF-binding sites in the control

(Mann-Whitney test, p < 0.0001).

(E) Representative example of a CTCF peak with decreased binding to the TSS of the Slain2 gene. ChIP-seq tracks for DMSO (gray) and 4 h of TI (red) are

overlapped for comparison.

(F) 5C heatmap depicting the interaction frequency between restriction fragments across a 4 Mb region surrounding the HoxA cluster (data were binned in 15 kb

windows; step size 5 kb; the median is shown). Comparative 5C heatmap shows increased (red) and decreased (blue) interactions after TI. Overlapped ChIP-seq

tracks above illustrate decreased binding of CTCF. Darker colors represent increasing interaction frequency.

(G) Zoom into a chromatin domain delimited by CTCF sites (top). Overlapped ChIP-seq tracks for DMSO (gray) and 4 h of TI (red) illustrate no change in CTCF

binding for the loop enclosed in a rectangle (bottom).
different topological ranges and all of these proteins bind RNA

(Lai et al., 2013; Li et al., 2013; Phillips-Cremins et al., 2013; Sal-

daña-Meyer et al., 2014; Sigova et al., 2015). A growing number

of examples demonstrate that RNA can recruit and either stabi-

lize or destabilize protein binding to chromatin, as in the case of

the PRC2 complex or YY1, respectively (Beltran et al., 2016; Ka-

neko et al., 2014a, 2014b; Sigova et al., 2015; Xiao et al., 2019).

Furthermore, both CTCF and YY1 can form dimers and oligo-

mers in an RNA-dependent manner, which may account for

the regulation of far cis-interactions on chromatin (Saldaña-

Meyer et al., 2014; Weintraub et al., 2017).

Here, we sought to identify the functional relevance of CTCF-

RNA interactions using two strategies: (1) inhibiting transcription

and (2) rescuing the loss of wild-type endogenous CTCF through

the expression of RNA binding-deficient mutants. We concen-

trated on three distinct levels of regulation: (1) gene expression

using single-cell RNA sequencing (RNA-seq) and bulk RNA-

seq; (2) chromatin binding via ChIP-seq; and (3) chromatin struc-

ture via 5C and Hi-C. We demonstrate that decreased RNA

binding to CTCF disturbs its stability on chromatin with direct

and likely indirect effects on gene expression and 3D chromatin

organization.
RESULTS

Transcriptional Inhibition Disrupts CTCF Binding to
Chromatin
To unbiasedly test if RNA binding is integral to CTCF activity

genome-wide, we first performed chromatin immunoprecipita-

tion followed by deep sequencing (ChIP-seq) after transcrip-

tional inhibition (TI) by treating mouse embryonic stem cells

(mESCs) with both DRB and triptolide. This treatment, which in-

hibits initiation and elongation of transcription and promotes

degradation of RNAP II (Bensaude, 2011), had no impact on

CTCF protein levels (Figure S1A). Nonetheless, we detected an

overall modest decrease in CTCF association with chromatin

genome-wide (Figure 1A). Similar results were observed after

depleting RNA by incubation with RNase A (Figure S1B).

Because CTCF is widely present throughout the genome within

both intragenic and intergenic regions (Bonev and Cavalli,

2016), we next focused on the specific genomic distribution be-

tween individual CTCF-binding sites in the control versus those

sites whose binding was significantly decreased after TI and

RNase A treatment (Table S1). We found that CTCF-binding sites

within transcription start sites (TSSs) and promoters were the
Molecular Cell 76, 412–422, November 7, 2019 413



most significantly affected (Figures 1B, 1C, S1B, and S1C). To

quantify the affinity of those affected sites, we used DeepBind,

a deep-learning algorithm that has been trained on numerous

ChIP-seq datasets and can be used to score the affinity of any

given sequence for the CTCFmotif. Remarkably, sites perturbed

by TI were those with motifs with significantly lower affinity

compared with a random sample of stable CTCF-bound regions

(p < 0.0001, Mann-Whitney test; Figure 1D).

Regarding chromatin structure, 5C experiments targeting

a 4 Mb region showed that throughout this region (chr6:

49,943592–54,370,091), CTCF binding was decreased together

with a general increase in chromatin interactions (Figures 1F and

S1D). Remarkably, the chromatin loop whose right anchor re-

sides at the HoxA cluster boundary was disrupted (Figures 1G

and S1E), without the loss of CTCF binding in the boundary, as

illustrated by the overlapping ChIP-seq tracks (Figure 1G, bot-

tom). These results favor the hypothesis that the role of CTCF

in 3D chromatin structure is subject to at least two levels of

regulation: (1) direct binding to chromatin and (2) regulation of

CTCF-CTCF interactions in complex with RNA molecules to

form chromatin loops at sites surrounding the HoxA cluster

and probably others throughout the genome.

High-Resolution Mapping of RNA-Binding Regions
(RBRs) in CTCF
The observations above are suggestive but cannot distinguish

between a direct disruption of CTCF-RNA interactions or the

various possible indirect effects of inhibiting transcription. To

directly test the former case, we first defined putative RNA bind-

ing-deficient mutants. We focused on two regions detected by

RBR-ID (He et al., 2016): one overlapping part of zinc finger 1

(ZF1) (aa 264–275; KTFQCELCSYTCPR) and another within

ZF10 (aa 536–544; QLLDMHFKR), the latter having been identi-

fied previously through biochemical mapping of CTCF (Saldaña-

Meyer et al., 2014) (Figure 2A; Table S2). Henceforward, the

deletion of these 14 and 9 amino acids from ZF1 and ZF10,

respectively, will be denoted as ZF1D and ZF10D.

Given that homozygous deletion of CTCF is embryonically le-

thal (Kemp et al., 2014; Moore et al., 2012), we induced the rapid

degradation of endogenously tagged CTCF-GFP using the

auxin-inducible degron (AID) system as previously described

(Nora et al., 2017) and rescued the cells with either wild-type

(WT) or RNA binding-deficient CTCF mutants; degradation of

CTCF without rescue was lethal after 2–4 days (Nora et al.,

2017). To bypass this issue, we transduced cells with lentivirus

containing a vector encoding an internal ribosomal entry site

(IRES) that allows a WT or mutant version of CTCF and the red

fluorescent protein mCherry to be simultaneously expressed

from a single mRNA transcript. We then sorted the successfully

infected cells (mCherry positive and GFP negative; Figure 2B) to

obtain a pooled population of steady-state rescues after degra-

dation of the endogenous CTCF protein via AID (Figures 2B

and S2A).

Although both ZF1D and ZF10D mutants rescued the lethality

of endogenous CTCF depletion and had comparable levels of

expression (Figures 2C and S2B), the cells exhibited a signifi-

cantly slower proliferation rate relative to the WT rescue but pre-

sented no drastic changes in their cell cycle (Figures S2C–S2E).
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These results suggested that an important biological role of

CTCF involves ZF1 and ZF10. Our previous report on CTCF-

RNA interactions shows that an internal deletion (aa 574–614)

within the RBR-ZF10 (aa 520–727) displays significant defects

in self-association but no defects in binding to the cohesin com-

plex (Saldaña-Meyer et al., 2014). ZF1D also retained its ability to

interact with the cohesin complex, with apparently the same

efficiency as that of ZF10D and WT CTCF (Figure 2C). We then

performed the rescues in the absence of auxin and probed for

the capacity of endogenous CTCF to co-precipitate the rescue

proteins using an antibody against GFP (endogenous CTCF

was readily distinguishable from the rescues given the molecular

weight differences). Both mutants displayed defects in interac-

tion with endogenous CTCF, reflecting a defect in self-associa-

tion (�60%) compared with the WT rescue (Figure 2D).

To directly test the RNA-binding capacity of thesemutants, we

used photoactivatable ribonucleoside-enhanced cross-linking

and immunoprecipitation (PAR-CLIP). The WT rescue showed

robust binding to RNA molecules, whereas both ZF1D and

ZF10D mutants displayed drastic reductions in binding, as evi-

denced by a significantly decreased signal in radiolabeled RNA

compared with the WT rescue (Figure 2E). Notably, naturally

occurring mutations in endometrial and breast cancer within

ZF1 (H284N) and ZF10 (C528S) target the histidine or cysteine

residues that are essential for zinc binding in C2H2 type ZFs

(Kemp et al., 2014) (Figure 2F). Surprisingly, point mutations

within ZF1 (H284N) or ZF10 (C528S) had no detectable defect

on RNA binding (Figures 2E and 2F). These results suggest

that CTCF binding to RNA is not just a consequence of simple

RNA affinity to its ZFs but instead requires a structural conforma-

tion or binding of other components that are disrupted indepen-

dently by deletion of the respective RBRs in ZF1 and ZF10.

Deletion of RBRs in CTCF Disturbs Gene Expression
To test if the presence of RNA binding-defective mutants had

any effect on gene expression, we subjected the rescue cell lines

to single-cell RNA-seq (scRNA-seq). Principal-component anal-

ysis (PCA) showed similarities between the different rescues but

also underscored the clear distinction between each population

of cells (Figure 3A; Table S3). Further analysis on the differential

expression represented as heatmaps showed that downregu-

lated genes are similar in both mutant rescues, but distinct clus-

ters of genes are upregulated for ZF1D and ZF10D (Figures 3B

and S3A).

scRNA-seq allows us to monitor the variability and consis-

tency of the phenotypes we observe at the single-cell level,

but it is not regularly used to test differential expression,

because of the lower sequencing depth per cell (Rizzetto

et al., 2017). Given these limitations, we also performed regular

bulk RNA-seq and compared the two approaches. The differen-

tially expressed genes (DEGs) for ZF1D and ZF10D rescue cell

lines showed good overlap (687 genes, false discovery rate

[FDR] < 0.05) even at different thresholds of significance (215

genes, FDR < 0.001) between bulk and scRNA-seq (232 genes)

(Figure 3C). Comparing all DEGs from both RNA binding-defi-

cient mutants with all DEGs from cells depleted of CTCF for

24 and 48 h provided similar overlaps (824 genes, FDR < 0.05)

(Figure 3C; Table S4). Remarkably, all these different DEGs
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Figure 2. Deletions in ZF1 and ZF10 Independently Abolish CTCF Binding to RNA
(A) Schematic representation of known domains ofWTCTCFwith its 11 zinc fingers being numbered (top); smoothed residue-level RBR-ID score (He et al., 2016),

plotted along the primary sequence (bottom).

(B) FACS analysis highlighting percentage of GFP+ or mCherry+ CTCF-AID-GFP mESCs with or without rescue of CTCF: WT, ZF1D, or ZF10D.

(C) Immunoprecipitation of all rescue cell lines indicated and immunoblots for CTCF and Rad21.

(D) Representative image of GFP-CTCF incubated with each rescue, immunoprecipitated with a GFP antibody and blotted against CTCF (left); bar graph

quantification of each rescue protein relative to the GFP-CTCF (n = 5) (right).

(E) PAR-CLIP of stably expressed WT and mutant CTCF in mESCs. Autoradiography for 32P-labeled RNA (top) and control western blot (middle and bottom).

(F) Schematic representation of ZF1 and ZF10 of CTCF; mutations found in breast and endometrial cancer that alter zinc binding are shown in black; mutations

that do not alter zinc binding are in blue, and RBR-ID deletions are in brackets.
displayed a distinctive similarity with promoters and/or gene

bodies containing CTCF-binding sites, a feature that is signifi-

cantly lower for randomly picked genes (Figure 3D). Further-

more, using DeepBind to examine the motif affinity of CTCF

sites at TSSs and intragenic regions of DEGs, we observed a

significantly lower score compared with control sites (Mann-

Whitney test, p < 0.001; Figure 3E). Considering the binding pro-

file of CTCF on the TSSs of DEG, we can distinguish at least two

groups: one that has CTCF binding enriched at or near TSSs

and one without it in the WT situation (Figure S3B). It was previ-

ously shown that after 24 h of CTCF depletion, downregulated

genes are enriched for CTCF-binding sites at TSSs (Nora

et al., 2017), yet our results suggest no distinction between

down- and upregulated genes.

These data indicate that although both ZF1D and ZF10D have

similar deficiencies in RNA binding (and self-association), yet

retain efficient interaction with the cohesin complex (Figure 2),
they appear to engender distinct gene expression profiles that

partially but do not completely overlap with each other and

with acute depletion of CTCF.

Deletion of RBRs in CTCF Disturbs Its Chromatin
Binding
Next, we focused on the genome-wide binding of the mutant

rescues. Findings from ChIP-seq experiments reflect those

presented above for TI and RNase A digestion (Figures 1 and

S1). To identify specific differences between rescues, we used

the R package DiffBind, which incorporates statistical analyses

developed for RNA-seq (DESeq2) that have been modified

to analyze ChIP-seq data. We observed that most binding

sites were unchanged between conditions (Figure S4A; Table

S5). Importantly, we found 2,528 differentially bound sites in

ZF1D and 2,823 in ZF10D, of which only 174 were shared

(FDR = 0.05, log2 fold change > 1) (Figures 4A, S4A, and S4B).
Molecular Cell 76, 412–422, November 7, 2019 415
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Figure 3. Gene Expression Defects Are

Partially Preserved between RBR Deletions

(A) Principal-component analysis (PCA)-based

representation of single-cell RNA-seq data for

rescue cell lines from WT (gray), ZF1D (black), and

ZF10D (red). Each dot represents a single cell, and

dots are arranged on the basis of PCA. The final

number of cells sequenced per condition is noted in

parentheses.

(B) Heatmaps depicting differentially expressed

genes from scRNA-seq.

(C) Venn diagrams showing the overlap between

differentially expressed genes for the different

conditions and levels of significance.

(D) Bar graph illustrating the percentage of genes

that have at least one CTCF-binding site for CTCF in

the promoter region or gene body.

(E) Boxplot showing the motif affinity scores for

CTCF-binding sites within DEG represented in (B)

compared with a random sample of genes (Mann-

Whitney test, p < 0.0001).
Furthermore, this differential binding seems to be mediated by a

change in enrichment from an adenine to a guanine in the eighth

position of the CTCF consensus sequence in ZF1D, but not for

ZF10D (Figure 4B). This base is part of a triplet that ZF6 binds,

suggesting that the binding site change is not a direct effect of

the mutation (Hashimoto et al., 2017). Notably, we found that

the CTCF-binding sites lost in the ZF1D rescue were located

primarily at promoters, whereas ZF10D mutations were located

mainly in intronic and intergenic regions. However, both

binding sites correlated with a lower motif affinity compared

with control sites (Mann-Whitney test, p < 0.0001; Figures 4C,

4D, and S4C).

By integrating ChIP-seq and RNA-seq results, we can appre-

ciate that the decrease in promoter binding can directly correlate

with the change in gene expression, especially for ZF1D, which

exhibited a more drastic decrease in CTCF binding. In some in-

stances, ZF10D also resulted in reduced binding to promoters,

as in the case of the Cdkn2a gene (Figures 4E, 4F, and S3B).

Taken together, these results suggest that although many simi-

larities exist between ZF1D and ZF10D, the preference for spe-

cific sequences in the genome can partially account for their

different phenotypes. This and the other differences observed

are likely a result of the deletions disrupting RNA-dependent in-

teractions with other proteins.

Deletion of RBRs in CTCF Disturbs 3D Chromatin
Structure
To study 3D chromatin conformation, we performed Hi-C and

generated approximately 6 billion Hi-C contacts from each

rescue cell line (�2.0 billion per condition) (Figures S5A and

S5B). First, we focused on chromatin loops that are evident in

Hi-C maps by the appearance of a higher frequency spot at

the corner of a chromatin-interacting domain (a region that inter-

acts more frequently than expected), indicative of a CTCF-

CTCF-mediated chromatin loop.
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To quantify the differences between mutants, we used the

aggregate peak analysis (APA) method (Durand et al., 2016),

which superimposes the signals from all loops (peak pixels), giv-

ing a combined signal for each condition. The genome-wide APA

signal was strong for the WT rescue (2.38), while it was

decreased for both ZF1D (1.18) and ZF10D (1.93) (Figures 5A

and 5B). These decreases directly correlated with a lower num-

ber of annotated loops for the mutants (Figure 5C). For the WT

rescue cells, we annotated 9,578 loops. Strikingly, loops mostly

disappeared in the ZF1D rescue, whose binding sites are specif-

ically lost at promoters, with a loss of �70% of loops (Figure 5C)

that was obviously evident by visual examination. For ZF10D, for

which the affected binding sites are located primarily within inter-

genic regions, we annotated 7,668 loops, and although most

loops were intact as determined by visual examination, the pixel

intensity was reduced compared withWT loops (Figures 5A–5C).

By integrating ChIP-seq and Hi-C maps, we observed at least

two general types of loops exhibiting either (1) the loss of

CTCF binding on at least one anchor (Figures 5D and S5C) or

(2) loop disruption without the loss of CTCF binding at either

anchor (Figures 5E and S5D).

Using Arrowhead to annotate chromatin-interacting domains,

we observed a modest reduction in the two mutants, with ZF1D

being themost affected, having fewer but larger domains; similar

results were obtained using Hicratio. We annotated 6,501 and

3,311 chromatin-interacting domains for WT, 5,310 and 3,054

for ZF1D, and 5,749 and 3,118 for ZF10D using Arrowhead and

Hicratio, respectively (Figure S5F; Table S6). Chromatin-inter-

acting domains were also called using Crane insulation scores

(Crane et al., 2015) at 40 kb bin resolution with an insulating win-

dow of 103 or 500 kb, both of which identified similar numbers of

chromatin domains (Figure S5F).

Next, we tested if there were any changes in the interaction

frequency within conserved chromatin-interacting domains.

We classified these domains in terms of decreased, increased,
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Figure 4. Deletion of RBRs in CTCF Disturb

Its Chromatin Binding

(A) CTCF ChIP-seq for WT (gray), ZF1D (black), and

ZF10D (red) rescue cell lines. Heatmaps were

generated by centering and rank-ordering on CTCF-

binding sites. Those lost for ZF1D (top) or ZF10D

(bottom) are shown.

(B) De novo motif discovery was called for binding

sites in (A), and a black box encloses the eighth

position in which A to G was specifically preferred

by ZF1D.

(C) Boxplot showing the motif affinity scores for

CTCF-binding sites in (A) compared with un-

changed sites (Mann-Whitney test, p < 0.0001).

(D) Bar graph representing the top three genomic

regions for CTCF sites in (A).

(E and F) Mean expression levels for differentially

expressed gene Cdkn2a (E) and corresponding

ChIP-seq tracks (F) under each condition.
or stable activity (FDR < 0.1). Regardless of the algorithm used to

call chromatin-interacting domains, we observed that compared

with the WT rescue, both mutants had a predominantly

increased interaction frequency in domains with altered activity

(Figure 6A; Figure S5E), a trend that reflected the 5C results

from TI and RNase A conditions (Figures 1F, 1G, S1D, and S1E).

Importantly, about 60% of ZF1D sites with decreased binding

were located in gene promoters. An obvious assumption would

be that CTCF is functioning as a transcription factor in these

cases. Nonetheless, ZF1D presented the most striking pheno-

type of chromatin loop disruption. Thus, we analyzed the fre-

quency at which TSSs are found within chromatin loop anchors.

By overlapping all TSSs with the 9,578 annotated loops for the

WT rescue, we found that 14% of loop anchors overlapped

with a TSS, and of those, the majority were delimited by CTCF

binding on each side of a chromatin-interacting domain called

by Arrowhead (Figure S5G), a significantly higher enrichment

than the 3% overlap seen in the random control. These results

suggested that CTCF can function as both a transcription factor

and an insulator at the same time. Indeed, such is the case for

some DEGs for ZF1D or ZF10D that are contained within a chro-

matin-interacting domain that is disrupted along with loss of

CTCF in their promoter region, which also serves as an anchor

for a chromatin loop (Figure 6C).

Next, we attempted to correlate gene expression with the

increased activity within chromatin-interacting domains. To do

this, we assigned a DEG (FDR < 0.05, log2 fold change > 1) to

a common chromatin-interacting domain when its promoter

overlapped with the domain. We assessed statistical signifi-

cance for downregulated or upregulated DEG for each mutant.

Only the downregulated genes for ZF1D showed a significant

correlation with increased interactions within a chromatin-inter-

acting domain (Figure 6B).

Finally, we focused on genomic compartmentalization using

PCAand hierarchical clustering, which reveals spatial segregation
Molecu
into A ‘‘active’’ and B ‘‘inactive’’ chromatin

compartments. Neither RNA binding-defi-

cient mutant rescue showed changes in
the plaid pattern, as defined by the eigenvectors of the Hi-C

correlation map, or in compartment domains, compared with

theWT control (Figure S6). This finding is consistent with previous

observations revealing that genomic compartmentalization relies

on mechanisms independent of CTCF and cohesin (Nora et al.,

2017; Rao et al., 2017).

The results above indicate that the formation of chromatin

loops requires CTCF to properly interact with RNA, and

mutations in its RBRs disturb their formation with direct and indi-

rect effects on gene expression and chromatin organization

(Figure 6D).

DISCUSSION

We previously demonstrated the ability of CTCF to bind large

numbers of RNAs (Saldaña-Meyer et al., 2014), findings that

were subsequently corroborated by others (Kung et al., 2015).

In this study, we were able to dissect a fundamental and general

role for RNA binding to CTCF. Importantly, we describe a clear

co-dependency of CTCF-RNA interaction and chromatin binding

that affects both 3D chromatin structure and transcription.

Some examples exist of individual RNAs that have important

and specific functions, and we expect that more will surface in

the future, especially for different cell types or during specific

stages of development and differentiation. Regardless, we favor

the view that most RNA molecules, not only non-coding (nc)

RNAs, have a structural and stabilizing role inside the nucleus,

as well as the potential to mediate or increase protein-protein

interactions without showing any obvious sequence specificity.

The concept of RNA as a structural component of the nucleus

originated in 1989, when the Sheldon Penman group reported

that the nuclear matrix fibers collapse and aggregate after treat-

ment with RNase A or actinomycin D in detergent-extracted

cells. They proposed that RNA is a structural component of the

nuclear matrix, which in turn might organize the higher order
lar Cell 76, 412–422, November 7, 2019 417
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Figure 5. RBR Mutants Disturb Chromatin

Loops

(A) Aggregate peak analysis (APA) was used to

measure the aggregate strength of chromatin loops

annotated by HICCUPS on the WT rescue. Loop

strength is indicated by the extent of focal enrich-

ment at the center of the plot. APA scores are shown

on the bottom left.

(B) Bar graph representing APA scores between

rescue conditions.

(C) Bar graph representing the number of chromatin

loops annotated by HICCUPS for each individual

condition.

(D) Representative contact matrix (at 5 kb resolution)

shows that the chromatin loop in the WT rescue (left)

disappears in the ZF1D (middle) or loses strength in

ZF10D (right), while CTCF binding is lost at one of the

anchors.

(E) Same as (D), but in this example CTCF remains

bound under all conditions.
structure of chromatin (Nickerson et al., 1989). More recently,

Hall et al. (2014) showed that RNAs transcribed from repetitive

LINE1 elements stably associate with interphase chromosomes

and are stable under TI. Furthermore, the loss of these nuclear

RNAs from euchromatin disrupts proper chromatin condensa-

tion, underscoring the putative structural role for transposons

including LINEs and other repetitive sequences that together

constitute more than half of the human genome (de Koning

et al., 2011; Hall et al., 2014).

CTCF is highly conserved across species (Heger et al., 2012;

Vietri Rudan et al., 2015), and the presence of its 11 ZFs sug-

gests that it can bind DNA in multiple ways (Filippova et al.,

1996; Nakahashi et al., 2013). The 20 bp DNA core motif (Holo-

han et al., 2007; Kim et al., 2007; Schmidt et al., 2010; Xie

et al., 2007) was suggested to be engaged by ZFs 4–7 in vivo (Na-

kahashi et al., 2013). This motif is present in most of the known

CTCF-binding sites identified by ChIP-seq, and the nonspecific

engagement of ZFs other than 4–7 with the flanking DNA

sequence was proposed to stabilize CTCF binding (Nakahashi

et al., 2013). Recently, the crystal structure of overlapping

stretches of CTCF’s ZFs bound to the core motif was resolved,

showing that ZFs 3–7 engage the major groove of the core

DNA motif. Importantly, it also revealed the lack of a specific

function in DNA recognition and binding for ZF1, ZF10, and

ZF11 (Hashimoto et al., 2017). Furthermore, mutating the histi-

dine of ZF1 was previously shown to modestly affect the binding

of CTCF to chromatin (Nakahashi et al., 2013). Our results show

that a comparable point mutation did not affect RNA binding, but

a deletion within ZF1 had a significant decrease in both RNA and

chromatin binding (Figures 2, 3, and 4). Last, point mutations in

ZF1 or ZF10 that do and do not affect the binding of ZFs to

DNA are found in cancer (Figure 2F) (Kemp et al., 2014). In the

context of this study, together these data suggest that the

main property of ZF1 and ZF10 is binding to RNA rather

than DNA.

Thus far, CTCF binding to DNA seems unaffected by other fac-

tors, as the knockdown of most of its binding partners is ineffec-

tual. One exception is the general transcription factor II-I (TFII-I),

which seems to stabilize CTCF binding at promoter regions
418 Molecular Cell 76, 412–422, November 7, 2019
(Peña-Hernández et al., 2015). In the context of our observations

under TI (Figure 1), the knockdown of TFII-I most likely affects the

transcription of its target genes, and hence the decrease in CTCF

binding might be an indirect effect of disrupting transcription.

Here, we showed that the CTCF-binding sites affected are those

whose sequence diverged from the core DNA-bindingmotif (Fig-

ures 1D, 3E, and 4C), suggesting that this difference can have

important roles in regulatory mechanisms, with RNA binding at

its core.

CTCF was originally described as a TF, and there are several

examples showing that CTCF binding to gene promoters is

necessary for proper transcription of tumor suppressor genes,

such as BRCA1, RB, TP53, and p16INK4a (Butcher and Rodenh-

iser, 2007; De La Rosa-Velázquez et al., 2007; Soto-Reyes and

Recillas-Targa, 2010; Witcher and Emerson, 2009). Yet because

CTCF was described as having a role as an architectural protein,

little attention has been afforded to its role as a TF. Most

arguments against CTCF being important for gene expression

rest on the relatively small number (�200–400) of genes that

are affected upon its knockdown or even its acute depletion

using an AID (Nora et al., 2017; Zuin et al., 2014). In this context,

our ZF1D and ZF10D rescue cell lines also exhibited a modest

number of DEGs, although this varied depending on the

threshold applied: �1,000 genes (FDR < 0.05) to �400 genes

(FDR < 0.001).

Additionally, when analyzing the relative occupancy of CTCF

as measured by ChIP-seq, promoter regions have significantly

less occupancy compared with its overall binding sites (Figures

1A–1C) (Weintraub et al., 2017). CTCF-binding sites with low

occupancy that diverge from the core DNA motif were associ-

ated with regulated binding during mESC differentiation (Plas-

schaert et al., 2014). In our study, we noticed that CTCF-binding

sites within DEGs share these same characteristics, and chro-

matin binding is destabilized in both ZF1D and ZF10D rescue

cell lines compared with WT (Figures 4D and 4E).

It is our view that CTCF has a significant role in regulating gene

expression on the basis of the following observations: (1) Hemi-

zygous mice for CTCF succumb to cancer in 80% of animals

tested, highlighting that chronically lower levels of CTCF have
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Figure 6. RBR Mutants Disturb Chromatin Loops

(A) Intra-domain interaction changes in WT versus ZF1D and WT versus ZF10D for common domains. CTCF mutant rescues are associated with gain (red) and

loss (blue) of intra-domain interactions.

(B) Boxplots representing the correlation between DEG and chromatin domains whose interactions are increased. Only downregulated genes for ZF1D are

significantly correlated with increased intra-domain interactions, while all others are not significantly correlated.

(C) Representative contact matrix (at 5 kb resolution) show that the chromatin loop anchor on the left overlaps with the promoter of the Syne2 gene. In the WT

rescue (left), the loop disappears in the ZF1D (middle) and is stable in ZF10D (right), while CTCF binding is lost only at the promoter and anchor for ZF1D. Syne2 is

upregulated only under the ZF1D condition.

(D) Graphical representation of a chromatin loop formed by two CTCF proteins (green) and cohesin rings (blue), stabilized by an RNA in the WT condition (left

diagram). Two outcomes are observed for the RNA binding-deficient mutants (ZF1D and ZF10D): (1) the loop is lost and a CTCF protein loses its binding to

chromatin (top, right diagram), or (2) both CTCF proteins remain bound to chromatin yet the chromatin loop is still lost (bottom, right diagram).
clear dramatic effects on the biology of the cell and seem to be a

hallmark of carcinogenesis (Kemp et al., 2014). (2) DEGs have

significantly more CTCF-binding sites in their promoters and

gene bodies (Figure 4B). (3) CTCF orientation at promoters is in

the same direction as transcription and these form loops with

internal CTCF-binding sites close to exons. These loops are

prevalent and significant for alternative splicing (Ruiz-Velasco

et al., 2017). We also found that a significant number of TSSs

overlap with anchor sites delimiting chromatin-interacting do-

mains, suggesting that CTCF can function as both a TF and an

insulator at the same time (Figure S5G). (4) Differences between

cell-type specificity of CTCF binding fit with the transcription

trapping hypothesis: RNA contributes to the maintenance and

recognition of its binding site for certain TFs such that ‘‘transcrip-

tion of regulatory elements produce a positive-feedback loop

that contributes to the stability of gene expression programs’’
(Sigova et al., 2015). All these features together underscore the

relevance of CTCF as a TF and the interplay between transcrip-

tion and chromatin organization.

In this study, we provide new insight into the relevance of

CTCF-RNA interactions.We demonstrate that chromatin looping

requires not only CTCF binding to chromatin but also to RNA.

The reduced looping capability observed in RNA binding-defi-

cient mutants causes an overall increase in interactions, high-

lighting the need for RNA molecules to stabilize the appropriate

connections. Specifically, both ZF1D and ZF10D show an in-

crease in interactions within chromatin-interacting domains

(Figure 6A). These results suggest that altered cis-interactions

and chromatin loops that are formed throughout the genome

alter cell proliferation (Figure S2B). Furthermore, gene expres-

sion alterations are enriched at boundary regions (Figure S6E),

possibly through new or disrupted promoter-enhancer contacts
Molecular Cell 76, 412–422, November 7, 2019 419



or aberrant inter-domain interactions, suggesting that these are

important regulatory regions.

We previously hypothesized that RNA molecules would stabi-

lize CTCF-CTCF loops in vivo after describing that CTCF self-

association was RNA dependent in vitro (Saldaña-Meyer et al.,

2014). In our previous study, we termed the RBR (aa 520–727)

as the region of CTCF from ZF10 to the end of the C terminus

and a deletion within that RBR (aa 574–614) was found to be

necessary for CTCF self-association and affected RNA binding

in vitro (Saldaña-Meyer et al., 2014). Unexpectedly and in

contrast to in vitro results, PAR-CLIP on full-length CTCF with

the internal deletion resulted in only a modest reduction in RNA

binding, compelling us to pursue further mapping of RBRs that

are now presented in this study. In parallel to this study, Hansen

et al. (2019) (in this issue ofMolecular Cell) showed that the inter-

nal deletion in the RBR had significant defects on self-associa-

tion and clustering but the RNA-binding defect is more modest

than the ZF1D and ZF10D mutants. Regardless, half of the

chromatin loops were disrupted in this mutant (Hansen et al.,

2019). Together, these two studies suggest that there are several

regions within CTCF than can associate with RNA and likely with

other factors, which together contribute to the stability of CTCF

binding to chromatin and to the formation of chromatin loops.

Many questions remain to be explored if transcription is

considered to be a main factor contributing to the regulation of

chromatin-interacting domains in a temporal and cell type-spe-

cific manner. Perhaps other RNA-binding proteins can account

for specific structural roles. Many chromatin-interacting do-

mains are gene poor, or the genes they contain are largely

silenced. In these cases, the contribution of nascent RNA as a

structural component appears untenable. Yet it is possible that

abundant long-lived transcripts such as those from repetitive re-

gions (Hall et al., 2014) could have a general function in chro-

matin organization of these repressed regions. On the basis of

the large number of RNA interactors that are pulled down with

CTCF (Kung et al., 2015; Saldaña-Meyer et al., 2014), we envi-

sion that these interactions might be highly redundant. Of note,

experiments performed to date have examined interactions be-

tween bulk RNA and CTCF and, importantly, have yet to be de-

signed to detect potential specificity of the interacting RNA in the

context of distinct CTCF DNA-binding sites. Determining exactly

how CTCF interacts in complex with DNA and RNA as well as

with its protein partners will be an exciting new research avenue.

Advances in technical approaches will be needed to improve our

understanding of these highly complex regulatory mechanisms.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CTCF (IP, ChIP) Abcam Cat# ab70303 RRID:AB_1209546

Anti-CTCF (WB) Millipore # 07-729 RRID:AB_441965

Anti-Lamin B Abcam Cat# ab16048 RRID:AB_10107828

Anti-Gapdh Abcam Cat# ab8245 RRID:AB_2107448

Anti-YY1 Santa Cruz # sc-7341 X RRID:AB_2257497

Chemicals, Peptides, and Recombinant Proteins

Triptolide Sigma-Aldrich Cat# T3652 N/A

DRB Sigma-Aldrich Cat# D1916 N/A

Indole-3-acetic acid sodium salt (auxin analog) Sigma-Aldrich Cat# I5148-2G N/A

CHIR99021 Stemgent N/A

PD0325901 Stemgent N/A

Critical Commercial Assays

TruSeq Stranded mRNA Kit illumina N/A

Kapa Library Prep Kit Roche N/A

Arima Hi-C Kit Arima N/A

Deposited Data

Hi-C, 5C, RNA-Seq, scRNA-Seq and ChIP-Seq data This paper GSE125595

Unprocessed gel images for Figures 2, S1 and S2 This paper https://doi.org/10.17632/xbrf8x7k22.1

Experimental Models: Cell Lines

mESC e14 CTCF-GFP-Tir1-TIGER Nora et al., 2017 N/A

mESC e14 CTCF-GFP-Tir1-TIGER-WT-Rescue This paper N/A

mESC e14 CTCF-GFP-Tir1-TIGER-ZF1D-Rescue This paper N/A

mESC e14 CTCF-GFP-Tir1-TIGER-ZF10D-Rescue This paper N/A

mESC e14 CTCF-GFP-Tir1-TIGER-ZF1-H284N-

Rescue

This paper N/A

mESC e14 CTCF-GFP-Tir1-TIGER-ZF10- H528S-

Rescue

This paper N/A

Recombinant DNA

pLVX-EF1a-IRES-mCherry Vector (pLVX) Clontech Cat# 631987

Oligonucleotides

See Table S2 This paper N/A

Software and Algorithms

RStudio RStudio RRID:SCR_000432

Samtools Li et al., 2009 RRID:SCR_002105

Integrative Genomics Viewer Robinson et al., 2011; Thorvaldsdóttir

et al., 2013

RRID:SCR_011793

Bowtie2 Langmead and Salzberg, 2012 RRID:SCR_005476

deepTools Ramı́rez et al., 2016 RRID:SCR_016366

MACS Zhang et al., 2008; https://github.com/

taoliu/MACS/

RRID:SCR_013291

HiC-Pro Servant et al., 2015 https://github.com/nservant/HiC-Pro

DESeq2 https://www.bioconductor.org RRID:SCR_015687

HiC-Bench Lazaris et al., 2017 https://github.com/NYU-BFX/hic-bench

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Juicer 1.5 Durand et al., 2016; https://github.com/

aidenlab/juicer/wiki

RRID:SCR_017226

tophat 2.1.1 Trapnell et al., 2012; https://github.com/

cole-trapnell-lab/cufflinks

RRID:SCR_013035

Homer 4.10 Heinz et al., 2010; http://homer.ucsd.

edu/homer/

RRID:SCR_010881

DiffBind Stark and Brown, 2011; http://

bioconductor.org/packages/DiffBind/

RRID:SCR_012918

ChIPseeker Yu et al., 2015 http://bioconductor.org/packages/

ChIPseeker/

DeepBind Alipanahi et al., 2015 http://tools.genes.toronto.edu/deepbind/
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Danny

Reinberg (Danny.Reinberg@nyulangone.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse ESC culture
E14Tga2 (ATCC, CRL-1821) mESCs were grown in standard medium supplemented with LIF, 1 uM MEK1/2 inhibitor (PD0325901,

Stemgent) and 3 uM GSK3 inhibitor (CHIR99021, Stemgent); rescue cell lines were also grown with 500mM of indole-3-acetic acid

(IAA, chemical analog of auxin) in the medium as in Nora et al. (2017).

METHOD DETAILS

Transcriptional inhibition
mESCs were incubated with a combination of transcriptional inhibitors (Triptolide 1 mM and DRB 100mM) for 1 or 4 hours. After

treatment cells were immediately harvested for immunoblot, ChIP and 5C experiments.

RNase A treatment
The treatment was performed as in Beltran et al. (2016). Briefly, mESCs nuclei were permeabilized with 0.05% Tween-20 in PBS for

10 min at 4C, washed once and resuspended in PBS and finally incubated with RNase A (1 mg/ml) or a mock reaction for 30 minutes.

After treatment cells were immediately harvested for ChIP and 5C experiments.

Rescue cell line generation
HEK293T to cells were grown to�90%confluency, split 1:4 and grown for one day. Cell were then transfectedwith pLVX-EF1a-IRES-

mCherry encoding CTCF WT, ZF1D, ZF10D, H284N or C528S along with their respective packaging vectors. After 4 hours of

transfection the medium was changed to complete DMEM and finally to ESC culture medium after 32-40hr of transfection. Then,

the viral supernatant was harvested, filtered through 0.45um syringe filter and added polybrene to 8mg/ml. Added the mix to cells

and spin infect (500 g X 60min). Change medium the next day. Sorted for mCherry positive cells after �2 days of infection for

each condition.

Cell isolation and flow cytometry
Single-cell suspensionswere prepared passing through 40-mmcell strainers (BDBiosciences) and sorted formCherry+mESCs using

SY3200 cell sorter. For cell cycle analysis, Click-It Edu AlexaFluor 488 Flow Cytometry Assay (Invitrogen) was used following

manufacturing protocol and counterstaining with Propidium Iodide. Stained cells were assayed with BD LSRII flow cytometer and

all results were analyzed using FlowJo software.

PAR-CLIP
PAR-CLIP was performed as in Saldaña-Meyer et al. (2014) with some modifications. Briefly, cells were grown under standard

conditions and pulsed with 400 mM 4-SU (Sigma) for 2 h. After washing the plates with PBS, cells were cross- linked with 400

mJ/cm2UVA (312 nm) using a Stratalinker UV cross-linker (Stratagene). Whole nuclear lysates (WNLs) were obtained by fractionation

and nuclei were then incubated for 10 min at 37�C in an appropriate volume of CLIP buffer (20 mM HEPES at pH 7.4, 5 mM EDTA,
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150 mM NaCl, 2% EMPIGEN) supplemented with protease inhibitors, 20 U/mL Turbo DNase (Life technologies), and 200 U/mL

murine RNase inhibitor (New England Biolabs). After clearing the lysate by centrifugation, immunoprecipitations were carried out

using 200 mg of WNLs, CTCF antibody, in the same CLIP buffer for 4h at 4�C and then added protein G-coupled Dynabeads (Life

Technologies) for an additional hour. Contaminating DNA was removed by treating the beads with Turbo DNase (2 U in 20 mL).

Cross-linked RNA was labeled by successive incubation with 5 U of Antarctic phosphatase (New England Biolabs) and 5 U of T4

PNK (New England Biolabs) in the presence of 10 mCi [32P] ATP (PerkinElmer). Labeled material was resolved on 8% Bis-Tris

gels, transferred to nitrocellulose membranes, and visualized by autoradiography. The same membrane was then blocked with

TBS-T and 5% milk and blotted for CTCF and Lamin-B.

ChIP-seq
ChIP-seq experiments were performed as described previously (Gao et al., 2012). Briefly, cells were fixed with 1% Formaldehyde.

Nuclei were isolated using buffers in the following order: LB1 (50mMHEPES, pH 7.5 at 4C, 140mMNaCl, 1mMEDTA, 10%Glycerol,

0.5%NP40, 0.25%Triton X; 10min at 4C), LB2 (10mMTris, pH 8 at 4C, 200mMNaCl, 1 mMEDTA, 0.5mMEGTA; 10min at RT), and

LB3 (10mMTris, pH 7.5 at 4C, 1mMEDTA, 0.5mMEGTA, and 0.5%N-Lauroylsarcosine sodium salt). Chromatin was fragmented to

an average size of 250 bp using a Diagenode Bioruptor. Chromatin immunoprecipitation was performed with CTCF or K27ac anti-

bodies. ChIP-seq libraries were prepared using the Kapa Library Prep Kit.

Bulk RNA-seq
Total RNA from ESCs was isolated with TRIzol (Life Technologies). Stranded libraries were then prepared with 2 mg of total RNA as

starting material using TruSeq Stranded mRNA kits following the manufacturer’s instructions.

Single-cell RNA-seq library preparation
Single-cell RNA-seq libraries were prepared using the ChromiumController (10XGenomics). Briefly, single cells in 0.04%BSA in PBS

were separated into droplets and then reverse transcription and library construction was performed according to the 10X Chromium

Single Cell 30 Reagent Kit User Guide and sequenced on an Illumina Novaseq 6000.

Single-cell RNaseq analysis was performed for three 10X libraries (WT, ZF1D and ZF10D rescues) and sequenced on a paired-end

26/98 Illumina NovaSeq 6000 S2 run. Per-read per-sample FASTQ files were generated using the bcl2fastq Conversion software

(v2.20) to convert BCL base call files outputted by the sequencing instrument into the FASTQ format. The 10X Genomics analysis

software, Cell Ranger (v2.1.0), specifically the ‘‘cellranger count’’ pipeline, was used to align reads from the generated FASTQ files

to the mouse reference genome mm10, generate gene-barcode expression matrices, and perform clustering and differential gene

expression analysis. The outputs of the three conditions (WT, ZF1D and ZF10D) from the ‘‘cellranger count’’ pipeline were aggregated

using the ‘‘cellranger aggr’’ pipeline of Cell Ranger, normalizing the combined output to the same sequencing depth and recomputing

the gene-barcode matrices and expression analysis accordingly for the aggregated data.

Hi-C library preparation
Hi-C libraries were constructed using the Arima kit following the manufacturer’s instructions. Briefly, cells were crosslinked with 2%

formaldehyde to obtain 1-5 mg of DNA per Arima-HiC reaction. Importantly, the crosslinked cell pellet for each Arima-HiC reaction

should not occupy more than 20 mL of volume in the sample tube and be devoid of any residual liquid. The Arima kit uses an enzyme

cocktail that cuts at the following motifs, where ‘^’ is the cut site on the + strand: ^GATC, G^ANTC (N can be either of the 4 genomic

bases). Because a digested end produced by one enzyme can be ligated to a digested end produced by the other enzyme, there are 4

possible ligation junction signatures in the chimeric reads: GATC-GATC, GANT-GATC, GANT-ANTC, GATC-ANTC. All enzymatic re-

actionsweremade in PCR tubes and incubationwas performed using a thermocycler. Libraries were prepared using the Kapa Library

Prep Kit with a modified protocol provided by Arima.

Definition of regulatory regions
Enhancers

For Figures S1C and S3B. Typical-enhancer coordinates were downloaded from Whyte et al. (2013)

5C Library Preparation

5C was performed as in Narendra et al. (2016). Briefly, 5C primers were annealed at 48�C for 16hrs atop the 3C libraries from each

sample. 1fmol of each primer was used in the annealing reaction with 1 mg of 3C template and 1 mg of salmon spermDNA. 16 separate

annealing reactions were performed per sample, along with control reactions with individual components removed. Forward and

reverse primers that annealed to adjacent regions of the 3C template were ligated with 10U of Taq ligase for 60’ at 48�C. Successfully
ligated forward-reverse primer pairs were then amplified in 6 separate PCR reactions per annealing reaction, using primers specific to

the T7 and T3 overhangs. PCR reactions from the equivalent initial sample were then pooled, purified, and run on a gel to ensure the

control reactions did not show an amplification product. Libraries were then generated from the purified PCR product to allow for

deep sequencing.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Bulk RNA-seq Analysis
Raw sequencing files were aligned against the mouse reference genome (GRCm38/mm10) using tophat 2.1.1 and differentially

expressed genes were called using DESeq2 with adjusted p values 0.05 and 0.001.

Single-cell RNA-seq Analysis
Sequencing datawas demultiplexed using the 10XGenomics Cell Ranger software (version 2.0.0) and aligned to themm10 transcrip-

tome. Uniquemolecular identifiers were collapsed into a gene-barcodematrix representing the counts of molecules per cell as deter-

mined and filtered by Cell Ranger using default parameters. Normalized expression values were generated using Cell Ranger using

the default parameters.

ChIP-seq Analysis
Raw sequencing files were aligned against the mouse reference genome (GRCm38/mm10) using Bowtie2 (version 2.3.4.1) (param-

eters: -N 1 -k 1 -q -x). Ambiguous readswere filtered to use uniquelymapped reads in the downstream analysis. PCR duplicates were

removed using Picard-tools (version 1.88). MACS version 2.0.10 was used to call narrow peaks (parameters: -g 1.87e9–qvalue 0.01).

To create heatmaps we used deepTools (version 2.4.1) (Ramı́rez et al., 2016). We first ran bamCoverage (–binSize 50–extendReads

200 -of bigwig) and normalized read numbers to RPKM or to the spike-in Drosophila DNA (–scaleFactor sf), obtaining read

coverage per 50-bp bins across the whole genome (bigWig files). We then used the bigWig files to compute read numbers centered

on CTCF peaks called by MACS, on TSSs or enhancers (computeMatrix reference-point–sortRegions descend–sortUsing mean–

averageTypeBins mean). Finally, heatmaps were created with plotHeatmap (–colorMap = ‘Blues’–sortRegions = no).

We used theDiffBind package to identify CTCF siteswith significant increase or decrease in binding affinity (Parameters: summits =

250, FDR < 0.01, log2FoldChange > 1).

De Novo Motif Discovery
De novo motif discovery was carried out using the Homer pipeline (Heinz et al., 2010) using coordinates for peaks lost in ZF1D and

ZF10D conditions (findMotifsGenome.pl -size 200).

Motif Analysis
To quantify the affinity of each CTCF motif instance identified from our ChIP-seq data we used DeepBind (Alipanahi et al., 2015), a

deep learning algorithm that has been trained on large amounts of ChIP-seq data and can be used to score the affinity of any given

sequence for the CTCF motif. 500 bp DNA sequences were used to score their motif affinity with DeepBind v0.11, using motif

D00328.018 (CTCF).

Hi-C data processing and quality control
Processing

HiC-Bench (Lazaris et al., 2017) was used to align and filter the Hi-C data, identify chromatin-interacting domains, and generate Hi-C

heatmaps. To generate Hi-C filtered contact matrices, the Hi-C reads were aligned against the mouse reference genome (GRCm38/

mm10) by bowtie2 (Langmead and Salzberg, 2012) (version 2.3.1). Mapped read pairs were filtered by the GenomicTools (Tsirigos

et al., 2012) tools-hic filter command integrated in HiC-bench for known artifacts of the Hi-C protocol. The filtered reads include

multi-mapped reads (‘multihit’), read-pairs with only one mappable read (‘single sided’), duplicated read-pairs (‘ds.duplicate’), low

mapping quality reads (MAPQ < 20), read-pairs resulting from self-ligated fragments, and short-range interactions resulting

from read-pairs aligning within 25kb (‘ds.filtered’). For the downstream analyses, all the accepted intra-chromosomal read-pairs

(‘ds.accepted intra’) were used.

The Hi-C filtered contact matrices were corrected using the ICE ‘‘correction’’ algorithm (Imakaev et al., 2012) built into HiC-

bench. Chromatin-interacting domains were annotated in all conditions using Arrowhead at 10kb resolutions using default param-

eters (Durand et al., 2016). We also assessed chromatin loops with aggregate peak analysis (APA). We analyzed the data at 10kb

resolution (-r 10000 -x 42 -k KR). HiC heatmaps for regions of interest were generated in juicer.

Chromatin domains and boundaries were called usingCrane (Crane et al., 2015) at 40 kb bin resolution with an insulating window of

103 kb and 500kb. We also called domains using the Hicratio algorithm (Lazaris et al., 2017) at 40kb resolution.

Quality Control
Quality assessment analysis shows that the total numbers of reads per biological replicate for each condition ranged from �600
million reads to�1.1 billion. The percentage of reads aligned was always over 98% in all samples. The proportion of accepted reads

(‘ds-accepted-intra’ and ‘ds-accepted-inter’) was �40%, which in all cases was sufficient to annotate chromatin loops with

HICCUPS.
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Downstream Analysis
The data was aligned against the mm10 reference genome. All contact matrices used for further analysis were KR-normalized.

Chromatin loops were annotated for all conditions using HiCCUPS (Durand et al., 2016). Loops were called at 5kb and 10kb reso-

lutions and merged using default parameters.

Compartments

Compartment analysis was carried out using the Homer pipeline (Heinz et al., 2010) (v4.6). Homer performs a principal component

analysis of the normalized interaction matrices and uses the PCA1 component to predict regions of active (A compartments) and

inactive chromatin (B compartments). Homer works under the assumption that gene-rich regions with active chromatin marks

have similar PC1 values, while gene deserts show differing PC1 values. HiC filtered matrices were given as input to Homer together

with H2K27ac peaks for compartment prediction. H2K27ac was used by Homer as prior information of active regions.

To determine if significantly altered compartments were present in the mutants, we used Homer’s getHiCcorrDiff.pl pipeline to

correlate the interaction profile of each locus in the mutants to the interaction profile of that same locus in the wild-type condition.

As a result, no significant altered compartment region was identified. We generated density plots to compare the cis-eigenvector

1 values of the mutants and the wild-type by using 50kb genomic bins. Pearson correlation coefficients were also calculated

(‘Cor’ function in R).

Intra-domain interactions

We used the ‘domains-diff’ pipeline present in HiC-Bench to assess statistically significant intra-domain interactions.

First, the domains-diff pipeline identifies overlapped or positionally consistent domain (common chromatin-interacting domains).

This approach establishes a minimum domain length parameter (default: 10 bins) and extends either side of the domain by 3 bins

(+/�120 kb in 40kb resolution). chromatin-interacting domains across two samples are considered positionally consistent if their

boundaries are as close as 3 bins. The boundaries of the common chromatin-interacting domains are then set to those which yield

the largest domain. The set of common domains between any two samples s1 and s2 is denoted as T. In the next step, a paired

two-sided t test is performed on each single interaction bin within each common domain between the two samples. It calculates

the difference between the average scores of all interaction intensities within such domains. A multiple testing correction by calcu-

lating the false-discovery rate per common domain (using the R function p.adjust with method = ’’fdr’’) is also calculated.

Chromatin� interacting domainðtÞ=
 P

i˛It S2i

#It

!

�
 P

i˛It S1i

#It

!

for each t ˛ T, and It being all intra-domain interactions for domains t.

We classified the common domains in terms of increased, decreased or stable intra-domain interactions by using FDR < 0.1 and

absolute domain interactions change > 0.15. A minimum common domains length of 240 kb was considered in the intra-domain

interactions differential analysis (6 bins).

Gene expression analysis in Common domains

To assess the correlation of RNA expression with the intra-domain activity status of the common domains in the ZF1 and ZF10

mutants, we assigned a differentially expressed gene (FDR < 0.05) to a common domain when its promoter overlapped with a

common domain (overlap > 1 bp). Then, the mean fold change of the RNA expression inside each common domain was computed

for upregulated and downregulated DEGs, separately, and compared between the common domain groups (increased-activity,

decreased-activity, stable-activity). Statistical significance was assessed by performing a wilcoxon test (unpaired) and boxplots

were generated in R.

Annotation of the differential CTCF sites

We used the ChIPSeeker library to annotate the differential CTCF sites obtained in the DiffBind analysis. Annotation packages:

‘TxDb.Mmusculus.UCSC.mm10.knownGene’ and ‘org.Mm.eg.db’ (Bioconductor).

To annotate the CTCF differential sites in domains or boundaries we used the domains and boundaries obtained using Crane (w =

500kb). A CTCF site was assigned to a boundary if the complete CTCF peak was found within the boundary coordinates.

DATA AND CODE AVAILABILITY

Data can be found at GEO with accession GEO: GSE125595. Original gel images were uploaded to Mendeley Data: https://doi.org/

10.17632/xbrf8x7k22.1
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Contribution of voltage‑gated sodium 
channel β‑subunits to cervical cancer cells 
metastatic behavior
Ana Laura Sanchez‑Sandoval and Juan Carlos Gomora* 

Abstract 

Background: Voltage‑gated sodium  (NaV) channels are heteromeric proteins consisting of a single pore forming 
α‑subunit associated with one or two auxiliary β‑subunits. These channels are classically known for being responsi‑
ble of action potential generation and propagation in excitable cells; but lately they have been reported as widely 
expressed and regulated in several human cancer types. We have previously demonstrated the overexpression of 
 NaV1.6 channel in cervical cancer (CeCa) biopsies and primary cultures, and its contribution to cell migration and 
invasiveness. Here, we investigated the expression of  NaV channels β‑subunits  (NaVβs) in the CeCa cell lines HeLa, SiHa 
and CaSki, and determined their contribution to cell proliferation, migration and invasiveness.

Methods: We assessed the expression of  NaVβs in CeCa cell lines by performing RT‑PCR and western blotting 
experiments. We also evaluated CeCa cell lines proliferation, migration, and invasion by in vitro assays, both in basal 
conditions and after inducing changes in  NaVβs levels by transfecting specific cDNAs or siRNAs. The potential role of 
 NaVβs in modulating the expression of  NaV α‑subunits in the plasma membrane of CeCa cells was examined by the 
patch‑clamp whole‑cell technique. Furthermore, we investigated the role of  NaVβ1 on cell cycle in SiHa cells by flow 
cytometry.

Results: We found that the four  NaVβs are expressed in the three CeCa cell lines, even in the absence of functional 
 NaV α‑subunit expression in the plasma membrane. Functional in vitro assays showed differential roles for  NaVβ1 and 
 NaVβ4, the latter as a cell invasiveness repressor and the former as a migration abolisher in CeCa cells. In silico analysis 
of  NaVβ4 expression in cervical tissues corroborated the downregulation of this protein expression in CeCa vs normal 
cervix, supporting the evidence of  NaVβ4’s role as a cell invasiveness repressor.

Conclusions: Our results contribute to the recent conception about  NaVβs as multifunctional proteins involved in 
cell processes like ion channel regulation, cell adhesion and motility, and even in metastatic cell behaviors. These non‑
canonical functions of  NaVβs are independent of the presence of functional  NaV α‑subunits in the plasma membrane 
and might represent a new therapeutic target for the treatment of cervical cancer.

Keywords: Voltage‑gated sodium channel β‑subunits, Cervical cancer, Proliferation, Migration, Invasion, Cell‑
adhesion molecule
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Background
Cervical cancer (CeCa) is the fourth most common 
cancer in women worldwide, with more than 500,000 
new cases each year and an estimated 260,000 deaths, 
of which approximately 87% occur in developing coun-
tries [1]. Despite the implementation of vaccination 
against Human Papillomavirus infection, it will take dec-
ades before the impact on the cervical cancer incidence 
became clear, giving the natural history of this disease [2]. 
Therefore, it is necessary to better understand the biology 
of this type of cancer in order to improve the early detec-
tion and treatment.

Voltage-gated sodium  (NaV) channels are hetero-
meric transmembrane proteins that consist of a single 
pore forming α-subunit associated with one or more 
auxiliary β-subunits  (NaVβs) [3]. These channels are 
known to be responsible for action potential genera-
tion and propagation in excitable cells, but they are also 
widely expressed and upregulated in a variety of human 
cancer types, including breast, prostate, colon, ovarian, 
lung, gastric, melanoma, astrocytoma and uterine cer-
vix, where the  NaV α-subunit activity has been associ-
ated mainly, but not exclusively, with cell motility and 
invasiveness [4–14]. So far, four  NaVβs  (NaVβ1–NaVβ4) 
have been described. These are multifunctional type I 
transmembrane proteins that modulate  NaV α-subunit 
gating, localization and transit to the plasma membrane. 
Additionally, they possess a V-type immunoglobulin 
repeat in the extracellular domain similar to the family of 
neural cell adhesion molecules (CAMs), thus, their role 
as CAMs in a trans-homophilic and trans-heterophilic 
way, and with other molecules, in presence or absence of 
the α-subunits has been described in numerous reports 
and in different expression systems [15–22].

The role of  NaVβs in cancer has also been studied, 
although not as widely as for the α-subunits. In prostate 
cancer (PCa), it has been found that the overexpression of 
 NaVβs is associated with the increasing metastatic poten-
tial of PCa cell lines [23], and when overexpressing  NaVβ2 
in LnCaP cells, the cells acquired a fibroblastic-like mor-
phology, became more invasive and had enhanced migra-
tion in vitro; in contrast, these cells had a reduced tumor 
volume in vivo [24, 25]. On the other hand, the overex-
pression of  NaVβ3 in Saos-2 (osteosarcoma) and T98G 
(glioblastoma) cells, seems to activate an apoptotic path-
way mediated by the tumor suppressor protein p53 [26]. 
However, most of the studies have been done in breast 
cancer, where it has been demonstrated that  NaVβ1 is 
overexpressed in the low metastatic MCF-7 cell line vs 
highly metastatic MDA-MB-231 cells [27]. Overexpress-
ing  NaVβ1 in these last cells produced a drastic reduction 
on in vitro transwell migration and an increase in cellu-
lar adhesiveness. In contrast, MDA-MB-231 cells stably 

transfected with  NaVβ1 produced larger tumors in an 
in  vivo model compared with those generated by wild 
type MDA-MB-231 cells. In addition, overexpression of 
 NaVβ1 induced a reduction in caspase activity in these 
cells [28]. More recently, the potential role of  NaVβ4 as a 
metastasis-suppressor gene has been described in breast 
cancer cells, associated with the small GTPase RhoA 
activity and therefore with the cytoskeleton remodeling 
during migration and invasiveness [29].

We have previously demonstrated the overexpression 
of  NaV α-subunits in cervical cancer biopsies vs non-
cancerous cervix, and furthermore, we reported the 
functional expression of these proteins in primary cul-
tures derived from human cervical cancer biopsies and 
their contribution to the cell migration and invasiveness. 
Specifically,  NaV1.6 showed to be the most overexpressed 
α-subunit and the one responsible of the augmented 
invasive potential as the specific blockade of this channel 
was able to diminish the invasive potential with the same 
effectiveness as the blockade of all the  NaV α-subunits 
by TTX [14, 30]. In the present work, we investigated 
the electrophysiological activity of  NaV channels and the 
expression of  NaVβs in three cervical cancer cell lines 
(HeLa, SiHa and CaSki) as well as their contribution to 
three metastatic cell behaviors: in  vitro proliferation, 
transwell migration and invasiveness.  

Methods
Cell lines and cell culture
Cervical cancer cell lines SiHa, CaSki (both HPV-16 posi-
tive) and HeLa (HPV-18 positive) were grown in DMEM 
supplemented with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 μg/ml streptomycin at 37   °C in a 
humidified 5%  CO2 incubator. All cell culture reagents 
were purchased from Gibco-Thermo Fisher Scientific 
(Waltham, MA). The three cell lines were authenticated 
by short tandem repeat profiling prior to the experiments 
(data not shown).

Overexpression and downregulation of  NaVβs expression
Plasmids containing each of the  NaVβs from rat were 
kindly donated by Dr. L. Isom (University of Michigan). 
Overexpression of each  NaVβ in CeCa cells was achieved 
by transient transfections using the JetPEI transfection 
reagent (PolyPlus Transfection; Illkirch, France), accord-
ing to the manufacturer’s instructions. On the other 
hand, downregulation of  NaVβs expression was per-
formed using two or three different predesigned siRNAs 
(Sigma-Aldrich; St. Louis, MO) for each  NaVβ (100  nM 
each); in all cases, we chose the one with the best effi-
ciency. Optimal siRNA transfection conditions were 
stablished previously by using 50  nM of siGLO Green 
Transfection Indicator (Sigma-Aldrich), a fluorescent 
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siRNA for determining transfection efficiency. Efficiency 
of both experimental strategies to manipulate the expres-
sion levels of each  NaVβ was evaluated by RT-PCR and 
western blot (see Additional file 1).

Electrophysiology
Detailed methods for whole-cell patch-clamp record-
ings and protocols have been previously described [14, 
30]. Sodium currents of native or transiently trans-
fected CeCa cells were recorded at room temperature 
(20–23  °C) using an Axopatch 200B amplifier, a Digi-
data 1320A/D converter, and the pCLAMP 10.0 software 
(Molecular Devices; Sunnyvale, CA). As a positive con-
trol for sodium currents, we used transiently transfected 
CeCa cells with the  NaV1.6 channel.

Standard PCR (RT‑PCR)
The  NaVβs mRNA expression levels of CeCa cell lines 
were assessed by RT-PCR with specific primers for each 
β-subunit and β-actin as control (Table  1) as described 
before [30]. Briefly, total RNA of each cell line was iso-
lated with Trizol reagent (Invitrogen; Carlsbad, CA) and 
RT-PCR reactions were performed in a final volume of 
25 µl using the Super-Script One-step RT-PCR kit (Inv-
itrogen) with 250 ng of total RNA, 0.5 µl of enzyme mix, 
0.2–0.5 µM of each primer, and 12.5 µl of 2X buffer con-
taining 0.4 mM of each dNTP and 2.4 mM  MgSO4.

Real‑time PCR (qPCR)
Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen; Hilden, Germany), then reverse-transcribed 
with the High Capacity cDNA Reverse Transcription kit 
(Applied Biosystems; Foster City, CA) according to the 
manufacturer’s instructions using 2 µg of total RNA in a 
final volume of 20 µl. Real-time PCR was carried out in 
a Rotor-Gene Q (Qiagen) using Custom TaqMan Gene 
Expression Assays (Applied Biosystems) as described 
before [14]. Briefly, 100 ng of cDNA, 0.4 µl of the TaqMan 

assay (Table 2) and 5 µl of TaqMan Universal PCR Master 
Mix (Applied Biosystems) were mixed in a final reaction 
volume of 10  µl for each qPCR reaction. At least three 
independent experiments were done, and each assay was 
performed in triplicate. The results were analyzed by the 
 2−ΔΔCt method [31] using HPRT1 expression as the nor-
malizing gene control and results are shown as relative 
expression values of  NaVβ1 in HeLa cells.

Western blot
Total protein from native or transiently transfected CeCa 
cells was extracted 24, 48, 72 and 96 h post-transfection 
(with cDNA or siRNAs, for overexpression or inhibi-
tion of the  NaVβ expression respectively) using RIPA 
buffer (25  mM Tris–HCl, pH 7.4; 150  mM NaCl; 1% 
IGEPAL; 1% Sodium deoxycholate, and 1% SDS) sup-
plemented with complete EDTA-free protease inhibitors 
(Roche, Switzerland), and quantified by Bradford assay. 
Equal amounts of protein (100  µg) were subjected to 

Table 1 RT-PCR primers information

F forward primer, R reverse primer

mRNA GenBank access Primer pair sequence (5′ → 3′) PCR Product (bp) Annealing 
Temp (°C)

NaVβ1 NM_001037 F: AGA AGG GCA CTG AGG AGT TT
R: GCA GCG ATC TTC TTG TAG CA

379 60

NaVβ2 NM_004588 F: GCC CAC CCG ACT AAC ATC TC
R: ATG CGG AAC TGG AGG AAC A

285 62

NaVβ3 NM_018400 F: CTG GCT TCT CTC GTG CTT AT
R: TCA AAC TCC CGG GAC ACA TT

353 60

NaVβ4 NM_174934 F: CAC GCC ACC ATC TTC CTC CAA 
R: TGC AGC TGC TCA GCC CGA AG

284 65

β‑actin NM_001101 F: GCT CGT CGT CGA CAA CGG CTC 
R: CAA ACA TGA TCT GGG TCA TCT TCT C

353 60

Table 2 qPCR primers information

F forward primer, R reverse primer, P TaqMan probe

mRNA GenBank access Primer pair sequence (5′ → 3′) PCR 
product 
(bp)

NaVβ1 NM_001037 F: GGA GGA TGA GCG CTT CGA 
R: CAG ATC CTG CAG GTC TTT GGT 
P: CCC CGG CTG CCA TT

70

NaVβ2 NM_004588 F: TGC AGC CGG AGG ATGAG 
R: GAG GAC CTG CAG ATG GAT CTTG 
P: CCC CTG ACC GCC ACCG 

92

NaVβ3 NM_018400 F: CGC CAG CCC CAG AAGAT 
R: CAC AGG GAA GCA GAC ACT GA
P: TTT CCC CTG GCT TCTC 

90

NaVβ4 NM_174934 F: AAG AAG TGG ACA ACA CAG 
TGACA 

R: TGA GTT TCT TGA TCA GCA GGA 
TGA G

P: ACC CCG CCC ACG ACAG 

93
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SDS-PAGE, transferred onto a polyvinylidene difluoride 
membrane (Millipore, Billerica MA) and probed over-
night with the following primary antibodies: rabbit anti-
NaVβ1 (1:3000; LifeSpan BioSciences Inc.; Seattle, WA); 
rabbit anti-NaVβ2 (1:1000; LifeSpan BioSciences Inc.); 
rabbit anti-NaVβ3 (1:5000; Abcam; Cambridge, UK), rab-
bit anti-NaVβ4 (1:3000; Novus Biologicals; Littleton, CO) 
and a homemade mouse anti-β-actin antibody (1:1000) 
used as a loading control. Blots were subsequently 
probed with an anti-rabbit or an anti-mouse (as the case 
may be) secondary antibody conjugated with horseradish 
peroxidase (1:10,000; Santa Cruz Biotechnology; Dallas, 
TX) for 1  h at room temperature and visualized using 
the SuperSignal West Pico chemiluminescent substrate 
(Thermo Fisher Scientific). Signal intensity of immunob-
lots was calculated with ImageJ software.

Proliferation assays
Cell proliferation was determined using the colorimet-
ric 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) assay. Briefly, cells were plated in 48-well 
microplates at an initial density of 2 × 103 cells per well. 
To measure cell proliferation at 24, 48, 72 and 96 h after 
seeding, 10 µl of MTT solution (5 mg/ml) were added in 
each well after replacing the culture medium with 200 µl 
of fresh culture medium. The cells were incubated at 
37 °C, and 3 h later, cell culture and MTT solution were 
removed and 150 µl of dimethyl sulfoxide was added into 
the plate to dissolve formazan crystals. The absorbance 
at a wavelength of 562 nm was recorded using an Eppen-
dorf AG 22331 Biophotometer (Eppendorf; Hamburg, 
Germany). For analyzing the role of  NaVβs on prolifera-
tion, after overnight incubation, cells were transfected 
with the respective cDNA to overexpress or the specific 
siRNA to downregulate each β-subunit expression, and 
finally, MTT assay was performed 24, 48, 72 and 96  h 
after transfection.

Cell cycle analysis by flow cytometry
The role of  NaVβ1 on cell cycle in SiHa cells was assessed 
by flow cytometry after staining the cells with propid-
ium iodide (PI; Molecular Probes, Life Technologies; 
Grand Island, NY). Briefly, 2 × 105 cells were seeded onto 
12-well plates, incubated in normal conditions for 24 h, 
synchronized by serum-reduced conditions (0.2% FBS) 
for 48 h and then transfected with the specific cDNA or 
siRNA. After incubating for 48 h, cells were collected and 
fixed with ice-cold 70% ethanol, stored for at least 24 h at 
− 20  °C, treated with RNase and stained with PI for 1 h 
at 37 °C. For each condition, 2 × 104 cells (singlets) were 
analyzed in an Accuri C6 cytometer (BD Biosciences; San 
Jose, CA), and the percentages of cells in each cell cycle 
phase were analyzed with FlowJo software (Tree Star; 

Ashland, OR) using the Dean-Jett-Fox algorithm by three 
independent tests for each condition. Appropriate gating 
was used to select the single cell population and used on 
all samples.

In vitro migration and invasion assays
Migration and invasion assays were done using culture 
inserts with 8-µm pore size membranes covered or not 
with Matrigel (Corning Inc., Corning, NY) for invasion 
and migration respectively. The upper compartment 
was seeded with 5 × 104 for migration and 1 × 105 cells 
for invasion in DMEM supplemented with 5% FBS, and 
the lower compartment was filled with DMEM supple-
mented with 15% FBS as a chemoattractant. The number 
of cells migrating or invading (according to the circum-
stances) over 48 h at 37 °C was evaluated using the MTT 
assay described before. Results were compiled as the 
mean of at least three repeats, each time done by dupli-
cate, and compared with control conditions.

In silico immunohistochemistry (IHC) staining analysis
Expression of  NaVβ4 in CeCa and normal cervical tissues 
was examined using the Human Protein Atlas (http://
www.prote inatl as.org/) [32, 33], a Swedish-based online 
tool for human protein expression analysis. Representa-
tive CeCa and normal tissues cores were chosen for illus-
trative purposes.

Statistical analysis
All quantitative results are given as the mean ± S.D. Dif-
ferences in means were tested with an unpaired two-
tailed Student’s t test.

Results
Cervical cancer cell lines do not express plasma‑membrane 
voltage‑gated sodium currents
Our previous results showed the functional expression of 
 NaV channels in CeCa primary cultures and specifically 
demonstrated the relevance of the  NaV1.6 channel in the 
invasiveness of cervical cancer [14, 30]. Thus, in order to 
further investigate the role of  NaV channels in the biol-
ogy of CeCa, we intended to use CeCa cell lines for such 
experiments. However, we found that SiHa, CaSki and 
HeLa cell lines do not express functional  NaV channels 
at the plasma-membrane as determined by whole-cell 
patch-clamp experiments. (n = 30 cells total; see Addi-
tional file 2), even though we have previously shown that 
they do express the  NaV1.6 mRNA and at least one iso-
form of the  NaV1.6 protein [34].

http://www.proteinatlas.org/
http://www.proteinatlas.org/
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Endogenous expression of  NaVβs in cervical cancer cell 
lines
In previous studies, we described the role of  NaV 
α-subunits in the invasive potential of CeCa primary cul-
tures. In this work, we wanted to analyze the possible role 
of  NaVβs in different CeCa cellular processes. To that end, 
endogenous expression of  NaVβs was first evaluated by 
RT-PCR using specific primers for each subunit. In most 
of cases, the mRNA was abundant as evidenced by the 
generation of the expected amplicon for each β-subunit 

(Fig. 1a), suggesting the very likely presence of these pro-
teins. Along with the expected bands, additional PCR 
amplicons were observed when analyzing the expression 
of  NaVβ2 and  NaVβ4 by RT-PCR (Fig. 1a). The ≈ 150 bp 
DNA fragment observed in the  NaVβ4 line matches with 
a splice variant that has been already reported [23], that 
would produce a highly truncated protein (if translated) 
with an unknown functionality. The larger non-specific 
bands in  NaVβ2 and  NaVβ4 RT-PCR do not correspond 
to any reported variants of such isoforms, and we cannot 

Fig. 1 Expression of  NaVβs in cervical cancer cell lines. a Total RNA isolated from CeCa cell lines was analyzed by conventional RT‑PCR using specific 
primers for the indicated  NaVβ and β‑actin as a loading control. Expected fragment sizes for each gene are shown on the right of each panel. M: 
molecular marker. b Quantitative differences in  NaVβs mRNA expression of CeCa cells analyzed by qPCR, normalized with HPRT1 mRNA levels and 
relative to  NaVβ1 in HeLa. Each bar denotes mean ± S.D. of three independent experiments. c Western blot with 100 µg of total protein per lane 
from each of the cell lines indicated. Specific antibodies against each  NaVβ were used and β‑actin antibody as a control for loading. d Quantified 
data for  NaVβs protein expression normalized with β‑actin expression for each cell line, and relative to  NaVβ1 expression in HeLa. Each bar denotes 
mean ± S.D. of three independent experiments
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rule out the possibility of a non-specific amplification 
with these primers. A more detailed study is required to 
analyze the  NaVβs isoforms expressed in the CeCa cells 
and their potential function and/or contribution to the 
cancerous phenotype. Nevertheless, to carry out a more 
quantitative analysis of the  NaVβs expression levels in 
the different CeCa cell lines we performed qPCR experi-
ments. Results exhibited substantial differences in  NaVβs 
mRNA expression, but in all cases,  NaVβ1 showed to be 
highly expressed, whereas  NaVβ3 displayed the lowest 
expression levels, except in SiHa cells (Fig. 1b). In addi-
tion, evaluation of protein expression by western blot for 
each  NaVβ indicates that the four  NaVβs are expressed in 
the three CeCa cell lines (Fig. 1c). Interestingly, SiHa was 
the only cell line that express very similar levels of all four 
 NaVβs (Fig. 1d). Also, SiHa and CaSki cells expressed sig-
nificantly higher levels of  NaVβ1 and  NaVβ4 than HeLa 
cells. While  NaVβ3 levels were similar among the CeCa 
cell lines, and  NaVβ2 was the lees expressed except in 
SiHa cells (Fig. 1d). The western blot results suggest the 
absence of additional variants of  NaVβs isoforms, as we 
only observed the protein of the expected size.

Proliferation, migration and invasion of CeCa cell lines 
under basal conditions
In order to evaluate the metastatic potential of each CeCa 
cell line, we analyzed three key metastatic behaviors: pro-
liferation, migration and invasiveness in vitro. HeLa cells 
demonstrated to be the most aggressive cell line as these 
cells proliferated, migrated and invaded the most, fol-
lowed by SiHa cells, and CaSki cells (Fig. 2).

Increasing or decreasing the expression of  NaVβs 
is not enough to promote the functional activity 
of α‑subunits in the plasma membrane
First, to evaluate the siRNA transfection efficacy, we used 
the siGLO Green Transfection Indicator, a fluorescent 

dye attached to a scramble siRNA, and analyzed the cells 
24 h later by epifluorescent microscopy. The results indi-
cated that almost 100% of the cells were transfected with 
the siRNAs, as can be appreciated in Additional file  3. 
Thus, we followed the same conditions to transfect the 
specific siRNAs against each of the  NaVβs.

It is well known that some of the  NaVβs are implicated 
in the correct trafficking of the  NaV α-subunits to the 
plasma membrane, as has been shown with the heterolo-
gous in vitro expression of  NaVβ1 and  NaVβ2 in Xenopus 
oocytes [15, 35], and in  vivo with  NaVβ2 knocked-out 
mice [36]. These evidences made us wonder if the sole 
overexpression or even the down regulation of the 
expression of  NaVβs was enough to promote the func-
tional expression of the pore-forming sodium channels 
in the plasma membrane and therefore the appearance 
of voltage-gated sodium currents. To address this ques-
tion, HeLa and SiHa cells were analyzed by the whole-cell 
patch-clamp technique 24, 48, 72 and 96 h after transfec-
tion to increase or decrease the expression of each of the 
 NaVβs. More than 130 cells were successfully investigated 
with this technique, but we did not find any voltage-gated 
sodium currents, suggesting that the regulation of the 
expression of  NaVβs is not enough to promote the func-
tional activity of  NaV α-subunits in the plasma membrane 
(see Additional file 2).

Role of  NaVβs on proliferation
Next, we investigated whether the expression of  NaVβs 
had an effect on cell proliferation. This was evaluated in 
CeCa cell lines 24, 48, 72 and 96 h post-transfection with 
the cDNA or with the specific siRNA for each  NaVβ sub-
unit to increase or to reduce the expression respectively. 
Only  NaVβ1 had an effect on proliferation of SiHa cells: 
the overexpression of  NaVβ1 increased cell proliferation, 
whereas its downregulation decreased cell duplication 
(Fig. 3a; center panels). This is similar to what was found 

Fig. 2 Proliferation, migration and invasion of CeCa cells. a Proliferation was evaluated by MTT assays 24, 48, 72 and 96 h after seeding the cells 
(2 × 103 per well). Means ± S.D. of three independent experiments, each one done by triplicate. Migration (b) and invasion (c) of CeCa cells were 
assessed by Boyden transwell assays for 48 h. Results expressed as percentages of values obtained for HeLa cells. Means ± S.D. of three independent 
experiments, each done by duplicate. HeLa cells showed to be the most aggressive, as they proliferated, migrated and invaded the most
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Fig. 3 Effect of  NaVβs on proliferation and cell‑cycle of CeCa cells. Proliferation was evaluated by MTT assays 24, 48, 72 and 96 h post‑transfection 
with plasmids (a) or with specific siRNAs (b) for the β‑subunits. The results show the participation of  NaVβ1 on proliferation of SiHa cells, as it increases 
when the protein is overexpressed and decreases when it is downregulated. The other three  NaVβs showed no effect on proliferation of SiHa cells, 
and none of the β‑subunits were involved in proliferation of HeLa and CaSki cells. c Cell cycle analysis by flow cytometry in SiHa cells performed 48 h 
after transfection of synchronized cells with  NaVβ1 cDNA or with the specific siRNA against this subunit. Cells were fixed with ice‑cold 70% ethanol, 
stored for at least 24 h at − 20 °C, treated with RNase and stained with PI for 1 h at 37 °C. For each condition, 2 × 104 cells (singlets) were analyzed. 
Representative histograms of the control mock conditions and the transfected cells (upper panels) of three independent experiments summarized in 
the bar graphs (bottom panels) as means ± S.D. of the relative percentage of cells in each cell cycle phase. Significance: *P < 0.05, **P < 0.01
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with the breast cancer cell line MDA-MB-231, where the 
overexpression of  NaVβ1 in these cells led to the develop-
ment of larger tumors in mice [28]. To corroborate this 
observation, we decided to perform a cell cycle assay by 
flow cytometry. First, for standardization purposes, SiHa 
cells were arrested at the G0/G1 phase by incubation in 
serum-reduced conditions for 24 and 48  h. To estimate 
the proportion of cells in different phases of the cell cycle, 
cells were stained with PI and analyzed by flow cytome-
try. Results show a consistent arrest of cells when treated 
for 48  h, as the proportion of the cells in G0/G1 phase 
increased significantly whereas the percentage of cells in 
G2/M phase was smaller compared to control (normal 
medium) conditions (see Additional file  4). Once syn-
chronized cells were transfected with either cDNA or 
siRNA for  NaVβ1 subunit under the experimental condi-
tions indicated above. Results show a significant increase 
in the proportion of cells in G2/M phase when overex-
pressing  NaVβ1 vs the control condition (JetPEI mock 
control), as well as a significant decrease in the pro-
portion of cells in G0/G1 phase. In the same sense, the 
downregulation of the expression of  NaVβ1 generated a 
significantly larger proportion of cells in G0/G1 phase, 
with no significant changes in the proportion of cells in 
G2/M phase compared with the N-TER mock control 
(Fig. 3b). These results suggest a positive role of  NaVβ1 in 
the proliferation of SiHa cells, but not in HeLa or CaSki 
cells.

Role of  NaVβs on migration and invasion
The role of  NaVβs on in  vitro migration and invasion 
of CeCa cell lines was evaluated 48 h post-transfection 
with the cDNA or with the siRNA for each β-subunit 
to overexpress or to downregulate the expression of 
 NaVβs respectively. Migration results show that over-
expression of  NaVβs in HeLa cells induces a significant 
reduction in migration capability (around 50% in all 
cases), regardless of the type of  NaVβ, accompanied by 
a tendency to increase the invasive capability when the 
 NaVβs are downregulated, being the effect of the treat-
ment with siRNAs against  NaVβ1 the most substantial 
(a 58% increment). In SiHa cells, a similar result was 
found with  NaVβ1 and  NaVβ4; a significant reduction 
on the migration capability (36% and 28% respectively) 
when they are overexpressed, and an increment (60% 
and 47% respectively) when they are downregulated, 
while the manipulation of the expression of  NaVβ2 and 
 NaVβ3 did not alter the migration of these cells. Finally, 
in CaSki cells, only  NaVβ1 showed to have a role on 
cellular migration: the overexpression of this subunit 
decreased the migration by 14%, whereas the trans-
fection with siRNAs increased it by 41% (Fig. 4a). It is 
worth of notice that only the effect of  NaVβ1 (negative 
regulation) in migration remains constant and statis-
tically significant in the three cell lines, suggesting a 
potential role of  NaVβ1 in CeCa migration capability.

Fig. 4 Effect of  NaVβs on migration and invasiveness of CeCa cells. Migration (a) and invasion (b) experiments were performed with HeLa, SiHa and 
CaSki cells in Boyden transwell chambers for 48 h. Bars indicate mean ± S.D. of at least three independent experiments, each performed in duplicate 
and presented as a percentage of control conditions. Overexpression of  NaVβs in HeLa cells induced a reduction in approximately 50% in cellular 
migration, while the downregulation of  NaVβ1 by siRNAs increased it in 58%.  NaVβ1 is also involved in SiHa and CaSki migration. On the other hand, 
downregulation of  NaVβ4 with siRNAs increased cellular invasiveness in the three cell lines. Significance: *P < 0.05, **P < 0.01
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With regards to the in  vitro invasion, results show 
that the downregulation of  NaVβ4 increased the inva-
siveness of the three cell lines: 64% in HeLa, 43% in 
SiHa and 63% in CaSki cells. Accordingly, the over-
expression of this protein induced a reduction on the 
invasiveness of SiHa and CaSki cells by 28% and 21% 
respectively, suggesting a potential role of  NaVβ4 as an 
invasion suppressor. The rest of the  NaVβs did not sig-
nificantly modified the invasion capacity of the CeCa 
cells (Fig. 4b).

Given all these results, we decided to corroborate 
whereas the diminished expression of  NaVβ4 was associ-
ated with the presence of CeCa vs normal cervix tissues. 
For that purpose, we analyzed in silico the expression 
 NaVβ4 in CeCa biopsies and normal cervical tissues from 
the Human Protein Atlas. Although the database only has 
a small number of IHC normal cervix and CeCa biopsies 
stained for  NaVβ4 (n = 3 for normal cervix, and n = 12 for 
cervical cancer), the relationship between the expression 
of the protein and the presence or absence of cervical 
cancer is evident: the staining results indicate that three 
out of three normal cervix tissues have moderate  NaVβ4 
expression, while in the CeCa biopsies no signal of  NaVβ4 
was detected in twelve out of twelve cases (see Additional 
file 5). Taken together, these results strongly suggest that 
 NaVβ4 expression is downregulated in CeCa, leading to 
an increase in the invasive capacity of the cells, and thus, 
the metastatic potential.

Discussion
For many years,  NaVβs were considered only as “aux-
iliary”  NaV subunits commissioned of regulating the 
α-subunit kinetics and cellular localization. Nowa-
days plenty of evidence shows the multifunctionality of 
these proteins, participating in a wide variety of cellular 
processes like cell adhesion, cytoskeleton remodeling, 
filopodia and invadopodia formation, transcriptional reg-
ulation, cell cycle regulation and even apoptosis [21, 29].

For the present work, we chose three different CeCa 
cell lines in order to cover a wide range of CeCa cases, 
and to analyze the potential role of  NaVβs in the malig-
nant behavior of this disease. SiHa and CaSki cells are 
HPV-16 positive (the most frequently detected viral type 
in CeCa, found in approximately 57% of cases) whereas 
HeLa cells arise from a HPV-18 positive tumor (the sec-
ond most frequent virus; 16% of cases) [37]. Furthermore, 
HeLa and SiHa cells derived from a primary tumor, while 
CaSki cells were taken from a metastatic tumor. In addi-
tion, the patients’ ethnicity and the cellular origins of the 
three cell lines are different [38–40].

Here we demonstrated the presence (expression) of 
 NaVβs in the three different CeCa cell lines (Fig. 1), even 
in the absence of functional  NaV α-subunit expression in 

the plasma membrane (evidenced by whole-cell patch-
clamp recordings, see Additional file  2), suggesting that 
their role in cancer cell biology is independent of the 
pore-forming  NaV α-subunit.

When we evaluated the aggressiveness of each cell line, 
by analyzing the basal proliferation, migration and inva-
siveness in vitro, HeLa cells demonstrated to be the most 
aggressive cell line, as these cells proliferated, migrated 
and invaded the most, followed by SiHa cells. CaSki cells 
were the less proliferative, and they migrated and invaded 
the less (Fig.  2). As far as we are concerned, this is the 
first report about the differences in the metastatic behav-
ior among these CeCa cell lines.

We have previously reported the role of  NaV1.6 (the 
most overexpressed  NaV α-subunit in CeCa biopsies) in 
the invasiveness potential of CeCa primary cultures [14]. 
In agreement with our recent findings [34], in the present 
work we did not find voltage-gated sodium currents in 
any of the CeCa cell lines studied with the patch-clamp 
technique. This could be due to at least two possibili-
ties: either the sodium channels are being correctly syn-
thetized but are not reaching the plasma membrane for 
some unknown reason; or these cells are expressing a 
non-functional splicing variant. In this regard, it has been 
reported that  NaVβs participate in the appropriate traf-
fic and localization of the  NaV α-subunits in the plasma 
membrane [15, 35, 36]. Moreover, it has been shown that 
 NaVβ2 can be cleaved by secretases, generating small 
intracellular peptides capable of reaching the cell nucleus 
and promoting the transcriptional upregulation of genes 
including SCN1A, which encodes for  NaV1.1 [41, 42]. 
Hence, we thought that maybe by modifying the expres-
sion of these proteins we could promote the functional 
localization of conducting  NaV channels in the plasma 
membrane, however our results suggest this is not the 
case, as the manipulation of the expression of the  NaVβs 
in HeLa and SiHa cells was not enough to promote the 
appearance of voltage-dependent sodium currents 
(see Additional file  2). Yet, there are many other mol-
ecules such as hormones and growth factors that could 
be involved in the correct trafficking of the channel. In 
fact, we have examined the possibility that  NaVs func-
tional expression in CeCa cell lines could be regulated by 
β-estradiol or EGF, but we did not find sodium currents 
under any of the experimental conditions tested (data 
not shown). Another likely explanation could be related 
to the oxygen conditions in which the cell lines are cul-
tured. It has been reported that hypoxia can change both 
the expression and activity of  NaVs. Tumor cells usually 
experience severe hypoxia, which has been correlated 
with a more robust expression and activity of  NaVs [43, 
44]. On the contrary, CeCa cell lines have been cultured 
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in normoxic tissue culture conditions, which might have 
modified the  NaVs expression and/or trafficking.

It is also possible that CeCa cell lines are expressing a 
non-conducting channel with a different and unknown 
function and/or localization in the cell. It remains to 
be investigated whether  NaV α-subunits are expressed 
in intracellular compartments, as well as their possible 
role in invasion. The existence of functional intracellular 
sodium channels has been demonstrated in macrophages 
where the activity of this sodium channel contributes to 
cellular invasion through a mechanism involving sodium 
ions release from cationic intracellular stores, followed 
by a subsequent mitochondrial calcium release medi-
ated by the  Na+/Ca2+ exchanger, which in turn facilitates 
cytoskeletal remodeling and invadopodia formation [12]. 
In fact, recent data from our group suggests the presence 
of intracellular  NaV1.6 channels in CeCa cell lines [34]. 
However, more experiments are needed to fully elucidate 
this discrepancy between  NaVs functional expression in 
CeCa primary cultures vs cell lines.

Regarding to the effect of  NaVβs on cell proliferation, 
we found that only  NaVβ1 had an effect on this process 
and only in SiHa cells: the overexpression of  NaVβ1 
increased cell proliferation, whereas the downregulation 
of the expression of this protein decreased it (Fig.  3a). 
This is in agreement with observations reported by Nel-
son et al. [28] demonstrating that  NaVβ1 enhances breast 
tumor growth and metastasis in  vivo, by increasing cell 
proliferation and reducing apoptosis. The fact that we 
only observed this effect in one out of three CeCa cell 
lines shows that it is a particularity of the cell line (SiHa) 
rather than a general role of  NaVβ1 on proliferation in 
cervical cancer.

On the other hand, it has been suggested that  NaVβ3 
mediates a p53-dependent apoptotic pathway [26]. In 
breast cancer cells, for example, this subunit is totally 
absent, although it is normally expressed in non-cancer-
ous breast cells (Sanchez-Sandoval et  al., unpublished 
data). However, the overexpression or down regulation 
of this subunit did not alter the proliferation rate of the 
CeCa cell lines analyzed here, suggesting a lack of the 
pro-apoptotic activity of  NaVβ3 in these cells. This might 
be related to the p53 protein status in CeCa cell lines. It 
has been reported that the association between the E6 
protein (one of the two main HPV oncogenes) with p53 
leads to the specific ubiquitination and degradation of 
p53 protein [45], therefore inactivating any pro-apoptotic 
effect due to the  NaVβ3 expression in basal conditions. 
This is one of the several ways the HPV genome secures 
the growing of the tumor. However, the intermediate 
steps that  NaVβ3 must undergo to promote apoptosis is 
still unknown, as well as why  NaVβ3 had no pro-apop-
totic effect in CeCa cells when overexpressed. A possible 

explanation could be the existence of a positive (and 
necessary) feedback regulation between p53 (or one of 
its multiple target genes) and  NaVβ3, leading to a lack of 
pro-apoptotic activity of  NaVβ3 in the absence of func-
tional p53.

On the contrary, our migration experiments show a 
clear participation (negative regulation) of  NaVβ1 on 
the ability of CeCa cells to perform transwell migration 
across of an 8  µm-pore membrane. When we induced 
the overexpression of this subunit, the migration rate 
decreased in the three CeCa cell lines, being HeLa cells 
the most affected (almost 50% inhibition in cell migra-
tion). Correspondingly, the inhibition of  NaVβ1 expres-
sion by siRNAs led to significant increments in cell 
migration of HeLa, SiHa and CaSki cells (Fig. 4a). Thus, 
 NaVβ1 could be acting as a cell adhesion molecule, pro-
moting the cell–cell adhesion and therefore making it 
difficult to move across the membrane. It is also worth 
of notice that, among the three cell lines, HeLa have the 
lowest  NaVβ1 expression compared to the other two 
CeCa cell lines (Fig.  1), and they also have the greatest 
migration capacity. In the same sense, CaSki cells are the 
ones with the bigger expression of  NaVβ1, and the lowest 
migration behavior (Fig. 2b).

A study made on breast cancer cell lines revealed that 
the overexpression of  NaVβ1 in highly metastatic MDA-
MB-231 cells increased cell–cell adhesion and decreased 
in  vitro migration, consistent with the proposed role of 
 NaVβ1 as a cell adhesion molecule [27]. However, the 
trans-homophilic interactions through  NaVβ1 can also 
mediate the process outgrowth in  vivo, as in neurons, 
generating an elongated morphology and therefore 
potentiating metastasis, as has been reported for the 
same breast cancer cells but using mouse models instead 
of transwell experiments [28]. Something similar could 
be happening with CeCa cell lines. Thus, the persistent 
contribution of  NaVβ1 in the three CeCa cell lines migra-
tion is indicative of its role as a negative regulator of the 
in  vitro migration, regardless the HPV type present in 
the CeCa cell line. Although it remains to be investigated 
whether this behavior also occurs in vivo.

With respect to the contribution of  NaVβs in invasive-
ness, our results show that downregulation of  NaVβ4 
expression resulted in a significant increase in the in vitro 
invasiveness of the three cell lines studied here (Fig. 4b), 
suggesting the role of this subunit as a metastasis sup-
pressor protein. These observations agree with the in 
silico analysis of  NaVβ4 expression performed with the 
Human Protein Atlas data: normal cervix biopsies show 
moderated  NaVβ4 expression, while in CeCa biopsies it 
seems to be absent (see Additional file 5). Taken together, 
these results strongly suggest that  NaVβ4 expression 
is downregulated in CeCa, which in turn increases the 
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invasive capacity of the cells. In accordance with this 
interpretation, out of the three CeCa cell lines studied 
in the present work, the HeLa cell line showed the low-
est expression of  NaVβ4 and the highest index of cell 
invasion.

In breast cancer cell lines, it has been found that 
increasing  NaVβ1 expression promotes the overexpres-
sion of  NaV1.5, the main  NaV α-subunit involved in the 
invasiveness of this type of cancer [27]. However, accord-
ing to our results, this is not the case for CeCa cell lines, 
as the overexpression of  NaVβ1 or  NaVβ4 did not pro-
mote the expression of conducting  NaV1.6 channels 
in the plasma membrane, the principal  NaV α-subunit 
involved in the invasive potential of these cells. Thus, 
we conclude that the pathways used by these proteins 
to induce cell migration and invasion, are independent 
of the activity of  NaV1.6 or other  NaV α-subunits in the 
plasma membrane of CeCa cell lines.

Other groups have also reported the downregulation 
of  NaVβ4 expression in cancer vs normal tissue. This is 
the case of prostate cancer [23], papillary thyroid cancer 
[46], and breast cancer [29]. The latter study, performed 
by the group of Dr. Sebastien Roger at the University of 
Tours, reported solid evidence about the possible mecha-
nistic pathway through which  NaVβ4 prevents metasta-
sis in cancer cells. They showed an increased activity of 
the small GTPase RhoA (crucial for cytoskeleton remod-
eling during migration and invasion) when  NaVβ4 was 
silenced in breast cancer MDA-MB-231 cells. This effect 
was independent of  NaV1.5 channel activity, the main 
 NaV α-subunit implicated in BCa invasiveness. A similar 
mechanism might be taking place in CeCa cells: a down-
regulation of the  NaVβ4 subunit that leads to an increased 
activity of RhoA and therefore, a more robust invasive 
potential, which is independent of the  NaV1.6 expression 
in the plasma membrane. However, we speculate that 
additional cellular mechanisms might be involved in this 
phenomenon, as the effects of  NaVβ4 in cellular migra-
tion were not significant in our study, meaning that the 
sole change on cellular motility cannot explain the dra-
matic increase on cellular invasiveness when  NaVβ4 is 
downregulated. A more recent study showed that  NaVβ4 
is downregulated in papillary thyroid cancer (PTC) com-
pared with normal thyroid tissues. More interestingly, 
the authors also found that preserved  NaVβ4 expression 
might independently predict favorable recurrence-free 
survival in classical PTC [46]. Altogether, these data rein-
force the notion of using  NaVβ4 as a biomarker for cancer 
metastasis and a potential new therapeutic target for the 
treatment of cervical cancer.

Conclusions
In conclusion, our results show that even though cervi-
cal cancer cell lines do not generate  NaV currents, they 
do express  NaVβ subunits, which could play a role in pro-
liferation  (NaVβ1 only in SiHa cells), migration  (NaVβ1 in 
the three cell lines), and invasion  (NaVβ4 in the three cell 
lines studied). The results support the recent knowledge 
about  NaVβs as multifunctional proteins involved in cell 
processes like ion channel regulation, cell adhesion and 
motility, and even in metastatic cell behaviors. Finally, the 
evidence presented here contributed to propose  NaVβ1 
and  NaVβ4 as prognostic markers for cervical cancer 
tumor progression.
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Abstract. The receptor for advanced glycation end products (RAGE) has been involved in the actions of 
inflammatory proteins such as S100 calcium binding protein B (S100B), among several others. Despite there being 
many studies available proposing several different modes of interaction between the receptor and the protein, it is 
necessary to reconcile these binding hypotheses. We evaluated the co-localization of RAGE and S100B in human 
umbilical vein endothelial cells (HUVEC’s) exposed to acute pro-inflammatory lipopolysaccharide (LPS). Co-
localization of the receptor and the protein in umbilical cells exposed to pro-inflammatory stimuli was analyzed 
using an immunofluorescent assay. RAGE was present in umbilical cells, and its co-localization with S100B was 
stimulated in the presence of LPS. Our findings suggest an interaction between these proteins, possibly producing 
early inflammatory responses in umbilical cells. The understanding of the molecular mechanisms of this recognition 
is relevant to characterize the nature of the signaling associated with this receptor in inflammatory processes. 
Keywords: Inflammation; Lipopolysaccharide; Molecular recognition; Co-localization; Umbilical endothelial cells. 
 
 
Resumen. El receptor para productos finales de glucosilación avanzada (RAGE) ha sido involucrado en las acciones 
de proteínas inflamatorias tales como la proteína S100B unida a calcio (S100B), entre muchas otras. A pesar de los 
múltiples estudios disponibles que proponen diferentes modos de interacción entre el receptor y la proteína, es 
necesario reconciliar estas hipótesis. Se evaluó la co-localización de este receptor con la proteína S100B en células 
endoteliales de la vena del cordón umbilical humano (HUVEC’s) expuestas de manera aguda al agente pro-
inflamatorio lipopolisacárido (LPS). La co-localización del receptor y la proteína en células umbilicales expuestas al 
estímulo pro-inflamatorio se analizó mediante un ensayo de inmunofluorescencia. RAGE se presentó en células 
umbilicales, y su co-localización con S100B fue estimulada por LPS. Estos hallazgos sugieren el reconocimiento 
entre estas proteínas, posiblemente produciendo respuestas inflamatorias tempranas en células umbilicales. La 
comprensión de los mecanismos moleculares de este reconocimiento es relevante para caracterizar la naturaleza de 
la señalización asociada a este receptor en procesos inflamatorios. 
Palabras clave: Inflamación; Lipopolisacárido; Reconocimiento molecular; Co-localización; Células endoteliales 
umbilicales. 
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Introduction 
 
 The receptor for advanced glycation end products (RAGE) binds multiple ligands, including advanced 
glycation end products (AGEs) [1,2], the high mobility group box-1 protein (HMGB1) [3-5], several members of the 
S100 calcium-binding protein family, notably S100B [6-9], and the amyloid β peptide [10,11], among several 
others, which are expressed in inflammatory disorders [6,12-14]. Several studies exploring this concept have been 
carried out in in vitro conditions with human cells from the immune system, as well as in murine models. These 
findings include the activation of the membrane surface RAGE receptor upon binding the DNA-HMGB1 complex, 
HMGB1 or S100B [15]. These interactions induce the expression of pro-inflammatory molecules such as interleukin 
8 (IL8), RAGE, HMGB1, and the S100 protein genes [16,17]. In different disease models, such as lupus, diabetes, 
viral infections and cancer, changes in the levels of soluble RAGE (sRAGE) and membrane RAGE have been 
observed, suggesting a major role for this protein in the amplification of inflammatory responses [18]. Leukocytes 
have been the most frequently used cell preparation to study cell receptor-ligand interactions at the membrane level 
[19]. However, more recently, other cell types have been studied in inflammatory microenvironments, including 
epithelial and endothelial cells, fibroblasts, and other cells that can respond to various inflammatory stimuli or cell 
damage. The endothelial cells of veins and arteries can be in direct contact with these pro-inflammatory ligands 
through RAGE and other receptors, such as Toll-like or cytokine receptors, to activate the MAPK pathways. In turn, 
these kinases can regulate transcription factors linked to inflammation. The nuclear factor kappa B (NFκB) requires 
kinase activation to amplify the response to injury or infection. This knowledge is derived from observations of in 
vitro models that primarily use specific inhibitors or antibodies that block the binding of membrane receptors to 
their ligands on the cell surface, thus emphasizing the importance of these interactions for cell responses. For 
instance, in 2003, Treutiger et al. [20] demonstrated that the use of anti-RAGE antibodies reduced the adhesion of 
neutrophils to human umbilical vein endothelial cells (HUVEC’s) via NFκB signaling in inflammatory conditions 
elicited by lipopolysaccharide (LPS) or tumor necrosis factor-alpha (TNF-α). Similar results were obtained when 
HUVEC’s were pre-activated using AGE-albumin induction and exposed to proteins of the S100 family as RAGE 
ligands [6]. Affinity studies of the S100 family as RAGE ligands have also been reported using surface plasmon 
resonance (SPR) analysis, and a stoichiometry of 2:1 (S100:RAGE) was determined [7,8,21,22]. These studies also 
demonstrated that these interactions induce pro-inflammatory responses in cells (including HUVEC’s and 
macrophages); however, the binding of RAGE to its ligands remains unverified at the cytochemical level. Therefore, 
in this study, we characterized the early co-localization of endogenous RAGE with endogenous S100B in HUVEC’s 
challenged with the pro-inflammatory stimulus LPS. In order to confirm the co-localization of these proteins and 
their interactions. Since, it is known that the activation of RAGE induced by S100B constitutes an important pro-
inflammatory pathway during the progression of acute and chronic inflammatory diseases [7,23,24], our study 
provides insights into the co-localization of these proteins in unstimulated and LPS-stimulated HUVEC’s. Our 
results represent a basis for ongoing studies involving the entire RAGE-S100B complex and for novel approaches to 
interfere with inflammatory responses. 
 
 
Experimental 

 
Materials and Methods 
Reagents 

Primary antibodies against RAGE (Ab3611 for immunofluorescence assays against the V and C2 domains) 
and secondary antibodies were purchased from Abcam (Cambridge, MA, USA). The antibody recognizing S-100B 
(AB11178) was also purchased from Abcam.  
 
Cell cultures and experimental treatments 
 Endothelial cells from the veins of human umbilical cords (HUVEC’s) were obtained from eutocic births 
and caesarean sections, according to the procedure described by Jaffe [25]. Samples were obtained at the Hospital of 
Obstetrics and Gynecology “Dr. Luis Ayala Castelazo”, IMSS, Mexico City, following a clinical protocol 
previously approved by the Ethics Committee of the Hospital. Cords were processed within the first 3 h after being 
obtained, washed and cleaned with sterile saline solution. Once collected, the veins were cut into 5 cm pieces in 
order to use samples of the same length. The veins were placed in containers with phosphate buffered saline (PBS) 
supplemented with antibiotic-antimycotic (penicillin/streptomycin 1.5%; GIBCO, Life Technologies, USA plus 
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Amphotericin B, Biowest S.A.S., USA). The vascular endothelium was disaggregated enzymatically by adding 10 
ml of 0.02 % collagenase (type 4, Worthington Biochemical Corporation) dissolved in PBS. Endothelial cells were 
dissociated and collected in fetal bovine serum (FBS, Invitrogen, Mexico). The cells obtained after enzymatic 
digestion were centrifuged at 800 × g for 5 min in a Labofuge 400 Heraeus Instruments centrifuge (Thermo 
Scientific, Waltham, Massachusetts, USA) using a rotor model 8179. The pellets were resuspended in M199 
medium (GIBCO, Rockville, Maryland, USA) supplemented with 1 % glutamine (GIBCO), 0.1 mg/ml of 
endothelial growth factor (Biomedical Technologies Inc., Alfa Aesar, Ward Hill, Massachusetts, USA), 0.1 mg/ml 
of heparin (Sigma-Aldrich Co., St. Louis, Missouri, USA) and 10 % FBS. Streptomycin and penicillin were added 
in a 1 % dilution (GIBCO). All cells were maintained by incubation at 37° C with controlled relative humidity and 
5 % CO2. For experimental purposes, cells were dissociated from the culture dish with a trypsin/versene solution 
(GIBCO) for 2 min and reseeded in 48 or 6 wheel-plates at densities ranging from 30,000 to 50,000 cells per wheel 
for the 48 wheel-plates, or 250,000 for the 6 wheel-plates, in M-199 medium supplemented as previously 
mentioned. All experiments were performed 24 h later.  
 The assay for inflammatory activation is based on previous studies under in vitro and ex vivo conditions 
in HUVEC’s and human umbilical veins stimulated with TNF-α [26]. In these cases, it is known that concentrations 
of 1-10 ng/ml during 2-6 hours of exposure induce the expression of adhesion molecules and pro-inflammatory 
cytokines that promote leukocyte adhesion in response to TNF-α. The concentration of LPS that we used in this 
study is the most commonly used in studies of leukocyte activation involving 2-12 h periods of exposure [27]. 
Endothelial cell activation was determined after induction with LPS (10 ng/ml). TNF-α (5 ng/ml) was employed in 
additional experiments as a positive control of inflammation; this concentration was determined from a 
concentration curve in a leukocyte/endothelial cell adhesion assay, ranging from 0.5 to 10 ng/ml. Endothelial cells 
were washed twice in PBS and placed in new culture medium with 10 ng/ml of TNF-α or LPS for 3 hours at 37 °C, 
5% of CO2 and 95% air. Immediately thereafter, all samples were washed and fixed for immunofluorescence assays. 
The observation and capture of images was performed with a LSM-50 Confocal Scanning Microscope (Carl Zeiss, 
Germany). 
 
Immunofluorescence assay 

RAGE and S100B were detected in HUVEC’s exposed to inflammatory stimuli. The observation and 
analysis were performed using immunofluorescence staining with specific antibodies (Abcam Co., Cambridge, 
Massachusetts, USA). For the in vitro assays, HUVEC’s were washed three times with PBS at pH 7.2, fixed in 4% 
paraformaldehyde (PFA) for 15 minutes, and washed three times with PBS. These preparations were incubated in 
0.6 M glycine for 20 minutes, to remove the autofluorescence of aldehydes and washed three times with PBA (PBS 
albumin, 0.5%). Samples were then blocked for 20 minutes with PBA 1% to eliminate nonspecific reactions of the 
antibodies, and subsequently washed three times with PBA 0.5%. Immunoreactions were carried out diluting the 
mouse primary antibody specific for S100B 1:100 (SH-B1, ab11178, Biotech, Cambridge, UK), or the polyclonal 
rabbit antibody for RAGE (ab3611, Biotech) in PBA 1%, and cells or tissue slices were incubated for 1 hour at 4 °C. 
They were subsequently washed three times with PBA 1 %. The secondary antibodies (Alexa 647 for S100B and 
Alexa-488 for RAGE, Life Technologies) were diluted 1:400 and incubated with the samples for 1 h; afterwards, the 
preparations were washed with PBA 1%. Nuclei were stained blue with DAPI (Vectashield, Vector Laboratories, 
Inc., Burlingame, California, USA) and visualized using a fluorescent microscope (Floid Cell Imaging Station, Life 
Technologies).  

 
Image processing 

In order to estimate the co-localization of RAGE and S100B in cells, the merge area from the fluorescent 
labeling was analyzed by Otsu’s method for segmentation of the region of interest [28]. A value of 50 is used as a 
threshold for the red and green color image components. Contours are found applying a Laplacian operator of 3 x 3 
pixels to the binary image after segmentation. The area is represented by the number of pixels different to the 
background in the binary image. The average of the intensity is computed in the region of interest. Z-stack 
processing was also employed for depth improvement of images containing HUVEC’s. This method is commonly 
used to improve the analysis of three-dimensional images, hence allowing more detailed recognition of cellular 
structures and better localization of proteins.  
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Statistical analysis 
   All experiments were carried out in duplicate. Mean ± standard error medium (S.E.M.) were determined 

for all parameters. Statistical significance among groups was determined by Student’s t-test or one-way analysis of 
variance followed by Bonferroni’s post-hoc analysis. Values of P<0.05 were considered as statistically significant. 

 
 
Results 
 
LPS induced an early and enhanced co-expression of RAGE and S100B in HUVEC’s after 3 h of 
exposure 

Fig. 1 shows the co-localization of RAGE and S100B in HUVEC’s exposed for 3 h to pro-inflammatory 
stimuli induced by LPS or TNF-α (as a positive control). Cells were labeled for immunofluorescence in blue (DAPI 
nuclei), green (RAGE) and red (S100B). The first line corresponds to the sequence of untreated (control) cells, 
where moderate co-localization areas of both proteins can be observed in the merge (Fig. 1A). In addition, in these 
cells, the segmentation method revealed the specific points of co-localization evidenced by a labeling area (16230 
pixels per field). Quantification of these co-localization areas was achieved also with the segmentation method (Fig. 
1 A-B). The second sequence of images (second line) depicts the effect of LPS on RAGE and S100B co-
localization; this treatment produced an increased number of labeled cells for both proteins when co-localized in the 
merge, as compared to untreated cells. Concomitantly, the RAGE and S100B co-localization areas (segmentation) in 
LPS-treated cells were enhanced when compared with control cells (186 % above the control). In the third line, the 
sequence of images shows that the exposure of cells to TNF-α produced a prominent RAGE and S100B co-
localization (in the merge), as well as an increased labeling area (334 % above the control). 
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Fig. 1. RAGE and S100B co-localization in human umbilical vein endothelial cells (HUVEC’s) obtained from 
umbilical cord. Cells were challenged with acute inflammatory stimuli (TNF-α [5 ng/ml] or LPS [10 ng/ml]). RAGE 
and S100B were detected early by immunofluorescence after exposure to pro-inflammatory agents for 3 h. In A, the 
localization of RAGE (green column) and S100B (red column) are shown. Nuclei were stained in blue (DAPI). In 
the fourth and fifth columns, the images show the co-localization (merge) and image analysis (segmentation 
algorithm) of both proteins, respectively. The horizontal bars indicate a length of 100 µm in all panels. In B, the 
graphic representation of the merge area (as percent) in untreated (Control) and TNF-α- or LPS-treated cells is 
shown. Bars represent quantification of two images per treatment. One-way ANOVA followed by Bonferroni’s test; 
*p<0.05, **p<0.01, different from untreated cells. 
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Fig. 2. Detailed images (20 µm bar scale) showing untreated cells (upper line) and LPS-treated HUVEC’s (lower 
line). In A, Images correspond to three-dimensional reconstructions using the Z-stack to display the expression of 
RAGE (first column in green), S100B (second column in red) and the merge (third column). RAGE was constructed 
with 18 photos, whereas S100B was built up with 12 photos. The fourth column depicts the segmentation in the co-
localization images. In B, the graphic representation of the merge area (as percent) in untreated (Control) and LPS-
treated cells is shown. Bars represent quantification of two images per treatment. Student’s t-test; *p<0.05, different 
from untreated cells. 
 
 
Discussion 
 

Endothelial dysfunction and inflammatory cell adhesion have been regarded as early and important factors 
in various pathologies. In fact, inflammation is a major event for both, the healing and the damaging processes. In 
turn, LPS is a pro-inflammatory molecule involved in the pathogenesis of inflammatory disorders. While chronic 
inflammation is more commonly associated with pathological stages, the characterization of acute inflammation is 
of major relevance since this event establishes the borders between healing and injury. How cells and tissues 
respond to acute inflammation is the clue to anticipate whether they will survive or initiate deadly cascades, leading 
further to tissue damage. Therefore, in this study we considered the early effects (3 h exposure) of LPS on 
HUVEC’s in order to complement previous reports describing its actions on cell viability at different times (1 and 
24 h) [29]. Further support for an early role of LPS and TNF-α as inflammatory promoters for HUVEC’s can be 
found in related reports [30,31]. The response of endothelial cells in vitro was sensed after LPS stimulation upon the 
assumption that this pro-inflammatory molecule binds to Toll-like membrane receptors and RAGE, thereby inducing 
changes in their phenotype at short times [32]. 

Here, we demonstrated an early co-localization of RAGE and S100B proteins in HUVEC’s subjected to 
inflammatory stimuli, thus suggesting that this interaction might eventually be responsible for inflammatory events 
through signaling cascades involving factors like NFκB [33]. In this regard, several studies have suggested that 
RAGE activation during inflammatory processes involving the S100B protein, is taking place [34]. Indeed, the 
elicited inflammatory cascades induced by RAGE probably perpetuate the organ dysfunction in inflammatory 
processes [6]. The interaction of these two proteins for triggering acute and/or chronic inflammation and its 
biological role has already been characterized [7,35,36]; yet, a still unresolved issue is the minimal size of the 
S100B-RAGE complex that can promote signaling, bringing together the cytoplasmic tails of the RAGE dimers.  

Despite it being currently assumed that different ligands can bind to RAGE, directly or through other 
molecules (i.e., forming bridges with AGEs) [37], all possible interactions between these molecules or their effects 
on cells, have not been explored yet. RAGE activation by S100B is a major pro-inflammatory pathway occurring in 
acute and chronic inflammatory diseases [23,38]. Some members of the S100 protein family, such as S100B, are 
known to form active tetramers, hexamers or larger oligomers [7,39]. 
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The co-localized areas for RAGE and S100B could suggest either an increase in the expression of these 
proteins, or their mere re-location with additional interactions. It is therefore fair to mention that our results are 
focused exclusively on S100B from endothelial cells, where this protein can act as a chemokine that is subsequently 
released to the surrounding environment. Based on these conditions, the characterization of the interactions between 
RAGE and S100B and their effects are of major relevance, since they can serve for the design of more specific in 
vivo models of disorders involving inflammatory components.  

Finally, the occurrence of the RAGE-S100B interaction in HUVEC’s establishes the basis for the 
understanding of the inflammatory events taking place during the gestational and/or birth processes under normal or 
pathological conditions, though such interaction has also been described in other biological preparations, including 
different tumor cells, neurons, astrocytes, microglia, etc. This is relevant as RAGE has been shown to interact with 
several other ligands, including diverse members of the S100 protein family, thus participating in disorders like 
cancer, cardiovascular disease, CNS disorders, etc. [40,41]. Therefore, the many biological implications that the 
RAGE-S100B interaction represent for the compromise of physiological homeostasis deserves deeper and more 
detailed investigation in different biological scenarios 
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Elimination of dysfunctional mitochondria via mitophagy is essen-
tial for cell survival and neuronal functions. But, how impaired
mitophagy participates in tissue-specific vulnerability in the brain
remains unclear. Here, we find that striatal-enriched protein, Rhes,
is a critical regulator of mitophagy and striatal vulnerability in brain.
In vivo interactome and density fractionation reveal that Rhes
coimmunoprecipitates and cosediments with mitochondrial and
lysosomal proteins. Live-cell imaging of cultured striatal neuronal
cell line shows Rhes surrounds globular mitochondria, recruits
lysosomes, and ultimately degrades mitochondria. In the presence
of 3-nitropropionic acid (3-NP), an inhibitor of succinate dehydroge-
nase, Rhes disrupts mitochondrial membrane potential (ΔΨm) and
promotes excessive mitophagy and cell death. Ultrastructural anal-
ysis reveals that systemic injection of 3-NP in mice promotes globu-
lar mitochondria, accumulation of mitophagosomes, and striatal
lesion only in the wild-type (WT), but not in the Rhes knockout
(KO), striatum, suggesting that Rhes is critical for mitophagy and
neuronal death in vivo. Mechanistically, Rhes requires Nix (BNIP3L),
a known receptor of mitophagy, to disrupt ΔΨm and promote
mitophagy and cell death. Rhes interacts with Nix via SUMO E3-
ligase domain, and Nix depletion totally abrogates Rhes-mediated
mitophagy and cell death in the cultured striatal neuronal cell line.
Finally, we find that Rhes, which travels from cell to cell via tunnel-
ing nanotube (TNT)-like cellular protrusions, interacts with dysfunc-
tional mitochondria in the neighboring cell in a Nix-dependent
manner. Collectively, Rhes is a major regulator of mitophagy via
Nix, which may determine striatal vulnerability in the brain.

striatal neuronal vulnerability | tunneling nanotubes | mitophagy ligand |
SUMO-E3 ligase | mitophagosomes

Understanding mitophagy mechanisms and its dysregulation
leading to pathological abnormalities in human diseases is a

major challenge in modern biology. Reduced mitochondrial
functions are linked to aging and many neurodegenerative disor-
ders. Parkinson disease (PD) is the best example linked to mito-
chondrial dysfunction, because the most vulnerable neurons of PD,
the substantia nigra pars compacta, show mitochondrial abnor-
malities. Familial PD genes, such as PTEN-induced kinase-1
(Pink1), parkin, and leucine-rich repeat kinase 2, are implicated
in mitochondrial dysfunction (1–3). Decline in mitochondrial en-
zyme activity is reported more in Alzheimer disease and amyo-
trophic lateral sclerosis patients compared to control subjects (4).
Impaired mitochondrial function is observed in Huntington disease
(HD) as patients continue to drop weight, even though they have
a high caloric intake (5). Oligomers of amyloid, mutant superox-
ide dismutase 1, and mutant huntingtin can affect mitochondrial
membrane potentials and impair mitochondria trafficking and
function (6–12). Despite these important studies, how mitochon-
drial dysfunction leads to selective neuronal vulnerability remains
unknown. For example, although the familial PINK1 and parkin
mutants are ubiquitously expressed (13), the mechanisms by which
they elicit lesion in the substantia nigra remains largely unclear.
Similarly, how mitochondrial toxins induce tissue-specific lesion in
the brain is also unclear. It is well known that 3-nitropropionic acid

(3-NP) promotes lesion in the striatum but not in the cortex or
cerebellar neurons, resulting in HD-like motor deficits (14, 15).
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) or rotenone
promotes substantia nigra pars compacta neurodegeneration,
sparing the cortex or striatum, resulting in PD-like symptoms (16–
18). The major difference between these toxins that promote brain
region-specific lesion are that 3-NP blocks complex II, succinate
dehydrogenase (SDH) (19), whereas rotenone and MPTP block
complex I (NADH [nicotinamide adenine dinucleotide, reduced]
dehydrogenase) (20, 21). Thus, what determines the substantia
nigra neuron to MPTP-induced lesion and striatal neuron to 3-
NP−induced lesion remains unclear. The differences in their
brain penetrability may not account for the tissue-specific lesion, as
these toxins block mitochondrial function throughout the brain and
peripheral tissue. Therefore, although mitochondrial dysfunction is
ubiquitous, it is insufficient to elicit selective neuronal death, sug-
gesting that there are additional mechanisms that may play a role
in the brain (22, 23).
Rhes belongs to a small GTPase (guanosine triphosphate

hydrolase) family of proteins highly enriched in the brain’s
striatum, which controls psychiatric, cognitive, and motor functions.
Rhes is induced by thyroid hormones and can inhibit the cAMP/
PKA (cyclic adenosine monophosphate/protein kinase A) pathway,
dopaminergic signaling, and N-type Ca2+ channels (Cav 2.2) (24–27).

Significance

Damaged mitochondria are eliminated by lysosomes, a process
called mitophagy. However, the brain tissue specific roles and
mechanisms of mitophagy remain unknown. We report that
Rhes, a protein highly enriched in the striatum, eliminates
damaged mitochondria via mitophagy, a function that may
regulate the optimum number and function of mitochondria in
the striatum. However, when mitochondria are irreversibly
damaged, as in the presence of 3-NP (an inhibitor of complex II,
SDH), Rhes exacerbates mitophagy in association with Nix, a
mitophagy receptor and promotes cell death. Intriguingly, Rhes
can travel via membranous protrusions from a healthy cell to
the neighboring cell and interacts with the damaged mito-
chondria via Nix. Collectively, Rhes acts as “mitochondrial sur-
veillant,” and excessive mitophagy may account for striatal
vulnerability in brain.
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Over the years, we have found several roles for Rhes in the striatum.
Rhes can regulate the mammalian target of rapamycin complex 1
(mTORC1), SUMOylation, and HD toxicity in cell and mouse
models (28–32). Independent studies show a link for Rhes in striatal
toxicity in various models of HD (33–38). Rhes knockout (KO) mice
are also resistant to 3-NP−induced striatal lesion (39). Yet the
mechanisms by which Rhes promotes neuronal vulnerability in
the brain remains unclear.
Here we report that Rhes is a critical regulator of mitophagy

in the striatum. Using ultrastructure, biochemical, and cell and
molecular biology tools, we demonstrate that Rhes up-regulates
mitophagy via Nix receptor, leading to striatal cell death. Our
study reveals mitophagy mechanisms by which Rhes might pro-
mote striatal vulnerability in the brain.

Results
Rhes Associates with Mitochondria and Lysosomes In Vivo and In
Vitro. We took an unbiased approach by comparing our pre-
viously identified in vivo striatal interactome of Rhes (40) with a
publicly available database of mitochondrial (www.mrc-mbu.cam.
ac.uk/impi) and lysosomal proteins (41). We found 64 (3.5%) and
20 (1.8%) out of 307 high-confidence striatal interactors of Rhes
with potential association to mitochondria (for example, Vdac1,
Rhot1) and lysosomes (Atp6v0d1, Nid1), respectively (Fig. 1 A and

B). Next, using sucrose gradient density, we separated organelles
from the striatal brain tissue homogenate from wild-type (WT)
and Rhes KO and found that endogenous Rhes cosedimented in
mitochondrial (as detected by SDH subunit A [SDHA]) and ly-
sosomal (Microtubule associated protein light chain 3 [LC3] and
lysosome associated membrane protein 1) fractions in WT stria-
tum, and, as expected, no Rhes signal was detected in KO (Fig.
1C). In order to further understand the Rhes’s mitochondrial
role, we employed striatal neuronal cell lines (also known as
STHdhQ7/Q7) isolated from the striatum of knock-in mice, which
contain a targeted insertion of a chimeric mouse with human Htt
exon 1 with 7 polyglutamine repeats (control) (42). These cells do
not express endogenous Rhes (30, 43), so we think this is a
suitable model for studying the function of exogenously added
Rhes, as it is the only source of Rhes, and it would not compete
with endogenous function of Rhes. Similar to endogenous Rhes
in the striatum, the cultured striatal neuronal cell line expressing
GFP-Rhes, not GFP alone (control), also cosedimented in the
mitochondrial and lysosomal fractions (SI Appendix, Fig. S1A).
Next, we carried live-cell time-lapse fluorescence confocal mi-
croscopy to determine Rhes interaction and function with mito-
chondria and lysosomes. We found that 1) Rhes interacted
preferentially with globular mitochondria in primary striatal
neurons processes (Fig. 1 D, Insets d1, d2, and 3D rendered images,

Fig. 1. Rhes associates with mitochondria and lysosome in vitro and in vivo. (A and B) Venn diagram showingmitochondrial and lysosomal proteins found in Rhes
interactome in vivo, “Rhesactome,” compared with available database of mitochondrial and lysosomal proteins (40, 41). (C) Sucrose density gradient andWestern
blotting of striatal tissue fromWT or Rhes KOmice indicating lysosomal (blue) andmitochondrial (red) proteins across different fractions. (D and E) Representative
confocal images (their respective Insets or 3D rendered images) of (D) primary striatal neuron and (E) striatal neuronal cells transfected with GFP-Rhes and
costained with mitotracker orange (red). Arrow and arrowhead depict globular and elongated mitochondria, respectively, in neuronal processes. (F) Bar graph
depicting average Pearson’s coefficient of colocalization (n = 35 to 40 striatal neuronal cells per group, Student’s t test; ***P < 0.001; data are mean ± SEM).
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d1-3D, d2-3D, arrows) and striatal neuronal cell line cytoplasm (Fig. 1
E, Insets e1, e2, and e2-3D) but not with the elongated mitochondria
(Fig. 1 D and E, arrowheads); 2) Rhes formed a circular structure
around the globular mitochondria (Fig. 1 E, e2-3D, arrow), and
strongly colocalizes with it (Fig. 1F); 3) Rhes colocalizes with lyso-
somes in primary striatal neuronal processes (SI Appendix, Fig. S1 B,
Insets b1 and b1-3D, arrow) as well as striatal neuronal cell lines (SI
Appendix, Fig. S1 C, Inset c1-3D, arrow and Fig. S1D); and 4) triple
staining reveals Rhes localizes with both mitochondria and lyso-
somes in striatal neuronal cell (SI Appendix, Fig. S1 E, Insets e1
and e1-3D). GFP alone did not show colocalization with mito-
tracker or lysosome in striatal neuronal cells or primary neurons
(SI Appendix, Fig. S2). Next, we performed live-cell imaging of
striatal neuronal cells transfected with GFP-Rhes (green) and
costained with mitotracker (red) and lysotracker (blue) (Movie S1
with Insets). We found that GFP-Rhes was enriched with globular
mitochondria, which becomes positive for lysosome in a time-
dependent fashion (Movie S1, arrows). Intriguingly, enhanced
GFP-Rhes signal intensity was associated with loss of mitotracker
intensity, suggestive of mitochondrial degradation (Movie S1, arrow
in GFP-Rhes). Collectively, these data indicated that Rhes asso-
ciates with mitochondrial as well as lysosomal components in the
intact striatum, primary neurons, and the striatal neuronal cell line,
where we found stronger association with globular mitochondria.

Rhes Affects Basal Mitophagy but Not Mitochondrial Functions. Ly-
sosomal localization of Rhes-positive globular mitochondria
(Movie S1 and SI Appendix, Fig. S1E) leads us to investigate the
role of Rhes in mitochondrial degradation or mitophagy. Using
cycloheximide (CHX) chase experiments, we tested whether Rhes
affects basal mitophagy. As expected, CHX treatment resulted in
the degradation of SDHA (inner mitochondrial protein), VDAC1
(outer mitochondrial protein), and cytochrome C (intermembrane
mitochondrial protein), whose levels were further diminished by
GFP-Rhes compared to GFP-alone overexpression (Fig. 2A).
Note that levels of mTOR or Bip were not altered by CHX be-
tween the groups in these cells, and down-regulation of LC3-II was

similar between GFP-expressing and GFP-Rhes−expressing cells
(Fig. 2B). To further confirm the role of Rhes in regulation of
basal mitophagy, we assessed the mitochondrial mass by CHX
chase experiment in striatal neuronal cells infected with validated
adenovirus empty (Ad-null) or adenovirus-Rhes (Ad-Rhes) (32),
using mitotracker green, a molecular probe that binds to mito-
chondria regardless of its membrane potential (44). We found that
Rhes-positive cells stained with mitotracker green showed less
fluorescent intensity in CHX treatment compared to control, in-
dicating rapid mitochondrial degradation, suggesting Rhes regu-
lates basal mitophagy (SI Appendix, Fig. S3 A and B). Next, we
wondered, whether Rhes can affect overall mitochondrial func-
tions. To test this, we used seahorse assay, which measures the
mitochondrial respiratory functions. We infected striatal neu-
ronal cell lines with Ad-null or Ad-Rhes. As shown in SI Ap-
pendix, Fig. S3 C and D, Rhes expression did not affect the
mitochondrial functions basally or in the absence or the presence
of oligomycin (an inhibitor of ATP [adenosine triphosphate]
synthase), Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP, uncouples oxidative phosphorylation), or rotenone (com-
plex I inhibitor). Similarly, Rhes expression did not affect FCCP-
induced mitophagy (SI Appendix, Fig. S3 E and F). Thus, Rhes
enhances basal mitophagy in CHX conditions, but may not affect
the overall mitochondrial functions basally or in the presence of
certain pharmacological modulators of mitochondria.

Rhes Diminishes Mitochondrial Functions and Up-Regulates Mitophagy
in the Presence of 3-NP. To further assess the role of Rhes in mi-
tochondrial functions, we investigated the effect of Rhes in the
presence of 3-NP in seahorse assay. The rationale for testing 3-NP
is 2-fold: 1) 3-NP is known to promote lesion selectively in the
striatum, and 2) previously, we found that Rhes KO mice are
totally prevented from 3-NP−induced striatal lesion compared to
WT control (39). In sea horse assay, as in SI Appendix, Fig. S3C,
Rhes alone did not affect mitochondrial function in vehicle condi-
tions. But, in the presence of 3-NP, which diminished both the basal
and maximal mitochondrial respiration, Rhes further potentiated

Fig. 2. Rhes regulates basal mitophagy. (A) Western blots from GFP-transfected or GFP-Rhes−transfected striatal neuronal cells treated with vehicle or
cycloheximide (CHX, 100 μM) at indicated time point. Blots were probed with indicated antibodies. (B) Bar graph shows quantification of band intensities of
indicated proteins in A. Protein levels were normalized to actin (n = 3, Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.001; data are mean ± SEM).
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the effect (SI Appendix, Fig. S4). This indicated that Rhes selectively
worsens the 3-NP−induced mitochondrial dysfunctions, but not
oligomycin, FCCP, or rotenone.
To investigate the mechanisms, we assessed the effect of Rhes

on mitophagy in striatal neuronal cell line or primary striatal
neurons using biochemical and confocal imaging approaches. We
used cycloheximide chase experiment to assess the mitophagy, and
Rhes markedly enhances mitophagy. As shown in Fig. 3 A and B,
in GFP alone, there was a gradual loss of SDHA, in both vehicle
and 3-NP conditions at 6, 9, and 12 h after CHX treatment. In the
presence of GFP-Rhes, mTOR and Bip protein levels are not
affected, but loss of SDHA is more rapid in vehicle and almost all
(>90%) of SDHA was eliminated in 3-NP, which is also accom-
panied by enhanced LC3-II production (Fig. 3 A and B). Next, we
transiently expressed GFP, GFP-Rhes WT, and GFP-Rhes C263S
(mutant defective in membrane binding) in striatal neuronal cells
by staining them with mitotracker and exposing them to vehicle or

3-NP (SI Appendix, Fig. S5). As expected, in vehicle-treated neu-
ronal cells, we found that GFP-Rhes WT interacted with mito-
chondria (SI Appendix, Fig. S5, Inset a4-2.5D, arrow) and that
mitotracker staining was observed throughout the GFP-Rhes
WT−transfected (yellow arrowhead) and untransfected (blue ar-
rowhead) neuronal cells (SI Appendix, Fig. S5, Inset a3). Contrary
to this observation, in 3-NP−treated neuronal cells, the dispersed
mitotracker staining was completely disrupted in the GFP-Rhes−
transfected cells (SI Appendix, Fig.S5, Inset a9, yellow arrowhead)
but not in untransfected neuronal cells (SI Appendix, Fig. S5, Inset
a9, blue arrowhead). Also, in the presence of 3-NP, numerous
globular mitochondria that were positive for Rhes were observed
in GFP-Rhes−transfected cells (SI Appendix, Fig. S5, Inset
a10-2.5D, arrow). Consistent with our previous work (28, 30, 45), we
found that mutation of Rhes C263, which is a farnesylation con-
sensus site, leads to its mislocalization into the nucleus (SI Appendix,
Fig. S5, Insets a5 and a11). Note that, in GFP-alone− or GFP-Rhes

Fig. 3. Rhes promotes mitophagy in the presence of SDH inhibitor 3-NP. (A) Western blots of striatal neuronal cells transfected with GFP or GFP-Rhes, treated
with vehicle or 3-NP (10 mM for 1 h) or with CHX (100 μM). (B) Bar graph shows the quantification of indicated proteins in A (*P < 0.05, **P < 0.01, ***P <
0.001, between GFP/vehicle and GFP-Rhes/Vehicle; #P < 0.05, ##P < 0.01, ###P < 0.001 between GFP/3-NP and GFP-Rhes/3-NP; 1-way ANOVA test followed by
Tukey post hoc test; n = 3; data are mean ± SEM; n.s, not significant). (C) Representative confocal image and corresponding Insets of GFP-Rhes−transfected
primary striatal neuron treated with vehicle or 3-NP (10 mM) at indicated time points. Cells were stained with mitotracker orange (red). Arrow indicates GFP-
Rhes−positive neuronal processes colocalized with mitochondria in vehicle, and 4-h 3-NP–treated neuron but not in 16-h 3-NP–treated neuron. Arrowheads
indicate that the mitotracker intensity is not affected in untransfected neighboring cell in the same field in either vehicle or 3-NP treatment.
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C263S-transfected cells, the mitotracker signal appears undis-
rupted, and no obvious association of GFP or GFP-Rhes
C263S with mitochondria was observed in either vehicle (SI
Appendix, Fig. S5, Insets a2-2.5D and a6-2.5D, arrowhead) or 3-
NP−treated cells (SI Appendix, Fig. S5, Insets a8-2.5D and a12-
2.5D, arrowhead). We further analyzed the mitotracker intensity
by flow cytometry in striatal neuronal cells, infected with either
Ad-null or Ad-Rhes, treated with vehicle or 3-NP. We found that
mitotracker intensity was reduced by 30% in Ad-Rhes−infected
cells compared to Ad-null infection after 3-NP treatment (SI
Appendix, Fig. S6), indicating Rhes robustly diminishes mito-
chondrial intensity upon 3-NP treatment. Analogous to striatal cell
lines, in primary striatal neurons, we also found that GFP-Rhes
interacted with mitochondria (Fig. 3 C, Inset c1, arrow) and that
mitotracker staining was observed throughout the GFP-Rhes WT-
transfected and untransfected primary neuronal processes (Fig. 3
C, Inset c1, arrowhead). However, in 3-NP−treated primary neu-
rons at 4 h, the mitotracker staining was reduced and globular
mitochondria were surrounded by GFP-Rhes (Fig. 3 C, Inset c2,
arrows). At a later time point of 3-NP treatment (16 h), mito-
tracker staining was almost completely abolished in the GFP-
Rhes−transfected cells (Fig. 3 C, Inset c3, arrow) but not in
untransfected neuronal cells (Fig. 3 C, Inset c3, arrowhead), in-
dicating that Rhes diminishes mitochondrial functions in a time-
dependent manner in the presence of 3-NP. Note that GFP-alone
(control)−transfected primary neuron does not show reduction in
mitotracker staining after 3-NP treatment (SI Appendix, Fig. S7).
Together, these data indicate that Rhes exacerbates mitochondrial
dysfunction and promotes mitophagy in the presence of SDHA
inhibitor 3-NP.

Rhes Promotes Mitophagy Flux in the Presence of 3-NP. Next, we
biochemically estimated whether Rhes alters the mitophagy flux
in striatal neuronal cell lines in gradient fractionation (SI Appen-
dix, Fig. S8A) and in total lysate (SI Appendix, Fig. S8 B–E). In Ad-
null condition (control), as expected, we found an accumulation of
SDHA in the mitochondrial fraction in the vehicle-treated groups
(SI Appendix, Fig. S8A). Addition of 3-NP resulted in a robust
accumulation of SDHA in the lysosomal fractions (compare green
circles). Blocking autophagy with chloroquine (CQ), however,
resulted in a diminished accumulation of SDHA and enhanced
LC3-II levels in control, indicating that 3-NP might induce new
mitochondrial production, in control condition. In Ad-Rhes,
however, higher levels of SDHA were found in vehicle-treated
conditions. Treatment of 3-NP in Ad-Rhes condition resulted in
a reduction of SDHA levels in the lysosomal fractions (compare
red circles). Cotreatment with CQ showed increased SDHA levels
in lysosomal fraction, which is also accompanied by a rapid up-
regulation of LC3 conversion (SI Appendix, Fig. S8A).
Apart from mitophagy, we also checked mitobiogenesis by

investigating expression level of genes such as Nrf1, Nrf2, Pgc1α,
and Tfam involved in the mitochondrial biogenesis in GFP-
containing and GFP-Rhes−containing cells treated with 3-NP
alone or in combination with CQ. We found that 3-NP treat-
ment up-regulated the expression of mitobiogenesis regulatory
genes, but the combination of 3-NP and CQ diminished their
expression in both control and Rhes-containing cells (SI Appendix,
Fig. S9). This indicates that the lysosomal activity is necessary for
biogenesis in 3-NP−treated cells. Mitochondrial degradation and
biosynthesis are tightly regulated processes (46). Thus, the re-
duced SDHA levels in 3-NP + Rhes are presumably due to higher
degradation of mitochondria compared to biogenesis. This notion
is consistent with enhanced abundance of SDHA in GFP-Rhes +
3-NP + CQ, compared to GFP + 3-NP + CQ (SI Appendix, Fig.
S8A). Together, biochemical fractionation data suggest that Rhes
up-regulates mitophagy flux in 3-NP condition.
In total lysate, in both vehicle-treated GFP-expressing and GFP-

Rhes−expressing cells, we found there was no major difference in

SDHA levels (SI Appendix, Fig. S8 B and C). Upon 3-NP treat-
ment, however, there were increased SDHA levels in GFP-
expressing cells, but, in GFP-Rhes−expressing cells, the SDHA
levels were diminished, which is also accompanied by a rapid up-
regulation of autophagy, as measured by increased LC3 conver-
sion (SI Appendix, Fig. S8 B and C). Addition of CQ has further
increased the SDHA and LC3-II levels in 3-NP condition (SI
Appendix, Fig. S8 D and E). Together, these data indicate that
Rhes increases autophagosome and lysosome accumulation
around mitochondria and mediates mitophagy flux in the pres-
ence of 3-NP. Similarly, in immunocytochemistry, SDHA staining
is also diminished in GFP-Rhes−transfected striatal neuronal
cells, treated with 3-NP compared to vehicle treatment (SI Ap-
pendix, Fig. S10). Next, we investigated whether Rhes recruits
lysosomes to globular mitochondria using lysotracker and GFP-
LC3, by confocal microscopy. As predicted, we observed coloc-
alization of lysotracker with GFP-Rhes−positive globular mito-
chondria (stained with mitotracker) in vehicle-treated cells, and
this colocalization was further enhanced in the presence of 3-NP
(SI Appendix, Fig. S11 A and B, arrow). The 3-NP−treated, GFP-
alone−transfected cells also showed increase in colocalization be-
tween mitochondria and lysosomes, but only GFP-Rhes−positive
cells show disrupted mitotracker staining (SI Appendix, Fig. S11,
arrow). Similarly, there was an enhanced number of GFP-LC3
puncta (SI Appendix, Fig. S12 A and B, arrow) and increased
colocalization between GFP-LC3 and mCherry TOMM20, a
mitochondrial marker, in 3-NP–treated Myc-Rhes–expressing
cells (SI Appendix, Fig. S12C). Thus, Rhes associates with mi-
tochondria and lysosomes and activates mitophagy, upon 3-NP
treatment.

Rhes Promotes the Formation of Mitophagosomes In Vivo. Since
Rhes interacted with globular mitochondria and lysosomes (Fig. 1
and SI Appendix, Fig. S1) and modulates basal mitophagy which
is further up-regulated in 3-NP (Figs. 2 and 3), we posited that
Rhes may activate mitophagy in vivo. To test this thoroughly
in vivo, we carried out behavioral, pathological, and ultrastructural
analysis (using transmission electron microscopy) of the striatum
in WT and Rhes KO mice after systemic injection of 3-NP (see
experimental scheme, Fig. 4A). Consistent with our earlier report
(39), 3-NP administration to WT mice promoted motor abnor-
malities that were diminished in Rhes KO mice (Fig. 4 B–E). The
3-NP also induced striatal-specific lesion in WT striatum, which
was completely prevented in the Rhes KO striatum (Fig. 4F, ar-
rowhead) (39). Microscopic analysis of the 3-NP−induced striatal-
specific lesions found pyknotic nuclei and a diminished neuronal
staining in WT mice, while KO striatum displayed healthy nuclei
and normal neural staining (Fig. 4F, Insets f1 and f2, compare WT
and KO) (39). Thus, 3-NP promotes lesions selectively in the
striatum of theWTmice but not in the Rhes KO striatum, a highly
reproducible phenotype (39). To address why Rhes KO are re-
sistant to 3-NP−induced lesion, we hypothesized that ultrastruc-
tural analysis might provide a clue. We carried out time-lapse
ultrastructural analysis using serial corticostriatal section electron
microscopy of the second and third days after systemic adminis-
tration of 3-NP. On the second day (d2), we found no gross
changes in the overall cell morphology or mitochondria ultra-
structure between WT and KO, which were similar to control (Fig.
4 G, Insets). On the third day (d3), in WT, we found neuronal
shrinkage and abnormal, swollen mitochondria with broken inner
membrane and matrix in the striatum (Fig. 4 G, Insets, arrow-
head). And, those abnormal striatal neuronal changes were com-
pletely absent in the Rhes KO (Fig. 4G). Mitochondrial circularity
index (length/breadth) and area analysis showed that the fre-
quency of circular mitochondria is high in Rhes WT compared to
Rhes KO neuron after 3-NP treatment (Fig. 4H). Cortex from
either genotype showed no lesion (SI Appendix, Fig. S13, arrow-
head) or mitochondrial abnormalities (SI Appendix, Fig. S13,

23764 | www.pnas.org/cgi/doi/10.1073/pnas.1912868116 Sharma et al.

D
ow

nl
oa

de
d 

at
 In

st
itu

to
 d

e 
B

io
te

cn
ol

og
ia

/U
N

A
M

 o
n 

O
ct

ob
er

 2
0,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912868116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1912868116


Fig. 4. Rhes promotes mitophagy in vivo. (A) Experimental design for 3-NP treatment in mice (I.P.: intraperitoneal injection). (B–D) Beamwalk analysis during 3-
NP treatment for WT (red circles) and Rhes-KO (green circles) groups. (E) Changes in the latency to fall for the rotarod test during 3-NP treatment. **P < 0.01,
***P < 0.001; 2-way ANOVA followed by Bonferroni’s post hoc test. (F) Representative hematoxylin/eosin-stained sections for WT and Rhes KO mice after 3 d of
3-NP treatment; Cx, cortex; St, striatum. Insets f1 and f2 show the magnified region from the selected area (arrowhead shows the 3-NP striatal lesion). (G)
Representative electron micrographs from striatum of WT and Rhes KO mice at day 2 (d2) and day 3 (d3) of 3-NP treatment; Insets are high magnification (blue
arrowheads show mitochondria with broken inner membrane). (H) Ultrastructural changes analysis using frequency histograms of the mitochondrial area and
circularity index (iC) for the WT and Rhes KO groups treated with vehicle (PBS) or 3-NP. One-way ANOVA (Bartlett’s test), Bonferroni’s post hoc test. ***P < 0.001;
n.s, not significant. (I) Representative electron micrographs from striatum and cortex of indicated groups after 3 d of 3-NP treatment. Arty Rendering shows the
swollen mitochondria in mitophagosome. (J) Quantification of the healthy and swollen mitochondria, lysosomes, and mitophagosomes frequency in the striatum
of WT and Rhes KO mice at day 3 of 3-NP treatment. *P < 0.05, ***P < 0.001, n.s: not significant, determined by 2-way ANOVA, Bonferroni’s post hoc test.
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Insets a1 and b1), indicating that 3-NP−induced lesion (arrow) and
mitochondrial abnormalities (SI Appendix, Fig. S13, Inset b2) are
selective to the striatum, and require Rhes. Further examination
of ultrastructure revealed numerous mitophagosomes, where the
mitochondria with cristae debris were engulfed within the double-
layer membranes resembling autophagosomes (Fig. 4I, and arty
rendering), and there was a diminished frequency of the number of
healthy looking mitochondria, but enhanced swollen mitochondria
and mitophagosomes in Rhes WT striatum, compared to Rhes KO
(Fig. 4J). Thus, Rhes deletion prevents the formation of neuronal
shrinkage, mitochondrial swelling, and induction of mitophagosomes
by 3-NP treatment. All together, these data indicated that Rhes
physiologically regulates 3-NP−induced mitochondrial dysfunc-
tion and promotes the formation of globular mitochondria and
mitophagosomes, which coincides with worsening motor pheno-
type in vivo.

Rhes Diminishes Mitochondrial Potential (ΔΨm) and Promotes Cell
Death in the Presence of 3-NP. To understand the mechanisms,
and because Rhes can interact with VDAC1 (Fig. 1A), which is a
component of membrane permeability pore, we rationalized that
Rhes may affect mitochondrial potential (ΔΨm). To investigate
this, we tested whether Rhes alters ΔΨm using tetramethyl rho-
damine (TMRM), a widely used cell-permeable fluorescent dye
that binds mitochondria with intact ΔΨm. We infected striatal
neuronal cell lines with Ad-null or Ad-Rhes for ∼32 h and added
TMRM. We quantified TMRM signal intensity using FACS

(fluorescence-activated cell sorting) in vehicle or 3-NP treatment
at 15 min, 30 min, and 2 h (Fig. 5A). Notably, TMRM (red) signals
were not altered in vehicle condition in both Ad-null− and Ad-
Rhes−expressing cells. But, in the presence of 3-NP, the TMRM
signal intensity is rapidly diminished only in Ad-Rhes−expressing
cells but not Ad-null in a time-dependent manner, indicating a
rapid loss of ΔΨm by Rhes (Fig. 5A). This effect is specific to Rhes
WT, as GFP-Rhes C263S mutant failed to alter TMRM signal,
which is like GFP control (Fig. 5 B and C). Next, as Rhes is re-
quired for 3-NP induced striatal lesion in vivo (ref. 39 and Fig. 4),
we investigated whether Rhes modulates striatal cell death
in vitro, using propidium iodide (PI) staining, a fluorescent dye
that enters cells only when they are compromised (47), and FAC
sorting. As shown in Fig. 5D, we found that Ad-null control
expressing cells did not show changes in PI+ cells in either vehicle
or 3-NP condition (∼5 to 7%). Similarly, Ad-Rhes−expressing
cells in vehicle did not show changes in PI+ cells (∼5%). How-
ever, in Ad-Rhes and 3-NP condition, there was a robust increase
in PI+ cells (∼25%; Fig. 5E). To further establish that cell death
effect is specific to Rhes WT, we FAC-sorted GFP alone, GFP-
Rhes WT, and GFP-Rhes C263S cells and added vehicle or 3-NP
(see scheme in SI Appendix, Fig. S14A). As shown in SI Appendix,
Fig. S14 B and C, Rhes WT showed ∼27% cell death as measured
by PI staining in the presence of 3-NP, whereas GFP or GFP-
Rhes C263S showed ∼5 to 10% cell death. Collectively, these

Fig. 5. Rhes diminishes mitochondrial membrane potential (ΔΨm) and promotes cell death in the presence of 3-NP. (A) Representative flow cytometry plot of
striatal neuronal cells infected with Ad-null or Ad-Rhes in the presence of vehicle or 3-NP (10 mM, for 15 min, 30 min, or 2 h). Cells were stained for TMRM
(ΔΨm indicator) and analyzed in flow cytometry. Bar graph shows the relative TMRM mean intensity. **P < 0.01, ***P < 0.001 vs. Ad-null and vehicle (n = 3
per group; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test). (B) Flow cytometry plot of striatal neuronal cells transfected with GFP or
GFP-Rhes or GFP-Rhes C263S treated with vehicle or 3-NP (10 mM and for 2 h) and stained for TMRM. (C) Bar graph shows the relative TMRM mean intensity
for B. ***P < 0.001 vs. GFP/Vehicle sample (n = 3 per group; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test). (D) Flow cytometry plot of
striatal neuronal cells infected with Ad-null or Ad-Rhes treated with vehicle or 3-NP (10 mM for 8 h), stained with PI. (E) Bar graph shows the percent of cell
death in indicated groups. ***P < 0.001 vs. Ad-null/Vehicle (n = 3 per group; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test).
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data indicate Rhes diminishes ΔΨm and promotes cell death in
the presence of 3-NP.

Rhes Promotes Mitophagy, Disrupts ΔΨm, and Promotes Cell Death
via Nix. To investigate the mechanisms by which Rhes may acti-
vate mitophagy, we considered whether Rhes interacts with well-
known mitophagy modulators, such as Parkin, PINK1, DRP1
(Dynamin related protein 1), or Nix (48). In an affinity purifi-
cation experiment, GST-Rhes did not interact with Parkin but
readily interacted with mTOR (Fig. 6A), as shown in our pre-
vious report (28). We did not observe interaction of Rhes with
either DRP1 or Pink1 (SI Appendix, Fig. S15 A and B). However,
GST-Rhes readily interacted with Nix, a known mitophagy re-
ceptor (49) (Fig. 6 B and C). Rhes interaction with overexpressed
Nix (Fig. 6B) or endogenous Nix (Fig. 6C), increases with 3-NP
treatment; however, Rhes interaction with mTOR remains un-
altered (Fig. 6C). GST-Rhes is also affinity-purified with LC3
without or with 3-NP and showed a consistent and enhanced in-
teraction with Nix in the presence of 3-NP (Fig. 6D). Next, we
found that the C-terminal SUMO E3 ligase domain (171 to 266
aa), but not the N-terminal GTPase (1 to 181 aa), or the fragment
(147 to 216 aa) interacted strongly with Nix (Fig. 6E). Addition-
ally, we found that membrane-binding defective mutant Rhes

C263S, but not GTP-binding mutant (Rhes S33N), fails to interact
with Nix (SI Appendix, Fig. S15C). Interaction of Rhes with
mTOR, on the other hand, seems to be more toward the N-
terminal side of Rhes (Fig. 6E). Thus, Rhes associates strongly
with Nix in the presence of 3-NP, and the binding requires intact
membrane binding domain.
Because Rhes interacted strongly with Nix, we hypothesized

that Rhes may promote mitophagy via Nix. To test this hypothesis,
we depleted endogenous Nix in the striatal cells using CRISPR/
Cas9 tools. While GFP-Rhes promoted a significant loss of SDHA
and increased LC3-II productions in CRISPR/Cas9 control cells, it
completely failed to do so in CRISPR/Cas9 Nix-depleted cells
(Fig. 6 F and G), which resulted in ∼90% depletion of Nix (SI
Appendix, Fig. S19A). This finding indicated that Nix is essential
for Rhes-induced mitophagy. Furthermore, when we reconstituted
Nix in Nix-depleted cells, Rhes was able to restore mitophagy and
increase LC-3 conversion (SI Appendix, Fig. S16 A and B), sug-
gesting that Nix is critical for Rhes-mediated mitophagy. Consis-
tent with this, in confocal data, we found that, in CRISPR/Cas9
control cells, upon 3-NP treatment, Rhes promoted rapid loss of
mitotracker intensity, and formation of numerous globular mito-
chondria colocalized with GFP-Rhes (Fig. 6H, arrow). However, in
Nix-depleted GFP-Rhes expressing cells, most of the mitotracker

Fig. 6. Rhes interacts with Nix and promotes mitophagy. (A–E) Representative Western blot of indicated proteins after glutathione affinity purification of HEK
293 cells transfected with GST or GST-Rhes (full length [FL] or fragments), mCherry-Parkin, myc-Nix, or mCherry-LC3 plasmids that are exposed to vehicle or 3-NP
(10 mM, 2 h) wherever indicated. Input is 5% of total lysate. (F) Representative Western blot of control or CRISPR/Cas9-mediated Nix-depleted striatal neuronal
cells that were transfected with GFP or GFP-Rhes and treated with vehicle or 3-NP (10 mM, 2 h). (G) Bar graph shows the quantification for normalized SDHA and
LC3-II proteins. **P < 0.01, ***P < 0.001 vs. Rhes control CRISPR/vehicle (n = 4, data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test). (H)
Representative confocal images and their Insets of control CRISPR/Cas9 or Nix CRISPR/Cas9 striatal neuronal cells transfected with GFP-Rhes and costained for
mitotracker (red) that were treated with 3-NP (10 mM for 2 h). Arrows represents the globular mitochondria, positive for GFP-Rhes. (I) Bar graph shows the
average of Pearson’s coefficient of colocalization between GFP-Rhes and mitochondria in indicated groups (n = 33 to 37 cells per group; **P < 0.01, ***P < 0.001
vs. Rhes/vehicle control CRISPR; ###P < 0.001, $$P < 0.01 between indicated groups; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test).
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signal intensity remained unaltered by 3-NP treatment and coloc-
alization between GFP-Rhes and mitotracker was significantly re-
duced (Fig. 6 H, arrows and I). In vehicle treatment, Rhes was
unable to interact with globular mitochondria in Nix-depleted cells
compared to control cells (SI Appendix, Fig. S16C, arrowhead).
Together, these data suggest that Rhes interacts with globular
mitochondria and promotes mitophagy via Nix.
Next, as Rhes decreases ΔΨm in the presence of 3-NP, we

wondered whether this process requires Nix. As shown in Fig. 7 A
and B, while Rhes diminishes TMRM signals in control cells, this
effect is not observed in Nix-depleted cells. Similarly, the observed
Rhes-induced cell death in the presence of 3-NP in control cells
was also markedly diminished in Nix-depleted cells (Fig. 7 C and
D). Moreover, reconstitution of Nix significantly elevated Rhes-
mediated cell death in 3-NP–treated cells (Fig. 7D). Nix is local-
ized to endoplasmic reticulum (ER) as well as mitochondria (50).
Using ER-targeted Nix, where transmembrane (TM) domain of
Nix was replaced by CytoB, and mitochondria-targeted Nix, where
TM domain was replaced with monoamine oxidase located in the
outer mitochondrial membrane (50), we found Rhes affinity with
both ER- and mitochondrial-targeted Nix (SI Appendix, Fig. S17 A
and B). However, in a reconstitution FACS/TMRM experiment,
we found that replenishing only the mitochondria-targeted Nix,
but not ER-targeted Nix, restores the loss of TMRM signal by
Rhes (SI Appendix, Fig. S17 C and D). Collectively, these data

indicate that Rhes interacts with both ER- and mitochondrial-
targeted Nix and disrupts ΔΨm mostly via the latter.

Rhes Travels from Cell to Cell and Interacts with the Globular
Mitochondria in the Neighboring Cells via Nix. We recently reported
that Rhes induces the biogenesis of tunneling nanotube (TNT)-
like cellular protrusion, “Rhes tunnel,” through which Rhes
travels from cell to cell (45). It is unknown whether intercellular
signaling can regulate mitochondrial turnover. So, we considered
whether Rhes can interact with damaged mitochondria in the
neighboring cells. We designed an experiment in which we
cocultured FACS-sorted GFP-Rhes−expressing cells (donor cells)
with the acceptor cells that were exposed to 3-NP or vehicle (ac-
ceptor cells), followed by confocal imaging with mitotracker (see
scheme in Fig. 8A). As expected, we found GFP-Rhes−positive
TNT-like protrusions (closed arrow) and numerous GFP-Rhes
(open arrow) in the neighboring cell in both vehicle-treated and
3-NP−treated cells (Fig. 8B and SI Appendix, Fig. S18). Interest-
ingly, we found numerous GFP-Rhes puncta that were colocalized
with globular mitochondria in cells that are exposed to 3-NP (yellow
arrowhead) in control acceptor cell. But, when GFP-Rhes donor cells
are cocultured with Nix-depleted acceptor cells, we do observe TNT-
like protrusions (closed arrow) and numerous puncta (open arrow),
but we failed to observe GFP puncta (white arrowhead) localization
with globular mitochondria in the Nix-depleted acceptor cell treated

Fig. 7. Rhes promotes cell death and disrupts mitochondrial potential (ΔΨm) via Nix. (A) Flow cytometry plots of control CRISPR/Cas9 and or Nix CRISPR/Cas9
striatal neuronal cells, infected with either Ad-null or Ad-Rhes viral particles. (B) Bar graph shows the relative TMRM fluorescence intensity for A. ***P < 0.001
(n = 3 per group; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test). (C) Flow cytometry plot of control CRISPR/Cas9 and or Nix CRISPR/
Cas9 striatal neuronal cells infected with Ad-null or Ad-Rhes treated with vehicle or 3-NP (10 mM for 8 h) that are stained with PI. Nix CRISPR/Cas9 striatal
neuronal cells reconstituted with Nix by transfecting myc-Nix cDNA. (D) Bar graph shows the percent of cell death in indicated groups (**P < 0.01, ***P <
0.001; n = 3 per group; data are mean ± SEM; 1-way ANOVA followed by Tukey post hoc test).
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with 3-NP (Fig. 8B). Pearson’s colocalization coefficient further
confirmed a marked reduction in Rhes localization with mitochon-
dria in Nix-depleted cells (Fig. 8C). This indicates that Rhes can
travel from cell to cell and interact with damaged mitochondria via
Nix. Thus, these data raise a possibility that Rhes can act as an in-
tercellular mitochondrial surveillance factor.

Discussion
To date, the brain tissue-specific regulator(s) of mitophagy or its
role in neuronal vulnerability remains poorly understood. By
using neuronal and mouse model combined with electron and
live-cell confocal microscopy, we have systematically investigated
the role of Rhes in mitophagy. We found striatal-enriched protein
Rhes promotes mitophagy via Nix, a known mitophagy receptor
(49). Despite abundant and comparable expression of Nix in the
striatum of both WT and Rhes KO mice (SI Appendix, Fig. S19B),
the removal of damaged mitochondria via mitophagy requires

Rhes demonstrating its “mitophagy ligand-like” capabilities in
vivo. In addition, this study demonstrate the role of Rhes in in-
tercellular surveillance of mitochondria through the cellular pro-
trusion that we recently discovered (45) and lays a foundation for
understanding the unprecedented complexity by which Rhes may
signal mitophagy within and outside the striatum.
Half-lives of mitochondria in rat whole brain were estimated to be

∼24 d (51). Striatum is considered to be one of the metaboli-
cally active regions of the brain (52); the exact half-life of mito-
chondria remains unknown. Although Rhes appears to regulate basal
mitophagy, the functional relevance of this has yet to be determined.
Rhes KO mice are hyperactive to dopaminergic drugs, but whether
the lack of mitophagy may contribute to such hyperactive phenotype
remains largely unknown. It has long been known that 3-NP elicits
striatal-specific lesion (53, 54), and mechanisms such as oxidative
stress and excitotoxicity were implicated (55, 56). Oxidative
stress or excitotoxicity can also occur in the cortex; however, 3-NP

Fig. 8. Rhes travels Intercellularly and interacts with damaged mitochondria via Nix. (A) Experimental design for B. (B) Representative confocal image of GFP-
Rhes (FAC-sorted) striatal neuronal cells (donor cells) cocultured with vehicle-treated or 3-NP−treated control or Nix-depleted (Nix CRISPR) cells (acceptor
cells). Insets show the magnified region from selected area. Corresponding Insets were processed for 2.5-dimensional rendering. Closed arrow indicates Rhes-
induced TNT-like protrusions. Open arrow represents GFP-Rhes puncta in acceptor cell. Yellow and white arrowheads indicate presence or lack, respectively,
of colocalization of GFP-Rhes with mitotracker. (C) Bar graph shows average of Pearson’s coefficient of colocalization between GFP puncta and mitotracker in
neighboring acceptor cells where Rhes is transported from donor cell; n = 72 to 90 GFP-Rhes puncta per group were counted from 13 to 18 cells per group.
**P < 0.01, ***P < 0.001; 1-way ANOVA followed by Tukey post hoc test; n.s, not significant. (D) Model for Rhes-mediated mitophagy in the striatum. Rhes
senses dysfunctional mitochondria (d1). Rhes interacts with Nix and diminishes membrane potential (d2). Rhes-Nix interaction recruits autophagosomes via
LC3 and formation of mitophagosomes to promote mitochondrial degradation (d3). Basal mitophagy may lead to mitochondrial turnover; however, excessive
mitophagy in the presence of mitochondrial toxin, 3-NP, may promote striatal lesion.
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does not elicit lesion in the cortex (SI Appendix, Fig. S13).
Therefore, the molecular details that contribute to 3-NP−induced
striatal lesion has remained enigmatic. Now this study provides a
clear molecular route for striatal lesion by 3-NP. Our data indicate
that Rhes’s role is to protect neurons by removing damaged mito-
chondria via mitophagy. However, upon exposure to mitochondrial
toxin such as 3-NP, which irreversibly damages the mitochondria,
the Rhes-mediated mitophagy processes are exacerbated that lead
to depletion of the mitochondria and neuronal death (Fig. 8D).
Because Rhes selectively mediates 3-NP−induced toxicity, it raises
the question of whether Rhes contains special mechanisms to sense
SDHA dysfunction in the brain.
Based on the data presented in this report, our current model

predicts that Rhes may sense the dysfunctional mitochondria and
binds to Nix to disrupt the ΔΨm and initiate mitophagy. Rhes
and Nix together may alter the membrane permeability pore,
leading to the diminishment of ΔΨm. Nix alone cannot disrupt
ΔΨm, because there was no difference in TMRM signal intensity
between Nix WT and Nix KO cells with or without 3-NP (Fig. 7).
Moreover, as mentioned above, Nix alone cannot elicit mito-
phagy in vivo because the levels of Nix between WT and Rhes KO
striatum were similar (SI Appendix, Fig. S19B), and yet Rhes KO
shows diminished mitophagy compared to WT (Fig. 4). Mecha-
nistically, as loss of ΔΨm is a major initial step in the mitophagy
up-regulation, we hypothesize that altering the ΔΨm by Rhes is the
likely step to initiate mitophagy. Rhes’s effect on mitophagy
appears to be specific to 3-NP but not FCCP (Fig. 2 and SI
Appendix, Fig. S3 E and F). How is this specificity accom-
plished? One possibility would be that Rhes, via yet unknown
mechanisms, may particularly react to dysfunctional complex II
of mitochondria. Analogous to this, some factors in the sub-
stantia nigra may sense MPTP- or rotenone- induced mito-
chondrial dysfunction related to complex I. Such tissue-specific
regulator may set the stage for eliciting tissue-specific vulner-
ability through mitophagy. But the identity of such regulators in
the substantia nigra remains unknown.
An earlier study showed that mitochondria from the axonal

protrusions could be degraded in astrocytes via mitophagy, sup-
porting the existence of intercellular mitophagy mechanisms in the
brain (57). The implication that Rhes can travel from cell to cell
and interacts with damaged mitochondria thus raises the intriguing
possibility that Rhes may act like “mitochondrial surveillant” in the
striatum. We imagine that Rhes “scans” for damaged mitochon-
dria in the surrounding cells and travels there via TNT-like
membranous tubes to eliminates them. Conceptually, such a
process in brain sounds like “science fiction.” Considering the

complexity of brain, the surveillance ability of Rhes to monitor
defective mitochondria may be needed for an effective coor-
dination of billions of densely packed neurons in the brain.
Collectively, this study reveals Rhes as a mediator of mitophagy
and its impact on the regulation of striatal vulnerability. De-
velopment of therapeutic approaches that modulates mitoph-
agy in the striatum may offer benefits for dysfunction related to
the striatal region of the brain.

Materials and Methods
Cell Culture and Chemicals. Mouse normal striatal neuronal cells (STHdhQ7/Q7)
(42) were cultured in growth medium containing Dulbecco’s modified Ea-
gle’s medium (Thermo Fisher Scientific) with 10% fetal bovine serum, 1%
penicillin−streptomycin, as described in our previous work (30, 40, 58).

Generation of Nix KO Cell Line. Nix KO cell line was generated using Nix
CRISPR/Cas9 plasmids from Santa Cruz Biotechnologies. First, we transfected
the striatal neuronal cells with Nix CRISPR/Cas9 plasmid (SC-419357) or CRISPR/
Cas9 control plasmid (SC-418922) in a 10-cm dish. After 48 h, we sorted the
cells based on GFP fluorescence and recultured them. We passaged them 2 to
3 times and prepared lysate to confirm the Nix protein depletion by Western
blotting using Nix antibody.

Mice. For in vivo experiments, we used Rhes KO mice, and we used C57BL/6J
mice as a control group. Rhes KO mice were obtained from A. Usiello (25)
and were backcrossed with C57BL/6J mice at least 8 generations; homozy-
gous Rhes KO were used for all of the experiments. WT mice (C57BL/6) were
obtained from Jackson Laboratory and maintained in our animal facility
according to Institutional Animal Care and Use Committee at The Scripps
Research Institute. The 3-NP injections were based on previous studies (14,
39). Briefly, 3-NP was dissolved in sterile phosphate-buffered saline (PBS;
0.1 M, 10 mg/mL), and pH was adjusted to pH 7.4 using sodium hydroxide.
Mice received intraperitoneal injections twice a day (60 mg/kg doses), with
2 h between injections for 3 consecutive days. In this study, we used female
and male mice; all of them were between 16 wk and 20 wk of age.
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Inactivation of the quorum-sensing transcriptional regulators
LasR or RhlR does not suppress the expression of virulence
factors and the virulence of Pseudomonas aeruginosa PAO1
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Abstract

Pseudomonas aeruginosa is an environmental bacterium but is also an opportunistic pathogen. The aim of this work is to

evaluate the contribution of P. aeruginosa LasR and RhlR transcriptional regulators of the quorum-sensing response (QSR) to

the production of virulence factors, and to its virulence in a mouse abscess model. The QSR is a complex regulatory network

that modulates the expression of several virulence factors, including elastase, pyocyanin and rhamnolipids. LasR, when

complexed with the auto-inducer 3-oxo-dodecanoyl lactone (3O-C12-HSL), produced by LasI, is at the top of the QSR

regulatory cascade since it activates transcription of some genes encoding virulence factors (such as the gene coding for

elastase, lasB) and also transcription of both rhlR and rhlI, encoding the synthase of the auto-inducer butanoyl-homoserine

lactone (C4-HSL). In turn RhlR, coupled with C4-HSL, activates the transcription of genes encoding for the enzymes involved

in pyocyanin and rhamnolipid production. Several efforts have been made to obtain inhibitors of LasR activity that would

suppress the QSR. However, these attempts have used chemical compounds that might not be specific for LasR inactivation.

In this work we show that individual inactivation of either lasR or rhlR did not block the QSR, nor did it impair P. aeruginosa

virulence, and that even a lasR rhlR double mutant still presented residual virulence, even lacking the production of virulence

factors. These results show that the inhibition of either lasR or rhlR is not a straightforward approach to blocking

P. aeruginosa virulence, due to the great complexity of the QSR.

INTRODUCTION

Pseudomonas aeruginosa is an environmental bacterium,
but is also an important opportunistic pathogen that repre-
sents a health problem due to its high incidence of infection
among hospitalized patients, its high intrinsic antibiotic
resistance and the susceptibility of cystic fibrosis patients to
severe lung infections caused by this bacterium [1, 2]. The
pathogenesis of P. aeruginosa is dependent on the fine-
tuned, coordinated expression and secretion of multiple fac-
tors, most of which are regulated at the transcriptional level
by the quorum-sensing response (QSR) [3, 4].

The QSR is mediated by the bacterial production of auto-
inducers (AIs), which are mainly acyl-homoserine lactones

acting as signal molecules by interaction with transcrip-
tional regulators. The P. aeruginosa QSR is dependent on
two transcriptional regulators of the LuxR family, LasR and
RhlR, which are arranged in a hierarchical regulatory cas-
cade: LasR forms a complex with 3-oxo-dodecanoyl-homo-
serine lactone (3O-C12-HSL) produced by the LasI enzyme,
and activates the transcription of several genes encoding vir-
ulence factors, such as lasB, that codes for elastase, and also
of rhlR, lasI and rhlI. In turn, rhlR encodes the second quo-
rum-sensing transcriptional regulator, while the product of
rhlI is the enzyme that produces butanoyl-homoserine lac-
tone (C4-HSL), which is among the AIs that interact with
RhlR [5, 6]. RhlR, coupled with AIs, promotes the expres-
sion of genes responsible for the production of several
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virulence factors, including rhamnolipids (RL) and pyocya-
nin (PYO). In addition, the P. aeruginosa QSR also involves
the regulon that is dependent on the auto-inducer 2-heptyl-
3,4-dihydroxyquinoline (PQS) and its precursor 4-hydroxy-
2-heptylquinoline (HHQ), which interact with the tran-
scriptional regulator PqsR that is a member of the LysR-
family [3, 4]. LasR/3O-C12-HSL activates the transcription
of pqsR [3, 4]. The virulence traits that are dependent on
PqsR/PQS regulation are mainly produced by the enhance-
ment of RhlR-dependent QSR, giving rise to a complex net-
work of positive and negative interactions that exist
between the LasR- and RhlR-dependent regulons [3, 4].
PqsE, which forms part of the PqsR/PQS regulon, produces
a hitherto unidentified AI that interacts with RhlR and per-
mits transcription activation of certain genes [6].

The current model of P. aeruginosa QSR was established
almost exclusively by studying the type strains PAO1 (the
strain used in this work) and PA14. However, it has been
shown that there is a high phenotypic variability in the
expression of the QSR among environmental and clinical
P. aeruginosa isolates [7, 8], and that there is a high inci-
dence of virulent isolates that have mutations in genes
involved in the QSR, especially strains lacking a functional
las system that are still able to produce virulence factors,
which suggests a somewhat loosely based hierarchy [9–12].

The central role of the P. aeruginosa QSR in the establish-
ment of pathogenic interactions by this bacterium has
driven numerous research efforts to isolate compounds that
might inhibit this complex genetic network. Most of the
research has focused on blocking LasR transcriptional activ-
ity [13–16], because this protein has been hierarchically
located in the highest part of the P. aeruginosa QSR [3, 4].
However, other targets, such as the transcriptional regulator
RhlR [17], elastase activity [18], acyl-homoserine lactone
synthesis [19] and the activity of the transcriptional regula-
tor PqsR [20], have also been explored. Nevertheless, the
specificity of the use of chemical compounds to block the
activity of QSR proteins is questionable. That is why we
decided to use mutants in the genes lasR and rhlR, or both
genes and an antisense RNA, to specifically block lasR
translation.

In the development of a strategy to block P. aeruginosa viru-
lence through inhibition of the QSR, it is important to con-
sider not only the variability of this genetic network among
isolates, as mentioned previously, but also the undesired
effects that might be encountered, such as promoting the
selection of derivatives with increased virulence, as previ-
ously reported [12, 21]. In addition, it has been queried
whether it is feasible to reduce P. aeruginosa virulence by
interfering with the QSR, since there are many mechanisms
that could cause resistance to this inhibition [22] or inter-
fere with other regulons such as that encoding the type III
secretion systems (T3SS), relevant for the virulence of this
pathogen [23]. The importance of this secretion system can
be seen with regard to the fact that the PA14 type strain has
been shown to present increased virulence due to

deregulated expression of T3SS caused by a mutation in the
gene ladS [24].

The aim of this work is to evaluate the effect of specifically
eliminating the expression of either lasR, rhlR or both genes
(using deletion mutants) in the production of elastase, PYO,
RL and virulence, using a murine cutaneous abscess model
[25]. Our results show that elimination of eithet lasR or rhlR
had a partial effect on the production of virulence-associ-
ated traits, while the double mutant completely lacked the
expression of these factors but was still able to produce
lesions in the murine model, albeit at a reduced level. We
also evaluated an antisense RNA to interfere with the trans-
lation of lasR, but achieved only a low level of inhibition
that did not affect the production of virulence factors.

We measured the secretion of effectors via T3SS in the
DlasR–DrhlR double mutant compared to the PAO1 wild-
type strain, and found that the ExoS and ExoT effectors in
this double mutant are expressed and secreted at the same
level as in the PAO1 wild-type strain. We thus conclude
that the ability of this mutant to infect mice is due, at least
in part, to the secretion of toxins by this secretion system.
These results are compatible with the idea that virulence is
multifactorial, and thus the contribution of single virulence
factor, or even the QSR, to the establishment of an infection
is variable [26].

METHODS

A more detailed description of the methods used in this
work is included in the supplementary information section.

Microbiological methods

The strains and plasmids used in this work are shown in
Table S1 (available in the online version of this article). In
all experiments performed we used strain MPAO1, provided
by the University of Washington (Table S1), referred to as
PAO1. In order to rule out potential effects on virulence of
an undetected mutation in vfr, we checked that the particu-
lar strain PAO1 that was used to select the described dele-
tion mutants used in this work had no mutations in this
gene (data not shown). The strains were routinely cultured
in LB broth. To analyse phenotypic traits, cultures were
inoculated at an optical density at 600 nm of 0.05 and were
incubated for 16 (except for quinolones that were deter-
mined at 9 h), with continuous shaking (225 r.p.m.) at
37

�
C.

Determination of the production of virulence
factors and quinolones PQS and HHQ

PYO was extracted and its concentration was measured as
reported previously [27]. Elastase activity was determined
using the Elastin Congo Red protocol [28], with certain
modifications. RL thin-layer chromatography was per-
formed as reported previously [29]. Western blot for LasR
detection was performed as reported previously [7]. Biofilm
formation was measured in 96-well microtitre plates as pre-
viously described [30].
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Bioluminescence to measure PQS and HHQ concentration
was determined as previously reported [31].

DNA manipulation and construction of mutants

Oligonucleotides used in this work are listed in Table S2.
DNA was purified and manipulated using standard techni-
ques [32]. All plasmids were routinely maintained in
Escherichia coli DH5a and were introduced by electropora-
tion into P. aeruginosa as described previously [33]. The
DlasR mutant was generated by construction and insertion
of the pXLRt plasmid into the PAO1 strain following the
protocol reported by Choi et al. [34]. The DlasR–DrhlR dou-
ble mutant was also obtained with the same plasmid and
technique but using the DrhlR mutant as recipient strain.

His-tagged ExoS protein purification and antibody
production

The exoS gene was PCR amplified from PAO1 genomic
DNA using primers exoS forward and exoS reverse, and
cloned into the pET19b vector to generate plasmid
pNEexoS. Animals used to produce antibodies were handled
and cared for in accordance with the official Mexican

guidelines, and with the approval of the local Animal Use

and Care Committee (CICUAL) of the Instituto de Fisiolo-

gía Celular, UNAM for protocol BGP70-15.

Type III protein secretion assay

The type III protein secretion assay was performed as
reported previously [35]. Proteins were separated by 15%
SDS-PAGE, transferred onto a nitrocellulose membrane
and probed for the presence of ExoS and ExoT by immuno-
blotting. ExoS antibodies recognize epitopes present on the
ExoT protein.

Construction of the plasmid coding for the lasR

antisense RNA, lasR translational fusion and lasB

transcriptional fusion

Plasmid pLRL was constructed by cloning the annealed
complementary primers 7582 and 7583 into the EcoRI and
XhoI sites of pME6032 [36]. This sequence contains a
region complementary to the lasR Shine Dalgarno (SD)
sequence, since it has been reported that in most cases the
strength of gene silencing coincides with RNAs having

Fig. 1. Virulence factors and quinolone AIs production in P. aeruginosa PAO1 derivatives. Production of PYO (a), elastase (b), RL

(detected on TLC plates) (c) and quinolones PQS and HHQ (d) in the PAO1 strain and its derived mutants in LB broth. Strains: 1) PAO1,

2) DlasR, 3) DlasR+pMT1(lasR), 4) DrhlR, 5) DrhlR+pGMYC(rhlR), 6) DlasR–DrhlR. The empty complementation vector (pUCP20) was also

tested, showing no effect on any strain (data not shown). Results shown are the means of three biological replicates, and error bars

denote standard deviation.
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sequences complementary to the SD sequence [37], and an
intrinsic transcriptional terminator sequence.

Plasmids pSLR and pMLBX that encodes for a lasR transla-
tion and lasB transcriptional fusions, respectively, were con-
structed as described in the Supplementary Materials
section.

Measurement of reporter fusion activity

Expression of LRL antisense RNA from pLRL was per-
formed by the addition of 0.5mM IPTG to cultures. b-
galactosidase activity of the lasR’-lacZ fusion was measured
using standard protocols [38]. Activity of the lasB-lux tran-
scriptional fusion was measured using clear-bottomed
96-well black plates. Plates were incubated 18 h at 37

�
C in

Synergy HT (Biotek), and luminescence measurements were
recorded automatically by the equipment every 0.5 h.

Determination of P. aeruginosa virulence by its
ability to induce abscess in mice

Four- to eight-week-old CD-1 male mice were obtained
from the General Vivarium of the Facultad de Estudios
Superiores Iztacala, Universidad Nacional Autónoma de

M�exico. The indications given in NOM-062-ZOO-1999 for
the handling and use of laboratory animals, as well as regu-
lations for the use and care of animals destined for research,
were followed at all times. All animals were housed under
standard conditions and were provided with food and water
ad libitum. The mouse abscess model was derived as previ-
ously described [25, 39].

RESULTS AND DISCUSSION

Production of virulence traits by lasR and rhlR

single mutants and a DlasR–DrhlR double mutant

We measured the production, in LB broth, of elastase, PYO,
RL and quinolone AIs PQS and HHQ in the wild-type
PAO1 strain and its derived DlasR and DrhlR mutants and
DlasR–DrhlR double mutant (Fig. 1). We found that the
three virulence factors are strictly regulated by the QSR,
since their production was completely impaired in the dou-
ble DlasR–DrhlR mutant. In addition, the production of
PQS and HHQ was also impaired. However, lasR deletion
did not completely impair production of the virulence fac-
tors and quinolones, which would be expected if the QSR
had a strict regulatory hierarchy with LasR at the top of the

Fig. 2. Effect of the LRL antisense RNA on LasR expression and activity. (a) Effect of LRL on lasR’-lacZ translational fusion. (b) Western

blot of LasR. (c) Effect of LRL on LasR transcriptional activity as measured by the expression of a lasB-lux transcriptional fusion.

(d) Elastase activity in PAO1 with and without the expression of LRL. Strains: 1) PAO1 with pME6032 (empty vector), 2) PAO1 carrying

pLRL (both strains also contain pSLR plasmid containing the lasR’-lacZ translational fusion). Results shown are the means of three bio-

logical replicates, and error bars denote the standard deviation.
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cascade as has been proposed [3, 4]. Moreover, the produc-
tion of the three virulence factors was affected more in the
DrhlR mutant that in the DlasR mutant; production of both
PYO and RL was completely abrogated in the DrhlR mutant,
revealing that RhlR coupled with its cognate AIs directly
activates the transcription of the genes involved in RL and
PYO production.

Even though the DlasR mutant had a more pronounced
effect on quinolone production than the DrhlR mutant
(which is in accordance with the participation of LasR/3O-
C12-HSL in the expression of pqsR), it is clear that only the
double DlasR–DrhlR mutant completely reduced the pro-
duction of these AIs.

Taken together, these results show that there is considerable

expression of the regulons Rhl and PQS that is independent

of LasR/3O-C12-HSL, and that inhibition of the transcrip-

tional activity of LasR is not sufficient to block the expres-

sion of P. aeruginosa QSR.

Selection of an antisense lasR RNA and its effect on
LasR expression, lasB transcription and elastase
production

In order to mimic the effect of a compound that would
selectively inactivate LasR, we designed an antisense RNA
that is complementary to the lasR messenger RNA com-
prising the SD sequence LRL. The expression of LRL in
strain PAO1 caused reduced expression of a translational
fusion of lacZ to the lasR gene, as evidenced by the lower
levels of b-galactosidase (Fig. 2a), and also reduced the
concentration of LasR (Fig. 2b). Furthermore, transcription
of the lasB gene, which encodes for the elastase enzyme
and is transcriptionally activated by LasR, was also
decreased (Fig. 2c). However this reduction was not suffi-
cient to diminish elastase activity (Fig. 2d). The limited
effect of LRL on LasR expression, and the null effect of
this reduction on the expression of LasR-dependent
expression of elastase, show that LRL cannot be used to
evaluate the effect of selective blocking of the LasR

Fig. 3. Evaluation of virulence of P. aeruginosa strains by their formation of abscesses in mice. Points represent data for each abscess

obtained after 4 days of inoculation with P. aeruginosa strains. Horizontal bars represent the mean of the results obtained (all animals

in each experiment were inoculated with ~106 c.f.u. in a volume of 60 µl). Data were averaged for a minimum of two independent

experiments with at least three animals per experiment. The number of animals inoculated with each strain was as follows: PAO1=22,

DlasR=10, DrhlR=10, DlasR-DrhlR=10. For the avirulent ATCC 9027 used as negative control we performed one experiment with four

animals. Red asterisks denote a significant difference from the wild-type (P<0.05). The results were analysed by the two-tailed Mann–

Whitney test. (a) area of abscess; (b) extent dermonecrosis resulting from infection; (c) logarithm of bacterial c.f.u. g–1 recovered from

damaged tissue. A file containing the complete dataset for all mice studied is provided, with the average and standard deviation for all

experiments performed with each strain.
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transcriptional regulator on the expression of virulence fac-
tors and the pathogenicity of P. aeruginosa.

The low efficiency of antisense RNAs on gene silencing in P.
aeruginosa has been reported [40]. Even though in the
present study the designed LRL RNA targeted the SD
sequence as described for E. coli [37], this approach was
insufficient to obtain good results. As native antisense
RNAs rarely have a perfect base-pair match with the mRNA
[41], these results reinforce the complexity of RNAs-medi-
ated gene silencing in bacteria.

Effect of lasR and/or rhlR inactivation on
P. aeruginosa virulence using a murine model of
abscess formation

We evaluated the effect of the inactivation of LasR and RhlR
transcriptional regulators using a murine model of abscess
formation (Figs 3 and S1). Our results show that the QSR
has a central role in P. aeruginosa pathogenicity, as previ-
ously reported using mutants in the rhlI and lasI single and
double mutants in a burnt mouse model [42].

In the abscess model used in this work, the single DlasR
mutant – and especially the DlasR–DrhlR double mutant –
were attenuated but retained a high level of pathogenicity as
judged by the size of the abscesses produced, the area of der-
monecrosis and the number of bacteria recovered from
damaged tissue (Fig. 3). These results differ from previously
reported data using a burnt mouse model, which showed
that the DlasI–DrhlI double mutant presented a more

severely reduced virulence, even being avirulent [42]. This
variation in results is probably due to the different pathoge-
nicity models used, since the abscess model was designed to
cause a local infection resembling a chronic, non-fatal situa-
tion [25] while the burnt model mimic an acute infection.

It was reported that, in the abscess model, the level of
expression of genes involved in the production of phena-
zines such as PYO is reduced [25]. This finding might
reflect the fact that the RhlR-dependent regulon is not
induced, and this effect could explain why in our experi-
ments the DrhlR mutant showed a significant reduction in
neither abscess size nor the area of dermonecrosis compared
to the wild-type strain (Fig. 3). However, it is clear that the
RhlR-dependent regulon played an important part in the
infection process in the abscess model considering that the
DlasR–DrhlR double mutant showed reduced virulence
compared to the DlasR mutant, and that the number of col-
ony-forming units recovered from the abscesses caused by
the DrhlR mutant was significantly less than that obtained
from infections caused by the PAO1 wild-type strain
(Fig. 3).

Because the ability to form biofilms has been implicated in
P. aeruginosa infections [43], we wished to determine
whether the deletion mutants in the QSR regulators would
show a defect in biofilm-forming ability that correlated with
their virulence. We found that the DlasR mutant and the
DlasR–DrhlR double mutant showed decreased ability to
form biofilm, while the DrhlR mutant produced more bio-
film than the PAO1 strain (Fig. S2). It is highly likely that
the increment in biofilm formation shown by the DrhlR
mutant is due to increased production of exopolysacchar-
ides involved in biofilm matrix formation in the absence of
RL synthesis [44].

Secretion of type III effectors in PAO1 and its
derived DlasR–DrhlR double mutant

In order to determine whether the remaining virulence of
the PAO1 DlasR–DrhlR double mutant was due to secretion
of the effectors ExoS and ExoT by T3SS, we compared the
production and secretion of these toxins between strain
PAO1 and its derived DlasR–DrhlR double mutant. It was
apparent that the secretion of ExoT and ExoS is fully func-
tional in the DlasR–DrhlR double mutant, and that this
occurs at a level similar to that in the wild-type PAO1 strain
(Fig. 4). These results suggest that the secretion of effectors
by T3SS may cause the remaining virulence in the DlasR–D
rhlR double mutant that is completely impaired in the QSR,
since the effectors secreted by this system have been impli-
cated in virulence levels using the same abscess model used
in the present study [39].

Concluding remarks

Here we show that current opinion on the QSR hierarchy,
with LasR at the top of the regulatory cascade as reported in
the PAO1 type strain, should be revised since expression of
RhlR-dependent virulence factors was not completely abro-
gated in a PAO1 DlasR mutant (Fig. 1). Moreover, we show

Fig. 4. Secretion of ExoT and ExoS by T3SS in PAO1 and its derived

DlasR-DrhlR double mutant. The effectors ExoT and ExoS were

detected by Western blot assay in whole cells (Pellet) and culture

supernatant (SN) of the wild-type PAO1 strain and its derived DlasR–D

rhlR double mutant. P. aeruginosa ATCC 9027, lacking T3SS, was used

as negative control. Results are shown for one representative experi-

ment repeated five times.
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that P. aeruginosa PAO1 is able to induce abscess formation
when lacking either one or both of the LasR and RhlR tran-
scriptional regulators, albeit at a reduced level (Fig. 3). The
remaining virulence of the DlasR-DrhlR double mutant may
be due to the secretion of the effectors ExoT and ExoS by
T3SS (Fig. 4).

Understanding of the molecular mechanism of P. aerugi-
nosa pathogenicity is of considerable scientific and clinical
importance. It is especially important to evaluate the role
played by the QSR in this process, since significant efforts
have been made to isolate compounds that inhibit this intri-
cate regulatory network to reduce P. aeruginosa virulence.
In this respect, it was recently reported that expression of
genes involved in the QSR is at at a low level in human
infections, thus questioning the importance of this regulon
in P. aeruginosa pathogenicity and of the therapeutic impact
of its inhibition [45].

The results presented here show that the development of a
therapeutic approach towards the treatment of P. aerugi-
nosa infections, based on the use of compounds that inter-
fere with the production of virulence factors dependent on
the QSR, and in particular those that are focused on LasR
inactivation, should be taken with caution because (1) the
hierarchy of this regulon is not very strict and (2) P. aerugi-
nosa pathogenicity is multifactorial and several virulence
factors participate, not all dependent on the QSR [26]. In
addition the phenotypic variation in different P. aeruginosa
isolates with respect to the production of virulence factors
regulated by the QSR is considerable [7–10], and therefore
the strategy developed by blocking this regulatory network
using a type strain, such as PAO1 strain used in this work,
might not be efficient with strains encountered in a clinical
setting.
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Resumen

El cáncer es una enfermedad multifactorial que constituye un problema de salud pública mundial. Las etapas avanzadas del 
cáncer de próstata están asociadas con el desarrollo de tumores independientes de andrógeno y un fenotipo resistente a la 
apoptosis que progresa a metástasis. Al estudiar células de cáncer de próstata de nódulo linfoide (LNCaP) independientes de 
andrógeno inducidas a la apoptosis por eliminación de suero, identificamos la activación de un canal catiónico no selectivo 
de 23pS de conductancia que promueve corrientes entrantes de Ca2+ así como las etapas finales de la apoptosis. El cDNAarp2 
fue aislado e identificado del mismo tipo celular y el ARN mensajero fue expresado en ovocitos de Xenopus laevis, asocián-
dolo con la activación de las corrientes entrantes de Ca2+ y la inducción a la apoptosis. El ADN complementario que codifica 
para la proteína reguladora de apoptosis 2 (ARP2) fue sobreexpresado en células LNCaP y células de ovario de hámster 
chino, induciendo apoptosis. Nuestra evidencia sugiere que la sobreexpresión y tránsito de la proteína ARP2 a la membrana 
celular permite una corriente de entrada de Ca2+ aumentada, iniciadora del proceso de apoptosis en células de tipo epitelial 
cuyo fenotipo muestra resistencia a la muerte celular programada.

PALABRAS CLAVE: Apoptosis. Proteína ARP2. Carcinoma epitelial. Cáncer de próstata.

Abstract

Cancer is a multifactorial disease that constitutes a serious public health problem worldwide. Prostate cancer advanced 
stages are associated with the development of androgen-independent tumors and an apoptosis-resistant phenotype that pro-
gresses to metastasis. By studying androgen-independent lymphoid nodule carcinoma of the prostate (LNCaP) cells induced 
to apoptosis by serum elimination, we identified the activation of a non-selective cationic channel of 23pS conductance that 
promotes incoming Ca2+ currents, as well as apoptosis final stages. arp2cDNA was isolated and identified to be of the same 
cell type, and mRNA was expressed in Xenopus laevis oocytes, which was found to be associated with the activation of incom-
ing Ca2+ currents and induction to apoptosis. cDNA, which encodes the ARP2 protein, was overexpressed in LNCaP cells and 
Chinese hamster ovary cells, which induced apoptosis. Our evidence suggests that protein ARP2 overexpression and transit 
to the cell membrane allows an increased Ca2+ incoming current that initiates the apoptosis process in epithelial-type cells 
whose phenotype shows resistance to programmed cell death.
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introducción

El cáncer es una enfermedad multifactorial y la 
segunda causa de muerte de la población general en 
el mundo. Su causalidad está relacionada con los 
hábitos de vida, predisposición genética y estados 
psicológico y anímico de los individuos.1 La prevalen-
cia del cáncer ha aumentado en los últimos años, por 
lo que es un problema de salud que demanda un 
nivel muy alto de atención.2,3 En el hombre, los por-
centajes más altos de incidencia de cáncer ocurren 
en próstata, pulmón, bronquios, colon, recto y vejiga 
urinaria; en las mujeres, en mama, pulmón, bron-
quios, colon, recto, útero y tiroides. Lo anterior es un 
indicador de que los tipos de cáncer más comunes 
en hombres y mujeres, respectivamente, son de prós-
tata y mama.4 En los niños, la incidencia más alta en 
cáncer se observa en médula ósea, cerebro y nódu-
los linfoides.5,6

El cáncer epitelial es uno de los tipos más agresi-
vos. Particularmente en el cáncer de próstata, el tra-
tamiento dependerá de la etapa en que se identifique 
la enfermedad, sin embargo, es muy común que esta 
progrese y desarrolle un fenotipo de resistencia a la 
apoptosis y, por lo tanto, de independencia de la hor-
mona, por lo que las células continúan la proliferación 
hasta alcanzar la metástasis, de ahí que resulte in-
dispensable el desarrollo de nuevas estrategias tera-
péuticas que impidan que la enfermedad alcance 
etapas avanzadas.

Durante el proceso de apoptosis de numerosos ti-
pos de células, el incremento sostenido de Ca2+ cito-
plásmico ha sido definido como determinante en el 
inicio de la muerte celular programada.7 Consideran-
do este fundamento, desde hace años hemos traba-
jado en el estudio de los mecanismos de control de 
la homeostasis del calcio citoplásmico y el impacto 
del nivel alterado de Ca2+ en diversos tipos celulares 
y neoplásicos.

Hemos podido demostrar que un nivel aumentado 
de calcio citoplásmico da como resultado el inicio de 
la muerte celular programada en líneas celulares epi-
teliales de cáncer de próstata y de ovario de hámster 
chino. En este sentido, nuestro grupo de investigación 
descubrió un canal catiónico no selectivo permeable 
a Ca2+ de 23pS de conductancia, expresado en con-
diciones de apoptosis inducida mediante eliminación 
del suero del medio de cultivo en células de cáncer 
de próstata de nódulo linfoide (LNCaP, lymph node 
carcinoma of the prostate) independientes de 

andrógeno.8 Asimismo, se logró aislar el ADN 
complementario (ADNc) de células LNCaP que codifi-
ca para la proteína reguladora de apoptosis 2 (la cual 
denominamos ARP2), la cual al ser sobreexpresada 
induce a la apoptosis en ovocitos de Xenopus laevis 
y células LNCaP independientes de andrógeno, de 
donde originalmente fue aislada ARP2.9 Se demostró 
que la sobreexpresión de ARP2 induce la apoptosis 
de células de ovario de hámster chino. Estos hallazgos 
demuestran que los niveles aumentados de Ca2+ son 
una condición indispensable para dar inicio a la apop-
tosis en diversas líneas celulares de tipo epitelial, por 
lo que esa proteína pudiera constituir en un futuro una 
excelente herramienta en el tratamiento de la enfer-
medad, al evitar la progresión hacia las etapas avan-
zadas que culminan con un proceso metastásico.

Cáncer de próstata

El cáncer de próstata es la segunda causa de muer-
te por cáncer en Estados Unidos y la quinta en el 
mundo.10-12 La prevalencia de esta enfermedad se in-
crementa conforme la edad avanza. El cáncer de 
próstata es encontrado durante la autopsia en más 
de la mitad de hombres de Estados Unidos mayores 
de 50 años, aunque esta enfermedad haya sido la 
causa de muerte solo en 3 %. Es una enfermedad 
asintomática hasta la aparición de lesiones metastá-
sicas que generalmente son descubiertas en tejido 
óseo. Las terapias iniciales para dar tratamiento in-
cluyen cirugía, radiación, uso de inhibidores de la 
5-alfa reductasa que promueve la formación de an-
drógenos más potentes a partir de testosterona.13 Los 
métodos iniciales de tratamiento a menudo causan 
disfunción sexual, urinaria e intestinal.14

Desde el punto de vista molecular, esta enfermedad 
se manifiesta en etapas tempranas y tardías. En las 
primeras, la proliferación de las células prostáticas es 
lenta y dependiente de los andrógenos, por lo que 
durante el tratamiento con agentes quimioterapéuti-
cos las células alcanzan a reparar el daño y continúan 
proliferándose. Con el tiempo, las células se indepen-
dizan de las hormonas androgénicas para proliferar, 
por lo que culminan en el desarrollo de metástasis 
que lleva al paciente a la muerte.15

Apoptosis y enfermedad

La muerte celular programada o apoptosis es un 
evento celular intrínseco de relevante importancia en 
procesos como la homeostasis celular, el desarrollo 
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embrionario y el inicio y mantenimiento de varias 
enfermedades como el cáncer y la aterosclerosis.16,17 
Este mecanismo se desarrolla mediante dos vías; la 
del receptor de muerte celular y la vía mitocondrial.18 
A su vez, el proceso apoptótico se desarrolla en va-
rias etapas: la primera se relaciona con los estímulos 
que disparan la muerte celular programada, la segun-
da involucra los procesos de transducción de las se-
ñales, en la tercera participan enzimas efectoras que 
se ocupan del desensamble celular, como las caspa-
sas activas y, finalmente, en la cuarta ocurre la con-
densación de la cromatina, la degradación del ADN y 
la formación de los cuerpos apoptóticos.18,19

Existen diversas vías apoptóticas como la extrínse-
ca o de receptor de muerte, cuya caspasa iniciadora 
es la caspasa 8, y la intrínseca o mitocondrial, que 
tiene como proteína intermediaria al citocromo C y a 
la caspasa 9 como iniciadora. Ambas pueden conver-
ger en el conjunto de caspasas efectoras, principal-
mente las caspasas 3 y 7, que se activan a través del 
autoprocesamiento o activación en cascada, por lo 
que las mismas caspasas se autoactivan y activan 
entre ellas.20,21 Existe otra vía alternativa denominada 
de la perforina-granzima,22,23 que corresponde a un 
complejo de serina proteasas importante en la apop-
tosis inducida mediante células T citotóxicas, activan-
do vías independientes de caspasas.

Ca2+ como segundo mensajero 
determinante en el proceso de apoptosis

Las variaciones en la concentración del Ca2+ intra-
celular promueven el comienzo de eventos celulares 
como la regulación del metabolismo, la mitosis, la 
secreción de neurotransmisores y de hormonas, así 
como la contracción de miofilamentos, por lo que se 
considera un segundo mensajero determinante para 
las funciones celulares.24,25 Los niveles de Ca2+ tam-
bién están involucrados en los mecanismos regulato-
rios de la muerte celular programada apoptótica.26,27 
Un nivel de Ca2+ superior al basal se considera alta-
mente tóxico, ya que genera la activación de protea-
sas y fosfolipasas que participan en el desensamble 
celular.28 El incremento de Ca2+ puede ocurrir en eta-
pas tempranas y tardías de la apoptosis, mediante la 
salida de Ca2+ del retículo endoplásmico y la entrada 
de Ca2+ al citoplasma a través de canales activados 
por liberación de Ca2+.7,29 Es necesario tener en cuen-
ta que parte del Ca2+ intracelular se mueve al retículo 
endoplásmico a través de la bomba de calcio del 
retículo endoplásmico y el Ca2+ es liberado de estos 

almacenes por receptores inositol 1,4,5 trifosfato o 
receptores de rianodina. Adicionalmente, en diversos 
organelos intracelulares (como el aparato de Golgi, 
núcleo y mitocondria) existen sistemas especializados 
para el transporte de Ca2+.30

El calcio entra a la célula a través de proteínas trans-
membranales llamadas canales de calcio.31 El calcio 
pasa a través de los canales mediante mecanismos 
distintos dependiendo del tipo de canal o voltaje o bien 
a través de receptores; estas vías no requieren ener-
gía, a diferencia de las bombas de calcio que envían 
calcio citoplásmico al exterior de la célula a expensas 
de la utilización de adenosín trifosfato.

En colaboración con el doctor Agustín Guerrero del 
CINVESTAV, en el laboratorio del Instituto de Fisiolo-
gía Celular, Universidad Nacional Autónoma de Méxi-
co, para la obtención de registros electrofisiológicos 
se combinó técnica de fijación de membranas (patch 
clamp) y mediciones simultáneas de Ca2+ en célula 
única, con el propósito de estudiar la activación de 
canales permeables a Ca2+ mediante el uso de dos 
diferentes inductores: un ionóforo (ionomicina) y la 
eliminación del suero.8 La última priva a las células 
de componentes nutricionales esenciales como pro-
teínas, factores de crecimiento y vitaminas, inducien-
do a las células a la muerte.32,33

Los resultados demostraron la activación de un ca-
nal catiónico no selectivo y permeable a Ca2+ de 23pS 
de conductancia. Los niveles aumentados de Ca2+ 
indujeron a las células a la apoptosis, lo cual demos-
tró que la activación de este canal promueve el de-
sarrollo de la muerte programada de las células 
 LN-CaP, lo que constituyen un importante hallazgo 
para la inducción de la muerte programada en este 
tipo celular (Figura 1).

Continuando con esta línea de investigación, en 
nuestro grupo se aisló, identificó y caracterizó cD-
NAarp2, que codifica para ARP2 de células LNCaP 
independientes de andrógeno, inducidas a la apopto-
sis mediante la eliminación del suero.9 La secuencia 
de esta proteína muestra homología con el factor de 
empalme o splicing Prp8 (un componente del spliceo-
soma)34 y funciones proapoptóticas en distintos tipos 
celulares (Figura 2). El mecanismo de corte y empal-
me de tipo alternativo es definido como una propiedad 
que prevalece en los organismos superiores para pro-
ducir proteínas múltiples de un gen simple.35,36 La 
actividad de unión a ubiquitina de la proteína Prp8 
sugiere que algunos factores de corte y empalme 
para el pre-mARN pueden ser ubiquitinados para te-
ner una interacción con Prp8.37
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Ovocitos de la rana Xenopus laevis inyectados con 
el mARN de arp2 presentaron formación de ampollas 
a partir de las 12 horas de la inyección; se observó 
que estos cambios morfológicos aumentan cuando 
los ovocitos son tratados con tapsigargina 
(Figura 3A y 3B, respectivamente). También fue posi-
ble observar que los ovocitos sufrieron disminución 
en el potencial de membrana en reposo: de un valor 
control de −46.8 ± 6.6 mV pasaron a −5.9 ± 3.4 mV 
(5-8 ovocitos, dos ranas) (Figura 4). La incubación de 

las células con tapsigargina aceleró y aumentó los 
cambios morfológicos, siendo evidente la pérdida de 
la definición de los polos animal y vegetal, que se 
observó a las 36 horas de la inyección con el mARN 
arp2 y ocho horas después de la incubación con 
tapsigargina (Figura 3B).

Los cambios morfológicos y la depolarización 
membranal observados en nuestro estudio han sido 
descritos en ovocitos de Xenopus laevis cuando son 
inyectados con citocromo C para disparar el 
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mecanismo apoptótico,38 al igual que en ovocitos 
inyectados con la molécula proapoptótica Bcl-xs.9,39 
La tapsigargina, un fármaco que descarga los alma-
cenes intracelulares de Ca2+ por la inhibición especí-
fica de la Ca2+-ATPasa del retículo endoplásmico, 
provoca que se activen canales independientes de 
voltaje de la membrana citoplasmática (TRP, transient 
receptor potential).40

De esta forma hemos reunido evidencia suficiente 
de que ARP2 es promotora de la apoptosis en las 
células LNCaP independientes de andrógeno y en 
células epiteliales de ovario de hámster chino,41 

favoreciendo incrementos mantenidos de Ca2+ al 
interactuar directamente con canales de membrana 
permeables a Ca2+ o presentando una función de ca-
nal de membrana. Por otro lado, considerando la ho-
mología de la secuencia del ADNc que codifica para 
ARP2 con el factor de corte y empalme Prp8, hasta 
el momento se desconoce si esta proteína pudiera 
tener adicionalmente alguna participación en el en-
samble o funcionamiento del spliceosoma o estar re-
lacionada con los mecanismos de regulación de corte 
y empalme alternativo de los ARNm que codifican 
para las proteínas de la maquinaria apoptótica. Existe 
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amarillas muestran las ampollas formadas; B: Progresión de la muerte celular en ovocitos de Xenopus laevis inyectados con el ARNm arp2 y 
la incubación con 5 μM de tapsigargina. Las columnas verticales muestran ovocitos control que no recibieron inyección y ovocitos inyectados 
con ARNm. Las líneas horizontales muestran los tiempos de incubación con tapsigargina de 36 horas de inyección y 8, 24, y 48 horas de incu-
bación con tapsigargina; C: Cambios morfológicos en el núcleo de ovocitos de Xenopus laevis observados después de la inyección de ARNm 
arp2. Las columnas verticales muestran secciones histológicas de ovocitos no inyectados y ovocitos inyectados con ARNm arp2. Las líneas 
horizontales muestran tiempo de incubación después de la inyección de ARNm (0, 36, 60 horas) Las flechas negras muestran la condensación 
de la cromatina. Tomada de referencia 9.
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Figura 4. Expresión funcional del ARNm arp2 en ovocitos de Xenopus laevis. Corrientes iónicas generadas por dos pulsos consecutivos de 
10 mM Ca2+ en solución Ringer-Mg2+ después de la incubación de los ovocitos en ausencia de Ca2+ y en presencia de 5 μM de tapsigargina; 
A: Corrientes entrantes generadas en un ovocito control no inyectado; B: Corriente en un ovocito inyectado con ARNm arp2. Histograma que 
muestra la media ± desviación estándar de la corriente generada en ovocitos control (n = 3) y ovocitos inyectados con el ARNm arp2 (n = 6). 
También se muestran los cambios en el potencial de reposo (Vm) observados entre los diferentes grupos de ovocitos (ocho control y seis inyec-
tados). Todos los ovocitos de esta figura fueron del mismo donador; resultados similares fueron obtenidos de una segunda rana. Cnt = control, 
ns = no significativo, *p ≤ 0.05. Tomada de referencia 9.
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un estudio en el que se observó que la proteína Prp8 
se une a uno de los dominios del receptor a andróge-
no de células de cáncer de próstata y, en consecuen-
cia, pudiera estar interviniendo en la funcionalidad de 
este durante el desarrollo de la enfermedad.42 Asimis-
mo, se reportó que algunos factores de corte y 
empalme que conforman el spliceosoma están vincu-
lados con el desarrollo de cáncer de mama, como el 
factor SNW1.43

Continuando con el proyecto, el ADNc que codifica 
para ARP2 fue clonado en un plásmido de expresión 
y transfectado a células LNCaP independientes de 
andrógeno y células de ovario de hámster chino. La 
sobreexpresión de ARP2 indujo a las células a desa-
rrollar apoptosis, con impacto importante sobre la 
viabilidad celular y la activación de las caspasas efec-
toras 3 y 7, resultados comparados con los de células 
en inanición y tratadas con ionomicina.41 En este es-
tudio fue posible evidenciar mediante microscopia 
confocal que ARP2 inicialmente está localizado en la 
región perinuclear de las células y migra a lo largo 
del tiempo a la membrana plasmática41 (Figuras 6). 

Tomando en cuenta nuestros resultados, consideramos 
que ARP2 se inserta en la membrana plasmática, con 
una función semejante a la de un canal de membrana, 
de esta forma constituye un blanco valioso para mo-
dular el flujo y la concentración de Ca2+ en el citoplas-
ma de células de cáncer epitelial que muestran un 
fenotipo resistente a la apoptosis41 (Figura 6).

perspectivas

El mecanismo de apoptosis en fenotipos celulares 
malignos resistentes ha sido tema de amplio estudio 
en los últimos años. Debido al fuerte impacto del de-
sarrollo del cáncer, es urgente la implementación de 
estrategias moleculares exitosas que apoyen los tra-
tamientos contra esta enfermedad. Nuestro grupo ha 
demostrado que la sobreexpresión de la proteína 
ARP2 induce la muerte celular programada de dife-
rentes tipos celulares: células de cáncer de próstata 
de nódulo linfoide independientes de andrógeno, de 
donde originalmente fue aislada, células de ovario de 
hámster chino, células de riñón embrionario humano 

Figura 5. Microscopia confocal de la proteína de fusión ARP2 expresada en células de ovario de hámster chino (CHO). Células CHO transfecta-
das con egfp ADNc fueron observadas 24 horas postransfección. A: Microscopia diferencial de contraste de interferencia; B: Células CHO trans-
fectadas con arp2-egfp ADNc también fueron observadas 24 horas postransfección; C: Microscopia diferencial de contraste de interferencia;  
D: Escala de la barra 50 μm. Flechas blancas indican que ARP2 se localiza en la región perinuclear. Lado derecho: las células CHO transfecta-
das con ADNc arp2-egfp examinadas a las 16, 24, 48 y 72 horas postransfección (A, C, E y G, respectivamente); lo anterior pero con microsco-
pia diferencial de contraste de interferencia (B, D, F y H, respectivamente). Escala de la barra 10 μm. Tomada de referencia 41.
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y células endoteliales de arteria coronaria (datos no 
mostrados).

Dadas las evidencias experimentales reunidas, 
consideramos que ARP2 pudiera estar contribuyendo 
durante su sobreexpresión al incremento de los nive-
les intracelulares de Ca2+ como una molécula mensa-
jera o como una proteína insertada en la membrana 
que favorece la entrada de Ca2+. Además de encon-
trarse en la región membranal, también observamos 
su localización perinuclear y debido a la homología 
con el factor Prp8 cabe la posibilidad de que esté 
participando en los mecanismos de corte y empalme 
alternativo de moléculas proapoptóticas.44-46 En este 
sentido y tomando en cuenta de que la transcripción 
a través de mecanismos de corte y empalme alterna-
tivos son procesos moleculares altamente regulados 
por el nivel intracelular de Ca2+, entre otros,47,48 es 
factible pensar que ARP2 pudiera tener una doble 
función: en el control del flujo plasmático de Ca2+ y 
en mecanismos moleculares de corte y empalme 
alternativo.

Con fundamento en la evidencia de que genes de 
muerte celular están desregulados en el cáncer, fe-
nómeno asociado con el control de sus patrones de 

corte y empalme alternativo, es justificado pensar que 
el proceso de apoptosis se manifiesta como una res-
puesta positiva a la quimioterapia.49 Si tomamos en 
cuenta que la eficacia de los fármacos contra el cán-
cer puede también depender de la activación de la 
apoptosis o de una forma de inducción aguda de 
senescencia celular, consideramos que la sobreex-
presión de la proteína ARP2 potencialmente podría 
ser empleada como una nueva herramienta en el 
tratamiento del cáncer de tipo epitelial.
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Localization of chloride co-transporters in striatal neurons
Dagoberto Tapia, Paola Suárez, Mario A. Arias-García, Brisa Garcia-Vilchis,
Miguel Serrano-Reyes, José Bargas and Elvira Galarraga

The ionic driving force for the chloride-permeable GABAA

receptor is subject to spatial control and distribution of
chloride transporters. NKCC1 and KCC2 are mostly
expressed in neurons in a specific manner. In the striatum,
the localization of these transporters in identified neurons is
unknown. In this study, the expression of these transporters
was found to be different between projection neurons and
interneurons. NKCC1 immunoreactivity was observed in the
soma of adult BAC-D1-eGFP+ and D2-eGFP+ striatal
projection neurons (SPNs). KCC2 was not expressed in
either projection neuron and immunoreactivity to this
transporter was observed only in the neuropile. However,
NKCC1 and KCC2 co-transporters were not localized in
intracellular biocytin-injected dendrites of SPNs of the
direct or indirect pathways (D1-SPNs and D2-SPNs).
Experiments with PV+ Cre transgenic mice transfected with
Cre-dependent adeno-associated viruses containing
tdTomato in the striatum showed a cell-type-specific
distribution of KCC2 chloride transporter co-expression
associated with PV+ interneurons. Thus, depolarizing

actions of GABA responses in adult projection neurons can
be explained by the expression and somatic localization of
the NKCC1 transporters. A somato/dendritic distribution of
KCC2 expression was observed only in striatal interneurons
and corresponds to the hyperpolarizing action of GABA
recorded in these cells. This correlates the different roles for
GABA actions in striatal neuronal excitability with the
expression of specific chloride transporters. NeuroReport
30:457–462 Copyright © 2019 Wolters Kluwer Health, Inc.
All rights reserved.
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Introduction
One parameter that can establish differences in the actions

of GABAergic synapses is the ionic driving force for the

chloride-permeable GABAA receptor.

The concentration of intracellular chloride ions in mam-

malian neurons is mainly controlled by two transporters.

NKCC1 accumulates chloride ions inside the cell using the

sodium concentration gradient; KCC2 exports chloride out-

side the cell using the potassium concentration gradient [1,2].

Co-transporters are expressed in a cell-type-specific manner

in the brain [3]. In the striatum, NKCC1 and KCC2 co-

transporters are present [4], but their expression in specific

striatal neurons is unknown. Reversal inhibitory potential is

above the resting potential in all striatal projection neurons

(SPNs) recorded by numerous studies using different tech-

niques, including intracellular recordings and gramicidin

patches [5–10]. GABAergic postsynaptic potentials have

reversal potentials around −65mV. Therefore, a depolariz-

ing inhibition is present in all adult SPNs synaptic responses,

considering chloride reversal potential. However, it is also

well established that the expression of different chloride co-

transporters can be distributed in separate compartments of

the somato/dendritic membrane of a neuron, determining

the polarity of the response to GABA [2,11–13]. In the pre-

sent work, we studied the expression pattern among the

SPNs and PV+ interneurons of the co-transporters NKCC1

and KCC2, the subcellular anatomical distribution, and their

role in regulating the different GABAergic responses in

SPNs and PV+ interneurons.

Materials and methods
All experiments were conducted in accordance with the

international guidelines for the ethical use of experimental

animals established in the NIH and detailed protocols were

submitted and approved by the Institutional Committee for

Laboratory Animals Care of the Instituto de Fisiología

Celular, UNAM (NOM-062-Z00-1999; laboratory proce-

dures EGP-41-14). Rodents were housed in a temperature-

controlled, pathogen-free room, on a 12 : 12 light : dark cycle,

and allowed food and water ad libitum to minimize the

number of animals required to achieve statistical significance

and the avoidance of animal suffering. Tg (Drd1-EGFP,

n=6) X60Gsat/Mmmh (BAC-D1, GENSAT#: 000297-MU;

Nathaniel Heintz, The Rockefeller University, New

York City, New York, USA), Tg (Drd2-EGFP, n= 7)

S118Gsat/Mmnc (BAC-D2, 000230-UNC; Nathaniel

Heintz, The Rockefeller University), C57BL/6 NCRL

(n=12), and 12P2-Pvalbtm1(cre)Arbr/J (PV-Cre, stock# 008069;
Silvia Arber, Friedrich Miescher Institute, Basel,

Switzerland and Jackson Labs, Bar Harbor, Maine,

USA), PV-Cre mice (n= 5), were used.
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Slice preparation

Animals (45 postnatal day) were anesthetized, decapitated,

and their brains were removed and submerged in an iced

saline solution containing (in mM): 120 NaCl, 3 KCl, 25

NaHCO3, 2 CaCl2, 1 MgCl2, and 11 glucose (33–35°C,
300mOsm/l with glucose, pH 7.4, after bubbling with 95%

O2+5% CO2). Briefly, and as described previously in detail,

350 μm thick parasagittal slices were cut [14] on a vibratome

and left to equilibrate for at least 1 h at room temperature in

the same saline. Thereafter, slices were transferred to a

recording chamber and superfused continuously with the

same saline at 33–35°C.

Identification of recorded neurons

Intracellular recordings were performed from spiny neu-

rons of the dorsal neostriatum using sharp electrodes

filled with potassium acetate 3M and 1% biocytin (DC

resistance 80–120MΩ). SPNs were identified by their

intrinsic electrophysiological properties during corticos-

triatal synaptic responses as described previously [9,14,

15]. In all cases, neurons were injected with biocytin-CY3

to determine the somato/dendritic morphology (n= 13).

Immunohistochemistry

Neurons obtained from BAC-D1 or BAC-D2-eGFP mice

were identified as belonging to direct or indirect pathways.

Thereafter, fixed slices were infiltrated with 30% sucrose and

cut on a vibratome into 40-μm thick sections and incubated for

30min with 1% bovine albumin to block nonspecific binding

sites and for 36 h with a rabbit polyclonal antibody against

NKCC1 1 : 1000 (59791; Abcam, Cambridge, UK) or KCC2

1 : 1000 (07–432; Millipore, Burlington, Massachusetts, USA),

dissolved in PBS containing 0.25% Triton-X. The slices were

then rinsed thrice with PBS and incubated with a goat versus

rabbit secondary antibody 1 : 100 for 1 h. This antibody was

conjugated with CY3 (Jackson immunoResearch,West Grove,

Pennsylvania, USA). The specificity of antibodies was verified

by negative experiments.

In the case of intracellular dendritic-injected biocytin,

streptavidin conjugated with Cy3 1 : 200 was used and FITC

for NKCC1 and KCC2 antibodies. Identification of PV-Cre+

interneurons labeled with tdTomato and FITC for KCC2

antibody was used. Samples were mounted with vectashield

(Vector Laboratories, Burlingame, California, USA) and

observed in a confocal microscope Olympus FV-1000 [15].

Results
Projection neurons express the NKCC1 transporter on

the soma

To investigate the expression pattern of the NKCC1 chloride

transporter in the SPNs identified, we analyzed striatal con-

focal images from D2-eGFP BAC mice (Fig. 1a, in green)

with the anti-NKCC1 antibody labeling (Fig. 1b, in red). Both

D2-eGFP-positive neurons (arrow) as well as D2-eGFP-

negative neurons ‘putative D1-SPNs’ (arrow head) co-express

the red fluorescence labeling of the NKCC1 transporter

(Fig. 1c, yellow and red).

The KCC2 co-transporter expression pattern was not found in

either the soma of D2-eGFP-positive (arrow) or D2-eGFP-

negative neurons (arrow head, Fig. 1d–f). The same results

were found in D1-eGFP mice brain slices (Fig. 1g–l; also see

Fig. 2a and c and Fig. 3a–c). Images from striatal D1-eGFP

neurons (Fig. 1g, in green) labeled with NKCC1 antibody

(Fig. 1h, in red). Again, both D1-eGFP-positive neurons

(arrow) as well as D1-eGFP-negative neurons (arrow head) co-

expressed the red fluorescence labeling of the NKCC1

transporter (Fig. 1i, yellow and red). The KCC2 co-transporter

expression pattern was not found in either the soma of

D1-eGFP-positive (arrow), D1-eGFP-negative neurons

(Fig. 1j–l, arrow head), or green dendrites of D1-eGFP-posi-

tive cells (Fig. 1l).

However, the KCC2 was highly expressed in striatal neu-

ropile (big arrows Fig. 1e and k), although it was not present

in the somato/dendritic membrane of the SPNs (Fig. 2f).

The somatic expression of the NKCC1 chloride co-

transporter contributes toward understanding the known

depolarizing synaptic effects of GABA in SPNs [9,10,14,15].

NKCC1 and KCC2 are not expressed in dendrites of

SPNs

The electrophysiological reversal potential for GABA-induced

currents has been reported to vary between different cellular

compartments in some neurons [3,11–13]. Therefore, we

explored the possibility of NKCC1 and KCC2 expressions in

intracellular labeled dendrites of D1-SPNs and D2-SPNs

identified by their different corticostriatal synaptic responses

[9,10]. Neurons injectedwith biocytin-CY3 were examined for

double labeling along the dendrites; at least four dendrites

from the soma to the tip in each cell (52 dendrites of 13 cells;

seven dSPNs and six iSPNs, half of them subsequently

labeled for KCC2 or NKCC1) were quantified. From this

quantification, we concluded that dendrites of SPNs do not

express the NKCC1 or the KCC2 co-transporters.

Figure 2a and b shows photomicrographs of intracellular

injected projection neurons with biocytin streptavidin-

conjugated Cy3. The NKCC1 antibody was only observed

within the soma of neuron in Fig. 2c (arrow), not in dendrites

of the biocytin-injected neuron (Fig. 2e, arrow). Note the

labeled somata of other NKCC1-positive cells (Fig. 2e, arrow

head). Figure 2b shows the somato/dendritic morphology of

another SPN injected intracellularly with biocytin; in this

case, no KCC2 expression was observed in the soma

(Fig. 2d, arrow). Some positive KCC2 neuronal perikarya can

be observed in the field (Fig. 2d, arrow heads). The KCC2

antibody was not expressed in the dendrites of this SPN

(Fig. 2f, red arrow), but some positive dendritic processes

were observed in the field (Fig. 2f, green arrow head).

These data show that intracellular labeled dendrites with

biocytin (dendrites in red) in SPNs do not express the

NKCC1 or the KCC2 (Fig. 2e and f) co-transporters. NKCC1
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was only observed on the soma of SPNs and not in the

neuropile, as in the case of KCC2 (arrows in Fig. 2e and f).

The KCC2 chloride transporter is expressed in

PV+ interneurons

Figure 3a shows D1-eGFP-positive SPNs (in green). In

Fig. 3b, KCC2 immunoreactivity (in red), confirms that

D1-eGFP-positive neurons are not immunoreactive

(Fig. 3a–c, small arrows). KCC2 immunoreactivity was

observed on the somatic periphery of negative D1-eGFP cells

(Fig. 3a–c, big arrows) and the thin dendritic profiles in Fig. 3b

and c (arrow heads). To identify the KCC2-positive striatal cell

population, we utilized PV-Cre transgenic mice transfected

with tdTomato. Several PV+ neurons were identified in the

striatum (Fig. 3d, in red) and were positively immunoreactive

to the KCC2 antibody (Fig. 3e, in green). Double labeling is

shown on the right (Fig. 3f, neurons in yellow). As in other

brain areas, these experiments show that KCC2 immunor-

eactivity was distributed in the somatodendritic axis of PV+

interneurons, helping to understand GABAergic inhibition

onto PV+ interneurons [16,17].

Discussion
Most striatal neurons are GABAergic. D1-SPNs andD2-SPNs

receive inhibitory inputs from axon collaterals of each other,

from neurons belonging to the same pathway [16–19], and

Fig. 1

Striatal projection neurons (SPNs) only express the NKCC1 transporter in the soma. Confocal images of the striatum double stained for D2-eGFP-
positive neurons (a, in green), and the anti-NKCC1 antibody (b, c, in red) and for D2-eGFP and KCC2 antibody (d–f). Some neurons seen in the
merged images (c, in yellow) co-express the green fluorescence and the NKCC1 transporter (arrows). D2-eGFP-negative neurons also co-express
the NKCC1 antibody immunoreactivity (a–c, arrow heads). Note that KCC2 is highly expressed in the neuropile of the striatum (e, big arrow), but the
antibody is not expressed in either D2-eGFP-positive (arrows) or D2-eGFP-negative (f, arrow heads) SPNs. D1-eGFP-positive neurons (g, in green),
and the anti-NKCC1 antibody (h and I, in red) and for D1-eGFP and KCC2 antibody (j–l). Some neurons seen in the merged images (c, in yellow) co-
express the green fluorescence and the NKCC1 transporter (arrows).
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from several types of GABAergic interneurons including tonic

inhibition because of extra synaptic gabaergic receptors

[7–9,19]. Feedback and feedforward inhibition have been

studied previously in striatal neurons [17,19]. All these inputs

contribute toward the synaptic integrated output of SPNs.

GABAergic inputs contact the peri-somatic region and distal

dendrites interacting with glutamatergic cortical and thalamic

inputs [20] and with intrinsic dendritic channels that deter-

mine synaptic integration and dynamics [10,14,15]. GABA is

generally inhibitory in the adult brain, but it can also mediate

depolarizing synaptic responses in immature animals [2,21]. In

addition, depolarizing actions of GABA with respect to resting

potential have been reported in adult neurons [5–7,22,23] and

are important in the adult brain not only to regulate neuronal

excitability but also for synaptic integration [9]. However,

depolarizing GABA signals may maintain their inhibitory

influence because of shunting inhibition [9,23,24]. It has been

known for a long time that GABA is depolarizing in adult

SPNs [5–9]. Here, we show that somatic depolarizing actions

of GABA in adult projection neurons can in part be explained

by the expression and somatic localization of the NKCC1

transporters in these cells. However, depolarizing GABA

Fig. 2

Cellular compartmentalization of co-transporters NKCC1 and KCC2 in the somato/dendritic membrane of striatal projection neurons (SPNs). In (a) and
(b) intracellularly recorded SPNs filled with biocytin are in red. The neuron in (a) was positive to the NKCC1 antibody (c, arrow), while the neuron in (b)
was negative to the KCC2 antibody (d, arrow). Some positive neurons are shown (arrow heads). Intracellular labeled dendrites of SPNs (e, f, in red)
were not associated with the antibodies, instead they were associated with the perikarya of SPNs (e, arrow head) and the neuroplie (f, arrow head).
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signals may maintain their inhibitory influence because of

shunting inhibition at threshold potentials, for example,

restraining firing at the beginning of a synaptic response, but

supporting a prolonged plateau depolarization at later times in

D1-SPNs. The inhibitory GABA response can also be

revealed by bicuculline application in D2-SPNs in which a

larger dendritic calcium contribution is observed [6,8–10,15].

To conclude, depolarizing GABA actions in the striatum are

correlated here with specific chloride transporters expression

described in this work.

Conclusion
In the presented work, the expression of chloride co-

transporters was described in a cell-type-specific manner

in SPNs and PV+ interneurons. The results show for the

first time that KCC2 is found in PV+ striatal interneurons,

whereas NKCC1 is expressed within the somatic region

of both SPNs classes. The presence of the KCC2 trans-

porter in other striatal interneurons cannot be discarded

and remains to be studied. The possible presence of

other transporter proteins is not discarded. GABA actions

are important to understand the functional integration of

microcircuits.
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The direction of functional information flow in the sensory thalamo-
cortical circuit may play a role in stimulus perception, but, surprisingly,
this process is poorly understood. We addressed this problem by
evaluating a directional information measure between simultaneously
recorded neurons from somatosensory thalamus (ventral posterolat-
eral nucleus, VPL) and somatosensory cortex (S1) sharing the same
cutaneous receptive field while monkeys judged the presence or
absence of a tactile stimulus. During stimulus presence, feed-forward
information (VPL → S1) increased as a function of the stimulus ampli-
tude, while pure feed-back information (S1 → VPL) was unaffected. In
parallel, zero-lag interaction emerged with increasing stimulus ampli-
tude, reflecting externally driven thalamocortical synchronization dur-
ing stimulus processing. Furthermore, VPL → S1 information decreased
during error trials. Also, VPL → S1 and zero-lag interaction decreased
when monkeys were not required to report the stimulus presence.
These findings provide evidence that both the direction of information
flow and the instant synchronization in the sensory thalamocortical
circuit play a role in stimulus perception.

behaving monkeys | somatosensory thalamocortical circuit |
tactile detection task | simultaneous single-unit recordings |
directed information-theoretic measure

Amajor challenge in systems neuroscience involves under-
standing how perceptual experiences arise from coordinated

neural activity, and how functional information flows among the
interacting neurons (1–5). The sensory thalamus is an essential node
within the perceptual circuit, relaying stimulus information from the
periphery to cortex (6). Given the connectivity between the thalamus
and cortex, feed-back corticothalamic inputs could modulate feed-
forward thalamocortical stimulus information transmission during
perception (7–10). Thus, the thalamus could act as a processing unit
in continuous interaction with the cortex (6, 11, 12). Evidence sup-
porting this view comes from previous studies in anesthetized (13–15)
and awake animals (10, 16). However, it is unclear how feed-forward
and feed-back information flows coexist within the thalamocortical
circuit and whether they correlate with the subject’s perception.
To address these questions, we recorded the simultaneous activity

of single neurons in the ventral posterolateral nucleus (VPL) of the
somatosensory thalamus and in primary somatosensory cortex (S1)
sharing the same cutaneous receptive field while monkeys per-
formed a vibrotactile detection task. The animals were trained to
report the presence or absence of a tactile stimulus of variable
amplitude. In this task, previous work showed that VPL and
S1 neurons encode mostly the physical features of the stimulus (17,
18). These findings raise several questions. First, how is sensory
information communicated between the VPL and S1 at the level of
single neurons? Second, what is the balance between the in-
formation flowing in a feed-forward direction (VPL → S1) and in a
feed-back (S1 → VPL) direction? Third, does the information flow
between VPL and S1 correlate with the subject’s perception?

In the current work, we addressed the above questions by
detecting time-varying directional couplings between the recor-
ded VPL and S1 neuron pairs across many trials as a measure of
the functional thalamocortical information flow needed to per-
form a vibrotactile detection task. During the stimulus presence,
feed-forward (VPL → S1) information largely prevailed over
feed-back (S1 → VPL) information. Interestingly, zero-lag in-
teractions emerged with the stimulus amplitude above detection
threshold, suggesting the existence of cortical common inputs
facilitating the transmission of stimulus information. Critically, at
the stimulus onset, feed-forward information correlated with the
subject’s perception. During a variant of the detection task (passive
condition, in which no response was required from the animal),
feed-forward information was reduced during the expected stimu-
lation windows of stimulus-present and stimulus-absent trials, while
zero-lag interaction was mainly reduced in the first half of the
stimulus. Taken together, our results characterize the functional
information flow between VPL–S1 neuron pairs during tactile
perception. They reveal that besides relaying stimulus information
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The direction of information flow between brain circuits may
be key in cognitive functions. We addressed this problem by
evaluating a directional correlation measure between simul-
taneously recorded neurons from somatosensory thalamus
(ventral posterolateral nucleus, VPL) and somatosensory cortex
(S1) sharing the same cutaneous receptive field while monkeys
judged presence or absence of tactile stimuli. During stimulus
presence, feed-forward (VPL → S1) information increased as a
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information was unaffected. Simultaneously, zero-lag interac-
tion emerged with increasing stimulus amplitude, contributing
to thalamocortical synchronization. Furthermore, VPL → S1
information decreased during error trials. Also, both VPL → S1
and zero-lag interactions decreased when monkeys were not
required to report stimulus presence. Thus, directional and
coordinated information in the thalamocortical circuit is asso-
ciated with stimulus perception.

Author contributions: A.T.C. and R.R. designed research; Y.V., M.Á., A.Z., and R.R. per-
formed research; A.T.C. and R.R. contributed new reagents/analytic tools; A.T.C., R.R.-P.,
and G.D. analyzed data; and A.T.C., Y.V., R.R.-P., G.D., and R.R. wrote the paper.

Reviewers: S.G., Research Center Juelich; and S.P., Italian Institute of Technology.

The authors declare no conflict of interest.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: adria.tauste@gmail.com or rromo@
ifc.unam.mx.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1819095116/-/DCSupplemental.

Published online March 25, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1819095116 PNAS | April 9, 2019 | vol. 116 | no. 15 | 7513–7522

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 In

st
itu

to
 d

e 
B

io
te

cn
ol

og
ia

/U
N

A
M

 o
n 

O
ct

ob
er

 2
0,

 2
02

0 

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1819095116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:adria.tauste@gmail.com
mailto:rromo@ifc.unam.mx
mailto:rromo@ifc.unam.mx
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1819095116


feed-forward information conveys task-context information, whereas
zero-lag interactions might reflect the cortically driven coordi-
nated activity of VPL and S1 that is required for information
transmission during task performance.

Results
Two monkeys (Macaca mulatta) were trained to perform a tactile
detection task (2, 3). In each trial, the animal had to report
whether the tip of a mechanical stimulator vibrated or not (Fig.
1A). Stimuli were sinusoidal, had a fixed frequency of 20 Hz, and
were delivered to the glabrous skin of one fingertip; crucially,
they varied in amplitude across trials. Stimulus-present trials
were interleaved with an equal number of stimulus-absent trials
in which no mechanical vibrations were delivered (Fig. 1A). The
presence or absence of the stimulus (0.5 s) was preceded by a
variable prestimulus period (1.5 to 3 s), followed by a fixed
poststimulus delay period of 3 s before the monkey reported its
decision by pressing one of two push buttons (Fig. 1A). In
stimulus-absent trials, we will refer to the possible window of
stimulation (PWS) as the temporal windows when the monkeys
may expect the stimulus (19). Stimulus detection thresholds were
calculated from the behavioral responses (Fig. 1B, Left). Im-
portantly, depending on the monkeys’ responses, trials could be
classified into four types: hits and misses in the stimulus-present
trials and correct rejections and false alarms in the stimulus-
absent condition (Fig. 1B, Right). Once the animals performed
the task at near detection threshold (8 μm), we recorded the
simultaneous activity of spike trains from individual neurons
from VPL and S1 (areas 3b or 1; Fig. 1C) while monkeys per-
formed the task. Here, it is important to highlight that the
recorded neuron pairs (n = 84) from the VPL and S1 shared
exactly the same cutaneous receptive fields (Fig. 1D). Fig. 1E
qualitatively shows that the neurons of VPL and S1 modulate
their firing rate during the stimulus-present condition (Fig. 1E,
Left), but not during the stimulus-absent condition (Fig. 1E,
Right). Thus, it appears an optimal experimental condition for
assessing the functional time-varying information flow between
neuron pairs from VPL and S1 during the detection task.

Assessing Directional Information Flow Between VPL and S1. It is
well-established that the VPL relays information from the skin
mechanoreceptors up to S1 (Fig. 1 C and D). This knowledge
allows us to test the following hypothesis in the detection task:
After the stimulus onset, the flow of functional information
becomes crucially larger in the VPL → S1 direction than in the
S1 → VPL direction. However, given the stronger anatomical
connectivity from S1 to VPL than from VPL to S1 (12), the
second hypothesis is that the flow of functional information is
higher from S1 → VPL than from VPL → S1. Importantly, we
also hypothesize that the information flow between VPL and
S1 could be affected by task conditions (Fig. 1B). We addressed
all these hypotheses by using a nonparametric method that
measures directional information flows between the simulta-
neously recorded spike trains of pairs of VPL–S1 neurons in
single trials and within slicing time windows of 0.25 ms using a
directed information-theoretic measure (5, 20, 21) (SI Appendix).
The method is illustrated in Fig. 2A. To measure single-neuron
interactions on a fine temporal scale along each task trial, we
estimated delayed versions of the directed information-theoretic
measure (SI Appendix, Eq. S1) in both directions (VPL→ S1 and
S1 → VPL) for every pair of simultaneous VPL–S1 spike trains
at the short time delays [0, 2, 4, . . ., 20 ms] (Fig. 2A, Left). To
infer the significance of each estimation, we defined a
maximizing-delay statistic (SI Appendix, Eq. S2) and built the
corresponding null distribution using circular shifts of the target
spike-train sequences ðYTÞ, which preserved the firing rate and
the short-range (0 to 50 ms) autocorrelation of both spike trains
while destroying their temporal alignment (Fig. 2A, Middle). For
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Fig. 1. Detection task, psychophysical performance, recording sites, and neu-
ronal responses during the task. (A) Vibrotactile detection task. Trials began
when the stimulator probe indented the skin of one fingertip of the monkey’s
restrained right hand (probe down, PD); the monkey reacted by placing its left,
free hand on an immovable key (key down, KD). After a variable prestimulus
period (1.5 to 3 s), a vibratory stimulus of variable amplitude (1 to 34 μm, 20 Hz,
0.5-s duration) was presented on one half of the trials; no stimulus was presented
on the other half of the trials. Following the stimulus presentation period or a
period where no stimulus was delivered, the monkey waited for 3 s until the
probe was lifted off from the skin (PU, probe up), then the animal removed its
free hand from the key (KU, key up) and pressed one of two push buttons (PBs)
to report whether the stimulus was present or absent. Lateral and medial but-
tons were used for reporting stimulus presence and stimulus absence, re-
spectively. Stimulus-present and stimulus-absent trials were randomly interleaved
within a run. (B) The button pressed indicated whether the monkey felt the
stimulus (henceforth referred as yes and no responses, respectively). (B, Left) Mean
psychometric function depicting the probability of the monkey’s reporting yes as a
function of the stimulus amplitude (th = 8 μm, detection threshold). (B, Right)
Behavioral responses depending on the stimulus presence (Hit or Miss) or stimulus
absence (CR, correct rejection; FA, false alarm). (C) Recording sites in the ventral
posterior lateral (VPL) nucleus (green) of the thalamus and in areas 1 and 3b of the
primary somatosensory cortex (S1, cyan). (D) Scheme depicting how the neural
activity from single neurons in the VPL and S1 (3b or area 1) sharing the same
cutaneous receptive field was simultaneously recorded during the detection task.
(E) Mean firing rate for the simultaneously recorded VPL (n = 53) and S1 (n = 75)
neurons during the stimulus-present and stimulus-absent trials.
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each directional spike-train pair, ðXT ,YTÞ, the method assessed the
significance of the statistic together with an unbiased estimation of
the statistic value and the maximizing delay (Fig. 2A, Right). Di-
rectional spike-train pairs associated with significant estimators
ðα= 0.05Þ will be referred to as directional information (DI) trials
(SI Appendix) and will be represented for different experimental
conditions as a percentage over the corresponding pairs and trials.
Finally, statistical comparisons between percentages were assessed
with nonparametric methods (21) and validated via Cohen’s H (22)
effect size (H) for proportion differences (SI Appendix).
A first characterization of the VPL–S1 simultaneous activity

was done by measuring the percentage of DI (SI Appendix, Fig.
S1A) as well as the mean DI value (SI Appendix, Fig. S1B) for
VPL → S1 and S1 → VPL directions during the time course of
the detection task for spike trains above a firing rate threshold
(35 Hz). Both quantities were calculated separately for the
stimulus-present (SI Appendix, Fig. S1B, Left) and stimulus-
absent (SI Appendix, Fig. S1B, Right) trials. For the analysis of
stimulus-present trials here and in the subsequent figures, we
removed the variable-time prestimulus period in every trial and
aligned all trials to the stimulus onset time. The analysis showed
that for the stimulus-present trials the amount of VPL → S1 DI
(trials = 3,216 in neuron pairs = 84, P < 0.01, H > 0.5, cyan line;
SI Appendix, Fig. S1A, Left) was significantly larger than the
amount of S1 → VPL DI during the first half (250 ms) of the
stimulus period and weaker but still significant during the second
half (H < 0.5). However, the strongest effect at stimulus onset
was not mimicked by the mean DI value (P < 0.01, D < 0.3; SI

Appendix, Fig. S1B, Left). In contrast, for stimulus-absent trials,
the greatest differences were manifested by the amount of DI
(trials = 4,371 in neuron pairs = 84, P < 0.01, H > 0.3; SI Ap-
pendix, Fig. S1A, Right) during the PWS (1.5 to 3.5 s) with no
counterpart evidence from the mean DI value (SI Appendix, Fig.
S1B, Right). Despite its moderate statistical effect (H < 0.5), SI
Appendix, Fig. S1 shows a positive gap between VPL → S1 and
S1 → VPL directions already during the prestimulus period, which
could reflect an underlying directionality imbalance facilitating sub-
sequent sensory information transmission. In conclusion, we re-
stricted our analysis to the percentage of DI (rather than the mean
DI value) due to its greater sensitivity to detect directionality dif-
ferences during the stimulus and possible stimulation windows.
As a first approach, we considered exclusively two di-

rectionality cases: VPL → S1 and S1 → VPL (SI Appendix, Fig.
S1). However, when studying DI flow for two simultaneous spike
T-length trains XTand YT at a given time interval (e.g., 250 ms)
one may instead consider three disjoint cases: The spike trains
are coupled in only one direction ðXT →YTÞ, in only the oppo-
site direction ðYT →XTÞ or simultaneously coupled in both di-
rections ðXT ↔YTÞ. In principle, these three cases correspond to
neurons in each pair taking three different roles—driver, target,
or both—which may be associated with distinct functional
mechanisms (24). According to this notion, we classified DI es-
timates by pairing the location and role of each neuron per trial.
In short, we defined as feed-forward information (VPL → S1)
those DI estimates involving pairs where the neuron of VPL was
only driver and the neuron of S1 was only target. Similarly, we

XT Y T
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defined as feed-back information (S1 → VPL) where the neuron
of S1 was only driver and the VPL neuron was only target. Fi-
nally, pairs where the neuron in VPL and the neuron in S1 were
simultaneously drivers and targets (at possible different delays)
of that interaction were labeled as bidirectional information. Fig.
2B shows a schematic representation for the three types of DI
and Fig. 2 C–E shows four example pairs of neurons (five re-
petitive trials; green for VPL raster plots and cyan for S1 raster
plots) responding during the first 250 ms after stimulus onset
holding feed-forward (Fig. 2C), feed-back (Fig. 2D), and bi-
directional (Fig. 2E) information, together with neuron pairs
with nonsignificant statistic values (Fig. 2F). Since the signifi-
cance analysis leading to DI is always single-trial, the choice of
five trials in Fig. 2D is only for illustrative purposes here.

Stimulus Presence Modulates Feed-Forward and Bidirectional
Information. Having set the above definitions, we first examined
for each type of DI the average DI delay as a putative intrinsic
property of each directionality case (SI Appendix, Fig. S2). Bi-
directional information occurred at shorter delays than unidirec-
tional information for both stimulus-present (trials = 3,217 in
neuron pairs = 84, D= 0.35, time-average Cohen’s d; SI Appendix,
Fig. S2A, Left) and stimulus-absent trials (trials = 4,731 in neuron
pairs = 84,D= 0.37, time-average Cohen’s d; SI Appendix, Fig. S2A,
Right). The delay histograms (SI Appendix, Fig. S2B, Top) outside
the stimulus period or the PWS revealed that these differences were,
in general, due to higher percentage of zero-delay couplings (around
33%) in bidirectional information compared with unidirectional
information (around 15%). Further, we examined the DI delay
distribution during the stimulus period (SI Appendix, Fig. S2B). We
found that the arrival of the stimulus increased the relative amount
of bidirectional information at zero delay (from 33 to 49%).
However, the relative amount of feed-forward (from 9 to 19%)
and feed-back information (from 9 to 15%) was enhanced at 8 ms.
Second, we investigated two main questions regarding feed-

forward, feed-back, and bidirectional information: (i) What was
the contribution of each DI type to a greater amount of VPL →
S1 DI observed during the stimulus presence? and (ii) What was
the contribution of each neuron pair to this effect? Fig. 3A de-
picts the percentages of DI according to their types (feed-
forward, feed-back, and bidirectional) for stimulus-present
(Fig. 3A, Left) and stimulus-absent trials (Fig. 3A, Right) dur-
ing the time course of the task. The proposed decomposition
highlighted the contribution of each type into the directionality
differences illustrated in SI Appendix, Fig. S1. The increment in
the VPL → S1 DI, especially after the stimulus onset, was mainly
contributed by feed-forward information (trials = 3,216 in neu-
ron pairs = 84, P < 0.05, H = 0.23; blue trace in Fig. 3A, Left) and
lesser by the bidirectional information (trials = 3,216, neuron
pairs = 84, P < 0.05, H = 0.1; orange trace in Fig. 3A, Left). In
contrast, the increase in the S1 → VPL direction (SI Appendix,
Fig. S1) could only be explained by an increase in bidirectional
information. Indeed, genuine feed-back information was not
significantly modulated during the stimulus presence (P > 0.05;
red trace in Fig. 3A, Left). However, for stimulus-absent trials, no
DI type showed a significant modulation (trials = 4,271 in neu-
ron pairs = 84, P > 0.05; Fig. 3A, Right).
We then investigated the contribution of each neuron pair to

the increment in feed-forward and bidirectional information
during the first half of the stimulus period in the stimulus-present
trials. To do so, we repeated the analysis of Fig. 3A for every
VPL–S1 pair and obtained a stimulus-driven effect size per pair.
Fig. 3B illustrates these results by sorting the neuron pairs in-
dependently for each DI type in a descending effect size order.
Consistent with our previous findings, there were more neuron pairs
exhibiting large stimulus effects in feed-forward and bidirectional
information than in feed-back information. Besides that, ∼40%
(33/84) and 20% (18/84) of the neuron pairs increased the number

of feed-forward and bidirectional information, respectively, with
moderate and large effect sizes (H > 0.3; Fig. 3B).
Next, we asked how often a VPL–S1 neuron pair could si-

multaneously handle both DI modulations during the stimulus
period. To address this question, we correlated the stimulus ef-
fect sizes associated with each DI type across all of the recorded
VPL–S1 neuron pairs. The correlation value between the effect
sizes was rather low (ρ = −0.11, P > 0.5, Spearman’s rho),
suggesting that feed-forward and bidirectional information
might be modulated by a different thalamocortical mechanism.
We also analyzed how neuron pairs were differently modulated
during stimulus-absent trials (SI Appendix, Fig. S3). To this end,
we compared the percentage of feed-forward, feed-back, and
bidirectional information per neuron pair during the first interval
of the stimulus window and during the first interval of the PWS.
Each point in SI Appendix, Fig. S3 represents a VPL–S1 neuron
pair and the histograms of all points’ angles with respect to the
stimulus-present axis (x axis: stimulus present; y axis: stimulus
absent) are shown as insets. Therefore, angular values smaller
than 45° indicated a stronger amount of DI during the stimulus
period. Thus, mean angular values indicated that the stimulus-
present effect (θ < 45°) was more prominently manifested in
feed-forward (θ = 30.5°; SI Appendix, Fig. S3) and bidirectional
information (θ = 25.2°; SI Appendix, Fig. S3) than in feed-back
information (θ = 41.1°; SI Appendix, Fig. S3). In sum, we provided
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consistent evidence from independent analyses that tactile stimuli
mainly modulated feed-forward and bidirectional information in
the VPL–S1 neuron pairs.

Correlation Between the Firing Rate and the Type of Directional
Information. The statistical method used in this study infers DI
measurements by preserving the firing rate of both sequences in
the null distribution, thus avoiding to a large extent the bias in-
troduced by fluctuations of the neuronal spikes (25, 26). To
empirically corroborate this fact, we examined the influence of
the firing rate into the observed VPL–S1 DI. In previous related
work (17, 18) we showed that the average firing rate was larger in
VPL than in S1 neurons (Fig. 1E). Therefore, the reported in-
crease of feed-forward information (compared with feed-back
information) occurred while the VPL and S1 neurons exhibited
similar firing rates. This initially suggested a low dependence
between the firing rate and the existence of DI. We then tested
this hypothesis by correlating the firing rate driver and target
neurons with the existence of incoming/outgoing DI (SI Appen-
dix). The obtained Spearman correlation coefficients were sig-
nificant but rather low for both driver (intervals = 206,360 in
neuron pairs = 84, ρ = 0.11, P < 0.05; SI Appendix, Fig. S4A) and
target neurons (intervals = 206,360 in neuron pairs = 84, ρ =
0.07, P < 0.05; SI Appendix, Fig. S4A). Moreover, these results
were stable during stimulus-absent trials (intervals = 206,280 in
neuron pairs = 84, ρ = 0.1 for driver spike trains, ρ = 0.07 for
target spike trains, P < 0.05; SI Appendix, Fig. S4B). This shows
that the increase in the number of DI estimates during the
stimulus period could not be explained merely by an increase in
the mean firing rate of either the VPL or S1 neurons.
The results shown above suggested that the firing rate might

be poorly correlated with the distinct DI types. To specifically
address this question, we first computed the time-varying cor-
relation (Spearman’s rho) between the firing rate in VPL and
S1 neurons (SI Appendix, Fig. S4 C and D) associated with feed-
forward, feed-back, and bidirectional information for stimulus-
present (trials = 3,216 in neuron pairs = 84; SI Appendix, Fig. S4
C and D, Left) and stimulus-absent (trials = 4,371 in neuron
pairs = 84; SI Appendix, Fig. S4 C and D, Right). The results show
that the correlation values obtained during the entire time
course of the task were upper-bounded by 0.1 for VPL neurons
and by 0.2 for S1 neurons. For S1 neurons specifically, the cor-
relation values decreased during the stimulus period. This im-
plies that, for a substantial number of S1 neurons, the reported
increase in firing rate (Fig. 1E) during the stimulus presence was
not accompanied by an increase of incoming/outgoing DI with
VPL. Besides, during the stimulus presence, the correlation
values were larger for bidirectional information (rather than
unidirectional) in VPL and S1 neurons, suggesting that neurons
holding bidirectional information were particularly prone to
have large firing rates. To further study this question, we ex-
amined the firing rate of VPL and S1 neurons associated with
feed-forward, feed-back, and bidirectional information (Fig. 4
and SI Appendix). Our analysis revealed that the firing rate of
VPL and S1 neurons was not significantly different (n = 53 and
n = 75, respectively, Wilcoxon rank-sum test, P > 0.05; Fig. 4)
between feed-forward and feed-back information across all task
intervals, including those from the stimulus period. In contrast,
neurons holding bidirectional information showed a significant
increase in their firing rate with respect to the unidirectional case
during the first interval of the stimulus period (P < 0.05; Fig. 4),
in agreement with the reported larger correlation observed in the
bidirectional type (SI Appendix, Fig. S4 C and D). These in-
creases were manifested at suprathreshold stimulus amplitudes
for VPL neurons (n = 53, P < 0.001; Fig. 4) during the entire
stimulus period but for S1 neurons (n = 75, P < 0.05; Fig. 4) only
during the first interval of the stimulus period. Interestingly, for
stimulus-absent trials, bidirectional neurons showed enhanced firing

rates during PWS intervals compared with unidirectional neurons. In
sum, these results show that firing rates were not able to discriminate
between unidirectional information (feed-forward vs. feed-back) but
could be significantly higher for bidirectional information during
specific task intervals regardless of the stimulus presence.
Finally, we simulated a stochastic model to evaluate the per-

formance of the DI estimation method as a function of the
neuronal firing rate and assess any potential bias in the reported
empirical correlations with the firing rate (SI Appendix, Fig. S5;
details provided in the legend). The results of the model for
parameter values that approximated the average firing rate of
neurons and the percentage of DI measured in the real data
validated that the spurious correlations introduced by the DI
estimation method were very low for both unidirectional and
bidirectional models (Spearman’s rho < 0.08). In the meantime,
the DI estimation method was shown to attain large sensitivity
values (>90%) even for low firing rates (∼35 Hz).

The Amount of VPL–S1 Directional Information Is Modulated by the
Stimulus Amplitude.We showed above that both feed-forward and
bidirectional VPL–S1 information was enhanced by the stimulus
presence, while feed-back information was minimally affected
(Fig. 3). Furthermore, each DI type could be modulated by
different neuronal populations. This prompted us to hypothesize
that feed-forward and bidirectional information could be dif-
ferently related to the stimulus amplitude. To further investigate
this question, we divided the stimulus-present trials into three
groups based on the stimulus amplitude. We grouped the 9-μm
trials within the near-threshold (Fig. 5A, Top Right) group and
defined the suprathreshold (Fig. 5A, Top Left) and subthreshold
(Fig. 5A, Bottom Left) groups as those stimulus-present trials
above and below 9 μm, respectively. We choose 9 μm as the
cutoff amplitude since it is the closer amplitude to the monkey’s
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differences (*P < 0.05, ***P < 0.001, Wilcoxon rank-sum test) among the firing
rate of neurons holding distinct DI. (B) Similar to A, but for S1 neurons (n = 75;
Left, trials = 2,853 hits; Right, trials = 3,854 correct rejections).

Tauste Campo et al. PNAS | April 9, 2019 | vol. 116 | no. 15 | 7517

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 In

st
itu

to
 d

e 
B

io
te

cn
ol

og
ia

/U
N

A
M

 o
n 

O
ct

ob
er

 2
0,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental


mean detection threshold (8 μm; Fig. 1B). We also considered
stimulus-absent trials for comparison (Fig. 5A, Bottom Right).
First, we quantified the amount of DI within each group (Fig.
5A). Notably, we found that the stimulus effect observed for all
amplitudes (Fig. 3B) was mainly due to the suprathreshold group
(>9 μm). At these amplitudes, feed-forward and bidirectional
information showed a significant incremental effect (trials =
2,237 in neuron pairs = 84, P < 0.01, H = 0.26 and H = 0.14; Fig.
5A, Top Left), while feed-back information was not significantly
altered (P > 0.05). In contrast, for the near-threshold group, the
feed-forward increment was preserved (trials = 443 in neuron
pairs = 84, P < 0.01, H = 0.2; Fig. 5A, Top Right), while bidi-
rectional information dropped dramatically (P > 0.05). Finally,
the subthreshold amplitudes only showed a weaker significant

increase in the amount of feed-forward information (trials =
536 in neuron pairs = 84, P < 0.01, H = 0.13; Fig. 5A, Bottom
Left). Thus, the results illustrated in Fig. 5A demonstrated that
the amount of DI was amplitude-dependent. To examine this
dependency, we focused on the first 250 ms of the stimulus-
present period and plotted the percentage of DI types as a
function of the stimulus amplitude (Fig. 5B). In addition, we
computed single-trial (r) and average-trial (R) Spearman’s rho
correlations between the amount of DI and amplitude values (SI
Appendix). During the first 250 ms the amount of each DI type
was correlated with the stimulus amplitude values as measured
by single-trial types (P < 0.05; Fig. 5B). However, when consid-
ering average-trial correlations, the significance analysis pro-
vided different outcomes across DI types. Indeed, Fig. 5B shows
that feed-forward (trials = 7,587, r = 0.12 in neuron pairs = 84,
R = 0.96, P < 0.01; Fig. 5B, Left) and bidirectional (trials = 7,587,
r = 0.07 in neuron pairs = 84, R = 0.87, P < 0.05; Fig. 5B, Right)
information exhibited a significant monotonic modulation, while
feed-back information remained approximately constant over the
amplitude values (trials = 7,587, r = 0.03 in neuron pairs = 84,
R = 0.26, P > 0.05; Fig. 5B, Middle). These effects are further
illustrated in SI Appendix, Fig. S6 by representing feed-back and
bidirectional against feed-forward information, which suggested
that the bidirectional trend was mainly driven by suprathreshold
amplitudes. These results complemented the analysis of Fig. 5A,
revealing that the amount of feed-forward and bidirectional in-
formation was monotonically associated with the stimulus ampli-
tude. Overall, feed-forward and bidirectional information was
enhanced by the stimulus presence and they could convey in-
formation about the stimulus amplitude.

Influence of Task Context in Thalamocortical Directional Information.
We showed above that for most recorded VPL–S1 neuron pairs
there was more feed-forward than feed-back information during the
first half (250 ms) of the stimulus-present trials. This differentiated
amount of DI was related exclusively to sensory information pro-
cessing, but whether it was also influenced by the task’s context
remained unknown. To investigate this question, we applied our
directionality analysis to a control task in which the monkey was
passively stimulated by the same set of tactile stimuli but no
perceptual report was required. Using task-balanced datasets (SI
Appendix), we repeated some of the previous analyses for
stimulus-present trials (neuron pairs = 36, trials = 1,307 hits) and
stimulus-absent trials (neuron pairs = 36, trials = 1,364 control
rejects) in both task conditions, exploring potential differences in
the percentage of DI when the monkey was passively stimulated
(Fig. 6). Based on the previous analysis of amplitude modulation
(Fig. 5), we restricted our analysis during stimulus-present trials to
near-threshold and suprathreshold amplitudes for feed-forward
information (neuron pairs = 36, trials = 1,105 hits) and supra-
threshold amplitudes for feed-back and bidirectional information
(neuron pairs = 36, trials = 932 hits).
We first revisited the firing rate of single neurons in VPL and

S1 (17, 18) and found that the average (over neurons) firing rate
of each area was not substantially altered during the time course
of the passive stimulation task (Fig. 6A). Consistent with this
quantification, we thereafter analyzed the percentage of DI
during the passive condition over all neuron pairs that had been
recorded in both task conditions. For these paired samples, we
outlined task intervals where the difference was significant and
the effect size was larger than 0.3. In general, our analysis
revealed task-specific variations at the level of DI, which oc-
curred around the stimulus period for stimulus-present trials
(Fig. 6 B–D, Left). Compared with the vibrotactile task, the ar-
rival of the (suprathreshold) stimulus in passive trials produced a
lesser increase of bidirectional information (neuron pairs = 36;
Fig. 6D, Left) during the second half of the stimulus window and
a specific increase of feed-back information during the first 250 ms
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Fig. 5. VPL–S1 feed-forward and bidirectional information is modulated by
the stimulus amplitude. We analyzed hit and correct rejection trials across all
VPL–S1 neuron pairs. Hit trials were subdivided into three categories (supra-
threshold, near threshold, and subthreshold). (A) Time course of the percent-
age of feed-forward (VPL → S1, blue), feed-back (S1 → VPL, red), and
bidirectional (S1 ↔ VPL, orange) information between VPL and S1 neurons
during stimulus-present and stimulus-absent trials. From left to right and from
top to bottom: percentage of DI for suprathreshold (>9 μm, neuron pairs = 84;
trials = 2,237 hits; Top Left), near threshold (9 μm, neuron pairs = 84; trials =
443 hits; Top Right), subthreshold (<9 μm, neuron pairs = 84; trials = 536 hits;
Bottom Left) stimulus amplitudes, and stimulus-absent trials (neuron pairs =
84; trials = 4,371 correct rejections; Bottom Right). Asterisks denote signifi-
cance levels (**P < 0.01; nonparametric test) between the prestimulus (first six
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denotes the effect size (Cohen’s H) of significant percentage differences. Error
bars denote the SEM. (B) Mean percentage of feed-forward, feed-back, and
bidirectional information as a function of the stimulus amplitude during the
first half of the stimulus period (Left, 250 ms). The value r is the correlation
between the stimulus amplitude and the existence of DI in each type across
all trials (no amplitude averages) with Spearman correlation (trials = 7,587).
The value R is the analogous correlation considering amplitude-average
values (number of stimulus amplitudes = 8). Asterisks depict significance
(*P < 0.05, **P < 0.01, Spearman correlation). Error bars denote the SEM.
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of the poststimulation window (neuron pairs = 36; Fig. 6C, Left).
Notably, feed-forward information was significantly higher in the
active than the passive condition, both during the stimulus period
(Fig. 6B, Left) and PWS (Fig. 6B, Right). Thus, our findings show
that DI across VPL–S1 neuron pairs was sensitive to the task
context. In particular, passive stimulation mitigated the amount of
bidirectional information during stimulus delivery while enhancing
feed-back information with a certain delay.

Influence of the Task on Zero-Lag Interactions. A priori, we defined
DI types by matching the location of driver or target neurons to
either VPL, S1, or both. However, the characterization of each

DI type presented in SI Appendix, Fig. S2 unraveled features that
could give rise to new characterizations. More specifically, the
large percentage of bidirectional information occurring at zero
delay (≥33%; SI Appendix, Fig. S2B) suggested that the zero-
delay case could partially explain the trends reported for the
bidirectional type. To study this question in detail, we decom-
posed bidirectional information into two subtypes: zero lag, for
which both DI statistics (one per direction) were significant at
zero delay, and non-zero lag, for which both statistics were si-
multaneously significant at non-zero delays (SI Appendix). We
repeated most of the previous analyses on these two subtypes
(Fig. 7). To begin with, we represented the time-varying per-
centage of each DI subtype during the time course of the task
(Fig. 7A). Crucially, Fig. 7A shows that only zero-lag bidirec-
tional information was significantly increased during the first
250 ms of the stimulus period (P < 0.05, H > 0.14; Fig. 7A, Left)
and hence the reported overall bidirectional increase (H = 0.1;
Fig. 7A, Left) was due to the zero-delay subtype. We then related
zero-lag and non-zero lag bidirectional information with the
firing rate of neurons in VPL and S1 (n = 53 and n = 75, re-
spectively; Fig. 7 B and C). The results highlight that the firing
rate of neurons holding zero-lag bidirectional information was
frequently larger than those with non-zero lag (Wilcoxon rank-
sum test, P < 0.05). Nonetheless, SI Appendix, Fig. S7 A and B
validated that this enhancement of the firing rate did not simply
follow from a larger correlation between the firing rate and zero-
lag bidirectional information compared with other DI types
(Spearman’s rho < 0.2). Another reported feature of bi-
directional information was its monotonic association with the
stimulus amplitude (Fig. 5 and SI Appendix, Fig. S7C, Left).
Hence, in light of the new decomposition, we investigated the
contribution of the zero-lag sub-type to this trend. Performing
the same analysis of Fig. 5B, we found that the modulation of
bidirectional information by the stimulus amplitude was mostly
explained by zero-lag bidirectional information (trials = 7,587, r =
0.06 in neuron pairs = 84, R = 0.81, P < 0.05; SI Appendix, Fig.
S7B). Finally, we investigated the influence of the task context into
zero-lag bidirectional information (Fig. 7D). In line with our
previous analysis (Fig. 6D), we considered suprathreshold am-
plitudes (neuron pairs = 36, trials = 932 hits) and compared the
amount of zero-lag bidirectional information across the same
neurons pairs in both tasks. Critically, as compared to the
original task (P < 0.05), zero-lag bidirectional information was
not altered by the stimulus presence during passive stimulation.
In contrast, this context effect was not observed in non-zero-lag
bidirectional information. Taken together, we concluded that
the distinctive features of bidirectional information reported so
far were essentially occurring at zero delay. For the sake of
interpretability, zero-lag bidirectional information will be re-
ferred to hereafter in short as zero-lag interaction.

Feed-Forward Information Correlates with the Animal’s Task
Performance. An important question is whether the DI across
VPL–S1 neuron pairs is modulated by the animal’s task perfor-
mance. To further examine this question, we first analyzed the
differences between hit and miss trials during the stimulus-
present condition (Fig. 8A, Left) and between correct rejec-
tions and false-alarm trials during stimulus-absent trials (Fig. 8A,
Right) across single neuron firing rates (Fig. 8A) and DI types
(Fig. 8 B–D). In stimulus-present trials, we controlled for the
effect of stimulus amplitudes by analyzing the difference between
hits and misses at the near-threshold amplitude value (9 μm),
where the number of samples was the most balanced between hit
(trials = 443 hits in neuron pairs = 79) and miss responses (tri-
als = 389 misses in neuron pairs = 79). In both experimental
conditions, we controlled for a possible sample bias and exper-
imental sessions effect, by using group-based permutation tests
at the level of neuron pairs (SI Appendix). We then outlined task

 %
 D

ire
ct

io
na

l I
nf

or
m

at
io

n 

0

Feedback
Active
Passive

10

20
C

B Feedforward

pairs=36 pairs=36
0

10

20

30

 %
 D

ire
ct

io
na

l I
nf

or
m

at
io

n Active
Passive

30

In
fo

rm
at

io
n

%
 D

ire
ct

io
na

l

0 10 30
Amplitude(μm)

20

40

VPL Passive
S1 Active
S1 Passive

VPL ActiveA n=21
n=36

Fi
rin

g 
R

at
e 

(H
z)

0

BidirectionalD Active
Passive

1 3 5
time (s)

 %
 D

ire
ct

io
na

l I
nf

or
m

at
io

n 

1 3 5
time (s)

10

0
2 24 4

Fig. 6. VPL–S1 DI during passive stimulation. For the comparison between
the vibrotactile detection task and the passive stimulation task, we analyzed
supra- and near-threshold hit trials for feed-forward information and
suprathreshold hit trials for feed-back and bidirectional information in ad-
dition to correct rejection trials. The left panels depict stimulus-present trials,
whereas the right side depict stimulus-absent trials. Dark and light colors
depict DI data belonging to the active and passive conditions, respectively.
(A) Time course of the mean firing rates for VPL (n = 21) and S1 (n = 36)
neurons. The same neuron pairs (pairs = 36) were simultaneously recorded
during the detection task and passive stimulation. (B) Time course of the
percentage of feed-forward information (pairs = 36; trials = 1,105 hits; tri-
als = 1,364 correct rejections). (Inset) The percentage of feed-forward in-
formation as a function of stimulus amplitude. (C) Percentage of feed-back
information for the active and passive conditions across time (pairs = 36;
trials = 932 hits; trials = 1,364 correct rejections). (D) Percentage of bidirectional
information across time (pairs = 36; trials = 932 hits; trials = 1,364 correct re-
jections). Asterisks denote significance levels (*P < 0.05, nonparametric bal-
anced test) associated with effect sizes (Cohen’s H) larger than 0.3.

Tauste Campo et al. PNAS | April 9, 2019 | vol. 116 | no. 15 | 7519

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 In

st
itu

to
 d

e 
B

io
te

cn
ol

og
ia

/U
N

A
M

 o
n 

O
ct

ob
er

 2
0,

 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819095116/-/DCSupplemental


intervals where the difference was significant and the effect size
was larger than 0.2. Our analysis primarily revealed that the
amount of feed-forward information during the first half of the
stimulus period in stimulus-present trials was significantly larger
(P < 0.05, H > 0.2) in hit trials (Fig. 8A, Left). In contrast, our
data did not unravel strong significant differences between cor-
rect rejections and false alarms during stimulus-absent trials
(trials = 4,188 correct rejections and false alarm trials = 933 in
neuron pairs = 82; Fig. 8A, Right). Overall, our results indicate
that the amount of feed-forward information during the first half
of the stimulus window was correlated with the monkey’s behavior

and could potentially predict the monkey’s performance in stimulus-
present trials (Fig. 8B, Left).

Discussion
Here, we sought to determine the functional roles of thalamo-
cortical information flows in perception at a fine temporal scale.
This was done by estimating a directional information measure
(referred to as DI) between simultaneously recorded VPL–S1 neuron
pairs sharing the same cutaneous receptive field while monkeys
performed a vibrotactile detection task. Notably, the estimated DI
could not be merely explained by increases in the firing rates of
neurons within VPL or S1 during the stimulus period. We found that
the stimulus presence elicited a significant increment on the amount
of feed-forward information (VPL→ S1) and zero-lag interaction. In
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contrast, pure feed-back (S1 → VPL) information remained practi-
cally unaltered during the stimulus presence. Remarkably, incre-
ments in feed-forward and zero-lag interaction were differently
modulated as a function of the stimulus amplitude. Specifically, we
found a monotonic relationship between both feed-forward and zero-
lag interaction and the stimulus amplitude. However, zero-lag in-
teraction only emerged significantly with suprathreshold sensory in-
puts during task performance. Additionally, we identified that
thalamic and cortical neurons involved in bidirectional information
exhibited higher firing rates during stimulus presence. Interestingly,
the amount of feed-forward information was correlated with the
monkeys’ performance when they judged the presence at near-
threshold stimuli. Also, during a passive stimulation task, when the
monkeys were not required to report their percepts, both feed-
forward and, more prominently, zero-lag interaction were reduced
during the stimulus presence. This suggests that feed-forward in-
formation and zero-lag interaction are modulated by the task context.
We discuss these findings below.
In the current study, we extended previous spectral and neural

population studies on thalamocortical directionality (10, 27–29)
to the temporal domain, at the level of single-neuron activity. To
achieve this, we analyzed the DI between VPL and S1 neuronal
spike trains with a nonlinear measure (5, 20, 21). Indeed, we
decomposed single-neuron DI into three types, feed-forward,
feed-back, and bidirectional, and explored their temporal evo-
lution from the prestimulus up to the poststimulus intervals of
the detection task. In particular, the lack of pure feed-back
modulation (i.e., not concurrent to feed-forward information)
during the stimulus period suggests that the spike-field co-
herence increment in the S1 → VPL direction shown in ref. 29
could be associated with increments in zero-lag interaction. Our
data analysis approach involved the use of nonparametric sig-
nificance tests (30) and the choice of the percentage of signifi-
cant DI estimates as a relevant connectivity metric (5). Both
choices were critical to detect nonlinear spike-train temporal
correlations in a way that was shown to be weakly dependent on
the firing rate in real and simulated data. As a result, we were able
to analyze neuronal data in a dimension that was quasi-orthogonal
to the firing rates (17, 18), while still showing rich stimulus mod-
ulations. It is important to mention the differences between the DI
measure used here and the widespread measure of noise corre-
lation (31, 32). Noise correlation averages across trials under the
same stimulus condition, correlating fluctuations in firing rate of
two neurons. In contrast, DI quantifies, in a single trial and for any
given time, the information that the recent past and present spike
train of a given neuron has about the present spike train of the
other, simultaneously recorded, neuron.
Notably, feed-forward VPL–S1 information was modulated

during the stimulus period. Further, the modulation was stronger
250 ms immediately after the stimulus onset. These findings are
congruent with the adaptation of feed-forward information over
the stimulus period. Indeed, previous studies have shown that
thalamic and cortical neurons become adapted to tactile stimuli
after several pulses (17, 18, 33). Moreover, it has been reported
that this adaptation changes the neural code of cortical neurons
and thalamic synchrony from a detection to a discrimination
modality (34). As stated above, our directionality measure is
poorly correlated with differences in firing rate of VPL and
S1 neurons. Therefore, our results are congruent with the
adaptive coding paradigm (34), by showing that feed-forward
and zero-lag interactions exhibit the strongest modulation dur-
ing the first part of the stimulus presence. In sum, we hypothesize
that feed-forward adaptation reflects an internal mechanism that
prioritizes the information contained within the first pulses of
the sinusoidal stimulus to further transmit this information to the
cortex and, therefore, for stimulus detection during this task.
According to the standard classification of thalamic sensory

nuclei (6), VPL is considered a first-order relay nucleus that

mainly transmits afferent information to S1 in the presence of
cortical feedback (9, 35, 36). Our results support this view by
showing that feed-forward information alone was primarily
boosted during the first 250 ms immediately after the stimulus
onset. The increment in feed-forward information was concen-
trated at a delay of 8 ms, which is consistent with previous lit-
erature (37). Moreover, these increments were reduced during
incorrect trials and, to a lesser extent, during the passive control
condition. In particular, the relationship between feed-forward
information and the monkey’s performance during stimulus-
present trials is of special novelty. In previous related studies,
this correlation did not arise either in spiking activity (18) or in
the oscillatory activity (29). This result suggests that perceptual
detection might be related to the amount of stimulus information
flowing from VPL to S1. In contrast, pure feed-back information
did not display substantial task modulations. We hypothesize
that pure feed-back information might be relevant for perceptual
detection but is generally less frequent than feed-forward in-
formation. However, cortical areas and higher-order thalamic
nuclei (reviewed in ref. 38) might show more prominent feed-
back corticothalamic information, perhaps related not only to
facilitating the gating of the stimulus but also to some other
cognitive aspects not detected in this task (however, see the
discussion below).
Our study revealed that feed-back information could take

place concurrently with feed-forward information, suggesting the
emergence of a thalamocortical loop, denominated here in sum
as bidirectional information. In particular, our analysis identified
that bidirectional information showed bimodality between those
cases where DI simultaneously occurred at zero delay (zero-lag
interaction) and those cases at non-zero delay. Crucially, only
zero-lag interaction was modulated by the stimulus presence,
involved neurons exhibiting higher firing rates than in the uni-
directional case, and was significantly diminished in the passive
stimulation task. Hence, zero-lag interaction conveyed both
stimulus and contextual information, thus indicating that its
mechanism might be different from the non-zero subtype. Unlike
the feed-forward type, we suggest that zero-lag interaction may
not reflect direct routing of information (39). Instead, it could be
established by common inputs from mediating cortical neurons.
In particular, it will be interesting in future studies to simulta-
neously record the activity of higher-order areas like prefrontal
cortex to examine how common cortical inputs driving zero-lag
interactions (40) are associated with the expectancy caused by
different prestimulus period times, a variable that was out of the
scope of this study. In light of the existing models of cortico-
thalamic circuitry (ref. 7 and Fig. 1), we hypothesize that the
inferred feed-forward thalamocortical information could be re-
lated to layer 4 (15) as well as deep cortical layers 5/6 in S1 (41).
In fact, future experiments involving multicontact electrodes and
inactivation are needed to shed light on the contribution of the
distinct cortical layers to the information flow within the thala-
mocortical circuit. However, we consider that the task-context
modulation of zero-lag interaction requires the engagement of
downstream cortical areas in this loop. Specifically, in concor-
dance with computational models supporting zero-lag brain
interarea synchronization (42–44), we propose that zero-lag in-
teraction could be originated by a top-down modulation of cor-
tical areas, establishing a similarly delayed reciprocal loop with
both S1 and the thalamus (9, 45).
Recently, a study in monkeys performing a visual detection

task was also able to relate the propagation of neural activity
along the visual pathway with the monkey’s detection accuracy
(46). The authors showed that information about unreported
stimuli may be lost at any stage of the pathway (V1–V4–prefrontal
cortex) with an overall excursion that depended on the stimulus
strength. Despite the methodological differences with the study
presented here [the authors recorded cortical areas along the visual
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pathway, analyzed multiunit activity (MUA) instead of single-unit
activity, indirectly measured activity propagation via local MUA,
and used microstimulation, among others], their results suggest that
stimulus perception of near-threshold stimuli may depend on the
feed-forward information flow across the early stages of the sensory
pathway. More specifically, they explain their results with a model
involving thalamocortical and corticocortical propagation, but no
corticothalamic projections. While our main findings may fit in this
model (see also ref. 3), the task modulation of zero-lag interaction
between VPL and S1 suggests the additional existence of indirect
corticothalamic pathways toward VPL in the somatosensory model.
In brief, the present study employed a fine-temporal meth-

odology supporting that the increment of VPL→ S1 neuronal DI
(as opposed to S1 → VPL) at around 8 ms during the stimulus
period reflects the effective transmission of tactile information
from thalamus to cortex. Moreover, it suggests that the amount
of feed-forward information occurring during the first 250 ms of
stimulation correlates with the monkey’s stimulus perception and
with the behavioral task performance. Meanwhile, zero-lag in-
teraction, which was reduced when monkeys were not required
to report stimulus presence, may reflect the top-down modula-
tion of the corticothalamic circuitry needed for stimulus per-
ception. Our results, therefore, contribute to understanding the
DI functional flow between the VPL and S1 during the detection
of a tactile stimulus. Finally, the minimalistic approach used here,

that is, the simultaneous recording of VPL–S1 neuron pairs sharing
the same receptive field, together with the estimation of DI flow,
could be used not only to investigate the functional role of the
thalamocortical DI during perception but also across other brain
areas in this and other behavioral tasks.

Materials and Methods
Monkeys were trained to report whether or not they felt the stimulus (SI
Appendix). Neuronal recordings were obtained in VPL and S1 while the
monkeys performed the detection task. Directional information was calcu-
lated between neuron pairs simultaneously recorded in VPL and S1 (SI Ap-
pendix). Animals were handled in accordance with standards of the National
Institutes of Health and Society for Neuroscience. All protocols were ap-
proved by the Institutional Animal Care and Use Committee of the Instituto
de Fisiología Celular, Universidad Nacional Autónoma de México.
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A B S T R A C T

Interferon-stimulated gene 15 (ISG15) is a ubiquitin-like protein that conjugates to its target proteins to modify
them through ISGylation, but the relevance of ISG15 expression and its effects have been not completely defined.
Herein, we examined the interplay between ISG15/ISGylation and the interferon-gamma (IFN-γ) signaling
pathway in mammary tumors and compared it with that in normal mammary tissues. Our results indicated that
mammary tumors had higher levels of ISG15 mRNA and ISG15 protein than the adjacent normal mammary
tissue. Furthermore, the expression of IFN-γ signaling components was altered in breast cancer. Interestingly,
IFN-γ treatment induced morphological changes in MCF-7 and MDA-MB-231 breast cancer cell lines due to
cytoskeletal reorganization. This cellular process seems to be related to the increase in ISGylation of cytoplasmic
IQ Motif Containing GTPase Activating Protein 1 (IQGAP1). Interactome analysis also indicated that IFN-γ
signaling and the ISGylation system are associated with several proteins implicated in cytoskeletal remodeling,
including IQGAP1. Thus, ISG15 may present a potential biomarker for breast cancer, and IFN-γ signaling and
protein ISGylation may participate in the regulation of the cytoskeleton in breast cancer cells.

1. Introduction

IFN-γ is a unique member of the type II interferon family, and
possesses important immunomodulatory and antiviral properties but
has ambiguous functions in several cancers. The canonical signaling of
IFN-γ requires a specific heterotetrameric receptor complex formed by
IFNGR1 and IFNGR2 subunits and the JAK-STAT1 system. In response
to the binding of IFN-γ to its receptor complex, activated JAKs1/2
(associated with the receptor complex in the intracellular region)
mediates STAT1 phosphorylation. Activated STAT1 homodimers bind
to the gamma interferon activated site (GAS) localized in the regulatory
sequences of IFN-γ target genes to modulate gene expression [1,2].
Genes induced by IFN-γ include IRF-1/2 [3–5], RIG-1 [6–9], SOCS1/3
[10] SMAD7 [11], and genes implicated in antigen presentation by
major histocompatibility complex (MHC) class I and II [12,13] IRF-1
mediates IFN-γ-induced expression of late genes, while IRF-2 represses
the transcription of these genes [5]; RIG-1 has antiviral, im-
munomodulatory, and suppressor tumor activities and regulates the
expression of some genes [6–9]. SOCS1/3 inhibits IFNs-signaling, and
SMAD7 is a negative regulator of TGFβ signaling [10,11]. Interestingly,

in breast cancer, it has been suggested that IFN-γ induces apoptosis and
cell cycle arrest, and also that there is autocrine signaling by IFN-γ in
these cells [14,15]. Additionally, a gene signature regulated by IFNs
may be associated with sensitivity and/or resistance to chemotherapy
and endocrine therapy observed in breast cancer cells [16,17].

There is a high rate of heterogeneity observed in breast cancers.
Approximately 70% of the cases are estrogen receptor-α positive
(ERα+), and the residual cases are ERα-. In both cases, mechanisms
that modulate ERα activity and expression appear to be deregulated
[18–20]. Previously, we demonstrated that IFN-γ increases ISG15 (In-
terferon-stimulated gene 15) protein levels in ERα+and ERα- breast
cancer cells in addition to type I interferons (IFN-α and IFN-β) that had
been previously considered to be the exclusive inducers of ISG15 in
other cell types [21–24].

ISG15 is a 15 kDa ubiquitin-like protein that conjugates to its target
proteins in a covalent manner through an enzymatic process similar to
ubiquitination [25–28]. This process is known as ISGylation and the
enzymes involved are the E1-activating (UBE1L), E2-conjugating
(UBCH8) [29], and E3 ligase enzymes (HERC5, EFP, and HHARI)
[30–33], as well as the de-ISGylase enzyme USP18 that removes
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ISGylation of proteins [34]. Additionally, ISG15 can also be detected as
free ISG15 when it is not covalently bound to a target protein [35–37].
The function of ISGylated proteins is unclear, as this modification can
interfere with and also collaborate with the ubiquitination pathway
[38–42].

In breast cancer, it has been shown in vivo experiments using
athymic mice models demonstrate that depletion of ISG15 enhances
tumor development. In contrast, downregulation of ISG15 has been
shown to decrease proliferation and migration in breast cancer cell lines
in vitro [38,43,44]. Although ISGylation functions are yet to be eluci-
dated, since only a limited number of proteins modified by ISG15 are
known, it is evident that expression of ISG15 affects the malignancy of
breast cancer cells, and many proteins may be modulated by ISGylation
under this condition.

In order to explore the significance of ISG15 expression in patients
diagnosed with breast cancer, we analyzed the levels of ISG15 and the
expression of IFN-γ signaling components in normal and mammary
tumor tissues. We probed the effect of IFN-γ on viability, morphology,
and protein ISGylation in breast cancer cells. Our data indicate that
ISG15 can act as a potential biomarker for breast cancer. Our findings
also suggest important implications for IFN-γ induced protein
ISGylation in the biology of breast cancer cells.

2. Materials and methods

2.1. Reagents and cell lines

Recombinant human IFN-γ (285-IF-00) was obtained from R&D
systems, culture media were obtained from Invitrogen, and reagents
were obtained from Sigma, AMRESCO-VWR, and Bio-Rad. The MDA-
MB-231 (ERα-, triple negative breast cancer cells), and MCF-7
(ERα+breast cancer cells) cell lines were maintained in Dulbecco's
modified Eagle's medium supplemented with 5% fetal bovine serum
and penicillin/streptomycin.

2.2. Subcellular fractionation and total extracts

Nuclear and cytoplasmic fractions were obtained by subcellular
fractionation as described previously [23,45]. Using homogenization
buffer (250mM sucrose, 3 mM imidazole protease, and phosphatase
inhibitors), the cells were homogenized and then passed 15 times
through a 22-gauge needle. The homogenized cells were then cen-
trifuged at 700×g for 10min to separate the supernatant (cytoplasmic
fraction) from the pellet (nuclear fraction). Both fractions were lysed
with RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl, 1 mM EDTA,
0.5% deoxycholic acid, 1% NP-40, and 0.1% SDS) containing protease
and phosphatase inhibitors. For total extracts, the cells were directly

Fig. 1. Increased expression of STAT1, RIG-1, and ISG15 in mammary tumors. A-D) TCGA (The Cancer Genome Atlas) and E-H) Curtis datasets from Oncomine were
analyzed to evaluate STAT1, IRF-1, RIG1, and ISG15 expression in human mammary tumors compared to those in normal tissue. IeK) Curtis dataset was analyzed to
determine the STAT1, IRF-1, and ISG15 expression in mammary tumors of grade 1, 2, and 3. Results are considered significant when p < .05 (*), p < .01 (**) and
p < .001 (***).
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lysed with RIPA buffer. Lysis was performed at 4 °C for 1 h, and protein
extracts were quantified using the Bradford method for WB and im-
munoprecipitation assays.

2.3. Cell viability assays

For the determination of cellular viability, calcein-AM (green) and
propidium iodide or PI (red) assays were performed. Viable cells

Fig. 2. ISG15 is detected at higher levels in mammary tumors than in adjacent normal mammary tissue.
A, B) Immunohistochemical (IHC) analysis of ISG15 protein expression in invasive ERα+and ERα- breast carcinomas. ISG15 protein expression is predominant in
ERα+and ERα- breast cancer tissue in comparison with that in normal adjacent mammary tissue. 20× magnification of representative images. ISG15 protein is
mainly detected in the cytoplasm of ERα+and ERα- mammary tumors from patients (A and B, zoom).

Fig. 3. Statistical analysis of immunohistochemical
data from mammary tumors and adjacent normal
mammary tissue. Immunohistochemical (IHC) ana-
lysis of ISG15 protein in invasive ERα+and ERα-
breast carcinomas. A) Analysis of ISG15 protein
signal in mammary tumors compared to signal in
adjacent normal tissue. The Mann-Whitney rank sum
test was performed, and the red line indicates the
mean. B) Analysis of ISG15 protein signaling in
ERα+and ERα- mammary tumors and in adjacent
normal tissues. Kruskal-Wallis one way analysis of
variance on ranks was performed to analyze the IHC
data. Results are considered significant when
p < .001 (***) and p < .05 (*). (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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possess an active metabolism, allowing intracellular esterases to con-
vert non-fluorescent calcein-AM to green fluorescent calcein. In non-
viable cells, a red fluorescence signal is generated when PI binds to
DNA indicating that the nuclear membrane is disrupted. Cells treated
with or without IFN-γ were incubated with calcein-AM (1 μM) and PI
(5 mM) at 37 °C for 30min, and the cells were then analyzed by
fluorescence microscopy.

2.4. Co-immunoprecipitation assays and western blotting

Cytoplasmic and nuclear extracts or total extracts were used for
immunoprecipitation assays as described previously [24]. Im-
munoprecipitation was performed using a specific anti-ISG15 (Santa
Cruz Biotechnology) antibody. The immunoprecipitated complexes
were separated by SDS-PAGE followed by immunoblotting with specific
primary anti-IQGAP1 antibody (H-109, Santa Cruz Biotechnology). As
input, cytoplasmic and nuclear extracts (25–100 μg of protein lysates)
were used and separated by SDS-PAGE and then immunoblotted with
anti-ISG15 (1:1000) (F-9, sc-166,755), anti-α-tubulin (1:3000) (B7, sc-
5286) obtained from Santa-Cruz Biotechnology, and anti-lamin
B1(1:2000) obtained from Cell Signaling (D4Q4Z). A secondary anti-

rabbit IgG antibody was used (1:10000) against anti-lamin B1 (sc-2004;
Santa Cruz Biotechnology), and peroxidase Affinipure goat anti-mouse
antibody (1:10000) was used for anti-tubulin and anti-ISG15 (115–035-
003, Jackson). Protein detection was performed using SuperSignal West
Pico chemiluminescent substrates (Thermo Scientific) or Immobilon
Western (Millipore) reagents. The experiments were performed in tri-
plicate, and representative images are shown.

2.5. Immunofluorescence assay

The cells were fixed in 4% paraformaldehyde for 10min, permea-
bilized with 0.1% Triton X-100 for 10min, and blocked with 1% al-
bumin for 1 h. Cells were incubated overnight with anti-ISG15 (F-9, sc-
166,755; 1:100), and then the cells were washed and incubated with
Alexa Fluor 647 anti-mouse IgG secondary antibody (ab150107,
Abcam; 1:750) for 1 h in the dark. The slides were prepared with
ProLong Diamond Antifade Mountant containing DAPI (Invitrogen). For
phalloidin assays, after blocking, the cells were incubated for 1 h with
phalloidin (1:40) and mounted with DAPI solution. An Olympus IX2
confocal laser-scanning microscope was used to visualize the cells, and
ImageJ software was used for imaging, processing, and analyzing the

Fig. 4. Expression of IFN-γ signaling components in breast cancer. Heat maps for gene expression of IFN-γ signaling components. A) Curtis and TCGA (The Cancer
Genome Atlas) datasets from Oncomine were analyzed to evaluate IFNG, IFNGR2, IFNGR1 and JAK1 expression in human mammary tumors and normal tissue. B)
Analysis of IFNG, JAK1, IFNGR1 and IFNGR2 expression in mammary tumors compared to those in normal mammary tissue. Results are expressed as significant when
p < .01 (**), and p < .001 (***). Non-significant differences are indicated by N.S.
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results.

2.6. Gene expression analysis

The cancer microarray database Oncomine (www.oncomine.org)
was used to analyze gene expression in patient-derived mammary tu-
mors and normal mammary tissue. The datasets used were The Cancer
Genome Atlas (TCGA) and Curtis.

2.7. In silico analysis

The analysis of protein–protein interactions was carried out using
STRING 10.5 version software (https://string-db.org/cgi/network.pl)
[46].

2.8. Human breast cancer tissue microarray

Breast cancer and normal tissue arrays, along with corresponding
control tissues derived from the same patient (16 cases/48 cores), were
purchased from Biomax (BRC481, U.S. Biomax human breast cancer

tissue microarray). This microarray was composed of formalin-fixed,
paraffin-embedded tissue.

2.9. Immunohistochemical assay

The microarrays were examined by immunohistochemical (IHC)
analysis using a monoclonal antibody specific for ISG15 (F-9, sc-
166,755 from Santa-Cruz Biotechnology). Samples were initially de-
paraffinized in xylene followed by rehydration in graded alcohol.
Endogenous peroxide activity was quenched using 3% hydrogen per-
oxide (5min) and samples were blocked using horse serum solution.
Samples were then incubated with anti-mouse IgG (peroxidase). Results
were visualized after incubation using DAB solution. Slides were de-
hydrated and cleared in xylene baths, and then mounted. A counter-
stain with Hematoxylin was also performed. Positive and negative
controls (negative control: lacking the ISG15 antibody) were used.

Fig. 5. IFN-γ affects the morphology of breast cancer cells. A) Total RNA was isolated from MDA-MB-231 and MCF-7 cells with or without IFN-γ (100 ng/ml)
treatment and subjected to RT-PCR analysis. Specific primers for ISG15 and β-actin were used. PCR products of 237 bp for β-actin and 293 bp for ISG15 are shown. B,
C) Calcein staining for MDA-MB-231 and MCF-7 cells with or without IFN-γ treatment for 24 h. D, E) Cellular viability assays using calcein/propidium iodide or PI on
MDA-MB-231 and MCF-7 cells with or without IFN-γ treatment. Cells stained green represent viable cells and those stained red represent dead cells. F, G)
Quantification of cell viability is shown. Non-significant differences are indicated by N.S. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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2.10. Immunohistochemical analysis

2.10.1. Image acquisition
IHC photomicrographs were captured using an AxioScan.Z1 mi-

croscope (Zeiss, Germany) equipped with an AxioCam MRc5 camera
(Zeiss, Germany). Light and camera settings were operated by ZEN2.3
software (blue edition, Carl Zeiss microscopy GmbH, 2011). Images
were captured under 20× and 40× objective lenses.

2.10.2. Digital Image Analysis
IHC photomicrographs were used for developing a semi-automated

analysis protocol called IHC profiler [47]. Quantitative analysis was
performed using photomicrographs of 4 randomly selected fields taken
from each representative tumor tissue on the microarray.

2.11. RT-PCR assay

ISG15 and β-actin mRNA levels were detected by RT-PCR. TRIzol
(Invitrogen) was used to isolate total RNA from MCF-7 and MDA-MB-
231 cells treated with or without IFN-γ (100 ng/ml) for 24 h. Total RNA
(2 μg) was used for cDNA synthesis, and random hexamers and Moloney

murine leukemia virus RT (Invitrogen) were used to promote the re-
action. PCR was performed using a Taq PCR Master Mix kit (Qiagen)
and primers specific for ISG15 (Sense 5′-3′: GGT GGA CAA ATG CGA
CGA AC and antisense 5′-3′: ATG CTG GTG GAG GCC CTT AG) and β-
actin (Sense 5′-3′: GGG TCA GAA GGA TTC CTA TG and antisense 5′-3′:
GGT CTC AAA CAT GAT CTG GG). PCR products were analyzed by
agarose gel electrophoresis.

2.12. Statistical analysis

The data presented in our figures are representative of 3 or more
independent experiments. Densitometry for WB, quantification of cell
viability assays and fluorescence intensity percentages were performed
using Fiji-ImageJ. Data were shown as percentages. Unpaired student's
t-tests were performed using GraphPad Prism 5 software (GraphPad).
Results were considered significant when p < .05 (*), p < .01 (**),
and p < .001 (***). Non-significant differences were by N.S. Mann-
Whitney rank sum test, and Kruskal-Wallis One Way Analysis of
Variance on Ranks were performed to analyze IHC data.

Fig. 6. IFN-γ increases cytoplasmic ISGylation marks in MDA-MB-231 cells. A) Subcellular localization of ISG15 in MDA-MB-231 cells with or without IFN-γ (100 ng/
ml) treatment were evaluated by immunofluorescence. Changes in morphology are visible in the zoomed image. B) Quantification of ISG15 fluorescence intensity in
MDA-MB-231 cells with or without IFN-γ treatment. C) Cytoplasmic and nuclear extracts taken from MDA-MB-231 cells with or without IFN-γ (100 ng/ml) treatment
were used for WB analysis of ISG15 (gels 12%, short and long exposure). Cytoplasmic and nuclear fractions were also separated in 7.5% acrylamide gels for WB
against ISG15. Lamin and tubulin were used as controls for the cytoplasmic and nuclear fractions, respectively. D) Densitometry analysis of the cytoplasmatic levels
of protein ISGylation. Results are considered significant when p < .05 (*), and p < .01 (**).
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3. Results

3.1. Expression of STAT1, IRF-1, RIG-1, and ISG15 is increased in breast
cancer

Approximately 80% of breast cancers develop in the mammary
ducts and are invasive [48]. In order to explore the expression of factors
activated by IFN-γ signaling (STAT1, IRF-1, and RIG-1) and ISG15, we
evaluated their mRNA levels in tumors of patients diagnosed with in-
vasive ductal breast cancer and compared them with their corre-
sponding levels in normal mammary tissue using TCGA (450 patients)
and Curtis (1700 patients) datasets. Our analysis of both datasets
showed that the expression of all four genes (STAT1, IRF-1, RIG-1, and
ISG15) were significantly increased in breast cancer (Fig. 1A-1H). Ad-
ditionally, using the Curtis dataset (1902 patients), we found that the
mRNA levels of STAT1, IRF-1 and ISG15 increased in a tumor-grade
dependent manner. Expression levels were lower in grade 1 tumor tis-
sues (well differentiated, tumor tissues appear similar to normal
mammary tissues) and increased in grade 2 tumors (moderately dif-
ferentiated) that grow and spread slowly. The mRNA levels of STAT1,
IRF-1, and ISG15 were highest in grade 3 tumors, which were poorly
differentiated with a rapid growth and spread (Fig. 1I-1K). These results
indicated that the expression of STAT1, IRF-1, RIG-1, and ISG15 were
increased in mammary tumors, and in particular, STAT1, IRF-1, and
ISG15 expression seemed to be critical in the progression of breast
cancer.

Interestingly, other IFN-γ target genes were also upregulated in
mammary tumors when compared to normal mammary tissue. These
included SOCS1 and SMAD7, whereas other IFN-γ regulated genes such
as SOCS3 and IRF-2 were downregulated in breast cancer when com-
pared to healthy breast tissue (Supplementary fig. 1). Furthermore,
genes associated with antigen presentation by MHC class I and II were
generally upregulated in breast cancer (Supplementary fig. 2). These
results indicate that the IFN-γ-driven transcriptome may be deregulated
in breast cancer.

3.2. ISG15 protein levels are enhanced in mammary tumor samples
compared to normal adjacent tissue

Because ISG15 is one the upregulated genes in breast cancer, we
first decided to analyze the protein levels of ISG15 in tumors of patients
with breast cancer. We evaluated a breast cancer microarray that

contained 16 cases of invasive breast cancer in duplicates with adjacent
uninvolved tissue from the same patients, and we detected ISG15 pro-
tein by immunohistochemistry (IHC). A strong signal was detected for
ISG15 protein in different cases of ERα- and ERα+mammary tumors
compared to signals detected in normal mammary tissue (Fig. 2A and
B). The ISG15 signal was mostly detected in the cytoplasm in all cases.
However, in some cells, ISG15 was also detected in the nucleus (Fig. 2A
and B, zoom). Our statistical analysis demonstrated that ISG15 protein
expression was significantly higher in breast cancer samples than in the
normal mammary tissue (Fig. 3A). We performed the same analysis by
classifying the tumors as ERα- and ERα+, and our results indicated that
these tumors also have higher levels of ISG15 protein than the adjacent
normal mammary tissue and was independent of ERα status (Fig. 3B).
These results indicate that the ISG15 modifier protein is upregulated in
breast cancers, and this upregulation may lead to the ISGylation of
target proteins to modulate their activities.

3.3. Expression of the IFN-γ signaling pathway elements IFNGRs, JAK2,
and IFNG is also altered in breast cancer

Expression of STAT1 and ISG15 is positively associated with tumor
grade, and ISG15 protein levels are increased in breast cancer cells.
Since STAT1 and ISG15 are linked to IFN-γ signaling, we analyzed the
expression of the elements of this pathway including IFNGR1, IFNGR2,
and JAK1, as well as the expression of the gene that encodes for IFN-γ
cytokine (IFNG) in mammary tumors. These analyses were performed
using Curtis and TCGA datasets derived from Oncomine. The analysis of
these two datasets indicated that the IFN-γ signaling pathway is de-
regulated in mammary tumors, as the mRNA levels of JAK1, IFNGR2,
and IFNGR1 were decreased in these tumors in comparison to those
found in normal tissue, and the expression of IFNG was increased
(Fig. 4A, B). Taken together, these results suggest that IFN-γ production
and secretion may be enhanced in mammary tumors, and the activation
of the IFN-γ pathway and some of its effectors may be altered in com-
parison with normal mammary tissue.

3.4. IFN-γ affects the morphology of breast cancer cells

Previously, we demonstrated that the protein levels of free ISG15
and protein ISGylation are increased in response to IFN-γ treatment in
MCF-7 and MDA-MB-231 breast cancer cells [24]. To examine if ISG15
is an IFN-γ-induced gene in these breast cancer cells, we performed an

Fig. 7. IFN-γ modulates cytoskeletal remodeling of breast cancer cells. A, B) Phalloidin staining for MDA-MB-231 cells with or without IFN-γ (100 ng/ml) treatment
for 48 and 72 h.
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RT-PCR assay using RNA obtained from cells treated or untreated with
IFN-γ for 24 h. Our results indicated that ISG15 mRNA levels are up-
regulated by IFN-γ (Fig. 5A), suggesting that these cell lines may pro-
vide a useful system to study the effects of IFN-γ/ISG15 signaling. Since
IFN-γ signaling pathway seems to be deregulated in breast cancer cells,
we decided to examine the effect of IFN-γ treatment on the morphology
and viability of MCF-7 and MDA-MB-231 human breast cancer cells.
Initially, the cells were treated with IFN-γ for 24 h, followed by calcein
staining, and as a result we detected morphological changes in MCF-7
and MDA-MB-231 cells, since some of the cells were more elongated in
comparison with cells without IFN-γ treatment (Fig. 5B, C, zoom). We
then evaluated the viability of these cells after IFN-γ treatment for 48 h
using cell viability assays (Calcein-AM/propidium iodide (PI)). Calcein
emits a green fluorescence when it is released from Calcein-AM by es-
terases enzymatic activity of viable cells. PI emits a red fluorescence
when it passes the membranes of dead cells to intercalate with nuclear
DNA. As a result, Calcein-AM stains viable cells green and PI stains dead
cells red. Our results indicated that MDA-MB-293 cells with or without

IFN-γ treatment were viable, as the majority stained green for calcein
(Fig. 5D and F). Similarly, the viability of MCF-7 cells treated with IFN-
γ was not decreased by IFN-γ stimulation (Fig. 5E and G). Our statistical
analysis, determined that the percentage of dead cells was not sig-
nificantly different between the IFN-γ treated and untreated cells
(Fig. 5F and G). Thus, our assays revealed that MCF-7 and MDA-MB-231
breast cancer cells undergo morphological changes in response to IFN-γ,
and IFN-γ treatment does not appreciably affect the viability of these
cells.

3.5. IFN-γ increases the marks of ISGylation in the cytoplasm of MDA-MB-
231 breast cancer cells

We have evidenced changes in the morphology of breast cancer cells
when they were treated with IFN-γ. For this reason, we performed an
immunofluorescence assay to evaluate the subcellular distribution of
ISG15 in response to IFN-γ treatment and its possible relation with the
changes in morphology of MDA-MB-231 cells in this condition. As a

Fig. 8. Association between ISG15 and IQGAP1 is increased by IFN-γ treatment of breast cancer cells. A) Endogenous ISG15 immunoprecipitation (IP) followed by
WB for ISG15, and then for IQGAP1, using total extracts from MDA-MB-231 cells with or without IFN-γ (100 ng/ml) treatment. IQGAP1 and ISG15 levels were also
evaluated by WB, and tubulin was used as a loading control. B) Mock and IgG were used as controls to evaluate the specificity of ISG15 IP (*IgG). C) Cytoplasmic and
nuclear extracts derived from MCF-7 cells with or without IFN-γ (100 ng/ml) treatment were immunoprecipitated using the ISG15 antibody and analyzed by WB for
IQGAP1. Lamin and tubulin were used as loading controls for nuclear and cytoplasmic fractions, respectively. Ponceau staining was used on IP membrane. E)
Interactome analysis using STRING software for IFN-γ signaling, ISGylation, and cytoskeletal remodeling associated proteins. The association between ISG15,
IQGAP1, and IFN-γ is shown as a dashed red line. Known interactions from curated databases, text mining, experimental findings, and protein homology are indicated
in blue, green, purple, and dark blue lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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result, ISG15 signal was detected in the cytoplasm and nucleus of breast
cancer cells without IFN-γ treatment. After IFN-γ treatment we also
detected changes in the morphology of some of these cells (cell shape
more elongated) in comparison with untreated cells (Fig. 6A, zoom).
We also observed that IFN-γ treatment had no effect on ISG15 sub-
cellular distribution in these cells, but a stronger signal for ISG15 was
detected (Fig. 6A). Our analysis demonstrated that fluorescence in-
tensity for ISG15 was significantly higher in MDA-MB-231 cells treated
with IFN-γ compared with that detected in untreated cells (Fig. 6B).

Additionally, we performed a western blot (WB) to specifically de-
tect the distribution of ISGylation marks between the cytoplasmic and
nuclear compartments in MDA-MB-231 cells treated with or without
IFN-γ (Fig. 6C short/long exposure, 12% and 7.5% gels). We detected
statistically significant increase in ISGylation marks within the cyto-
plasm in response to IFN-γ (Fig. 6D). Hence, IFN-γ induces changes in
the morphology of breast cancer cells and also increases ISG15 levels,
while exerting no effects on subcellular distribution of this protein.
ISGylation marks were mainly detected in the cytoplasm, suggesting
that this interferon promotes the conjugation of ISG15 to several cy-
toplasmic proteins to modify them and modulate their functions.

3.6. IFN-γ induces changes in the actin cytoskeleton and ISGylation of some
cytoplasmic proteins could be implicated

To further explore if IFN-γ could modulate the actin cytoskeleton of
breast cancer cells, we performed phalloidin staining of actin filaments
(also known as F-actin) in IFN-γ treated and untreated MDA-MB-231
cells. We observed changes in the actin cytoskeleton that were pro-
moted by IFN-γ treatment. F-actin was concentrated in various sub-
cellular areas but was reorganized into stress fibers following 48 h and
72 h of IFN-γ treatment (Fig. 7A and B). A similar effect was observed in
MCF-7 cells expressing the ISGylation system (Supplementary Fig. 3).
Given these observations, modifications in the morphology of breast
cancer cells are clearly linked to cytoskeletal remodeling in response to
IFN-γ treatment.

The changes in the cytoskeleton of breast cancer cells promoted by
IFN-γ treatment could be linked to ISGylation of cytoplasmic proteins,
but few ISGylation-target proteins have been identified to date. IQGAP1
is a protein that participates in the regulation of cytoskeletal dynamics,
and interestingly, is one of the few proteins that appears to be ISGylated
[49–51]. Based on this, we evaluated the effect of IFN-γ treatment on
ISGylation of IQGAP1. Using total extracts obtained from MDA-MB-231
cells that were untreated or treated with IFN-γ, we performed an im-
munoprecipitation assay to enrich the modifier protein ISG15. A first
WB against ISG15 was performed to probe the efficiency of im-
munoprecipitation, displaying a pattern of ISG15-conjugated proteins
that increased in response to IFN-γ treatment (Fig. 8A, 1st WB:αISG15).
Then, a second WB against IQGAP1 showed that IFN-γ also increased
association between ISG15 and IQGAP1 (Fig. 8A, 2nd WB:αIQGAP1).
Furthermore, the detection of tubulin from total extracts was used as a
loading control, and it was observed that the IQGAP1 levels were not
affected by IFN-γ. In contrast, ISGylation levels increased when the cells
were treated with IFN-γ (Fig. 8A, bottom). Additionally, the use of IgG
and mock controls were used to evaluate the specificity of ISG15 im-
munoprecipitation (Fig. 8B). IFN-γ treatment also increased this asso-
ciation between ISG15 and IQGAP1 in the cytoplasm of MCF-7 breast
cancer cells (Fig. 8C). This ISG15 immunoprecipitation was probed
using Ponceau staining. Therefore, proteins such as IQGAP1 that are
involved in cytoskeletal remodeling may associate with ISG15 via IS-
Gylation, and be modulated by IFN-γ in breast cancer cells.

To investigate the relationship between the IFN-γ signaling
pathway, ISG15, and the ISGylation system in the context of the mod-
ulation of cytoskeletal reorganization, we performed an interactome
analysis using STRING software. Our analysis showed a connection
between these pathways, where the actin proteins (ACTB, ACTG1) are
key players along with other proteins that regulate the cytoskeleton.

Importantly, we observed a novel association between IFN-γ,
ISGylation, and IQGAP1 in the cytoskeletal dynamics of breast cancer
cells (Fig. 8D).

4. Discussion

Our study revealed increased expression of STAT1, IRF-1, RIG-1
(factors that mediate IFN-γ signaling), and ISG15 genes in breast cancer
cells compared to their expression in normal mammary tissues, sug-
gesting a possible interplay between IFN-γ and ISG15-regulated mole-
cular pathways. We also observed increase in the expression of STAT1,
IRF-1, and ISG15 in grade 3 mammary tumors in comparison to grade 1
tumors, demonstrating the relevance of the expression of these genes in
the progression of breast cancer.

Additionally, the observation that the levels of the modifier ISG15
are elevated in mammary tumors in comparison with those in normal
adjacent tissue suggests that protein ISGylation may be a highly active
modification in breast cancer cells. Under this condition, the function of
several proteins may be affected by ISGylation, and some of them may
be linked to proliferation and metastasis. As ISG15 expression and
protein levels are increased in breast cancer, this may provide a po-
tential biomarker for this cancer type. It must be noted that ISG15
upregulation has also been reported in other cancer types [52–56], but
the mechanism of action is unclear.

Breast cancer cells exhibit a characteristic profile of free ISG15 and
ISGylation that is upregulated by IFN-γ [23,24] and not exclusively by
IFN-α/β as in some cell types. Given this, IFN-γ signaling may also play
a critical role in breast cancer by mediating the modification of proteins
by ISGylation and the gene expression characteristic of these cells. For
example, it has also been reported that patient-derived mammary
tumor xenografts in athymic mice can secrete IFN-γ, and a gene sig-
nature regulated by interferons may be associated with the grade of
sensitivity to chemotherapy. Additionally, IFN-γ autocrine signaling has
been associated with sensitivity to fulvestrant treatment [14–17].

Accordingly, IFN-γ may be a key component of the mammary tumor
microenvironment and may function to generate autocrine and para-
crine signals to induce protein ISGylation. Here, our results suggest that
the IFNG gene that encodes for IFN-γ is increased in mammary tumors
relative to control tissue, and as a consequence the production and
secretion of IFN-γ may be increased in these tumors. Our analysis also
indicated, however, that expression of IFN-γ signaling elements such as
receptors and JAK1 is decreased in breast cancer. It is unclear if the
deregulation of these IFN-γ signaling components is a compensatory
mechanism to regulate this signaling, but this deregulation may have
serious implications in for intercellular communication within the
tumor microenvironment. Additionally, the deregulation of IFN-γ sig-
naling in breast cancer may affect the expression of IFN-γ target genes,
including those that allow for recognition of tumor cells by the anti-
tumor immunity system (Supplementary fig. 2), and may also affect the
pattern of proteins regulated by ISGylation.

Although there are alterations in the expression IFN-γ signaling
elements in mammary tumors from patients, MCF-7 and MDA-MB-231
breast cancer cell lines are responsive to this molecule. Cellular out-
comes, however, may be different due to crosstalk with other signaling
pathways such as ERα and other nuclear receptor pathways that possess
altered regulatory mechanisms that affect signaling in certain cancer
types [57]. MCF-7 cells are ERα+, and the viability of these cells is not
altered in a statistically significant manner when treated with IFN-γ.
Additionally, MDA-MB-231 cells are ERα- and their viability is also
unaffected by IFN-γ stimulation. Interestingly, in both cell types, IFN-γ
treatment induced changes in cellular morphology, and our results
suggest that these changes are linked to cytoskeletal reorganization. A
deregulation of the IFN-γ signaling pathways may be associated with
breast cancer progression.

The changes in the morphology of breast cancer cells induced by
IFN-γ can, in part, be mediated via ISGylation of cytoplasmic proteins,
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as IFN-γ increases ISGylation mark mainly in the cytoplasm. Here, we
analyzed IQGAP1, a protein that is associated with cytoskeletal re-
modeling that has also been identified as an ISGylation target. Our
findings suggest that the interaction between ISG15 and IQGAP1 is
increased by IFN-γ treatment.

An important challenge is to identify other ISG15-interacting pro-
teins that modulate the cytoskeletal organization and determine the
specific function of this modification. To date, protein ISGylation has
been determined principally as monoISGylation, regulating the protein
stability either by inhibiting or promoting the ubiquitination pathway.
Also, functions unrelated to protein stability have been proposed, in
which ISGylation appears to modulate protein–protein interactions. For
example, filamin B is another protein associated with actin that con-
nects actin filaments to the cell membrane. When filamin B is not
ISGylated, it acts as a scaffold for RAC1, MEKK1, and MKK4 proteins
allowing IFN-α/β induced JNK signaling for the induction of apoptosis.
When filamin B becomes ISGylated, however, its interactions with
RAC1, MEKK1, and MKK4 proteins are lost, resulting in the inhibition
of JNK signaling. Therefore, filamin B ISGylation blocks IFN-α/β in-
duced JNK signaling [58]. In our study, we observed that IQGAP1 levels
were not altered by IFN-γ stimulus (Fig. 8 A (bottom) and Supple-
mentary fig. 4), and it is likely that ISGylation modulates the interac-
tion of IQGAP1 with other proteins. Additionally, our interactome study
indicated a close relationship between IFN-γ signaling, the ISGylation
system, and proteins, such as IQGAP1, present in the cytoskeleton that
may participate in cytoskeletal organization. Many of these proteins
may be regulated by IFN-γ-induced ISGylation and/or modulated at the
transcriptional level by IFN-γ. Thus, our findings may provide insight
between these pathways in breast cancer cells. More studies may help
to demonstrate functional and mechanistic implications of these path-
ways in the growth and progression of mammary tumors, as well as,
their potential for the diagnosis, prognosis, and treatment of breast
cancer.

5. Conclusion

In conclusion, our results indicate that the expression of elements
involved in IFN-γ signaling pathway, IFN-γ target genes, and protein
ISGylation are deregulated in mammary tumors. IFN-γ in breast cancer
cells increases ISG15 expression and subsequent protein ISGylation, and
induces changes in cellular morphology associated with the cytoske-
leton. ISG15 can be a potential biomarker for breast cancer, and the
target of ISGylation, as IQGAP1, may present important implications in
this context.
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� Abstract: More than 70% of all breast cancer cases are estrogen receptor alpha-positive (ERα). ERα 

is a member of the nuclear receptor family, and its activity is implicated in the gene transcription 

linked to the proliferation of breast cancer cells, as well as in extranuclear signaling pathways related 

to the development of resistance to endocrine therapy. Protein-protein interactions and posttranslation-

al modifications of ERα underlie critical mechanisms that modulate its activity. In this review, the re-

lationship between ERα and ubiquitin protein (Ub), was investigated in the context of breast cancer 

cells. Interestingly, Ub can bind covalently or non-covalently to ERα resulting in either a proteolytic 

or non-proteolytic fate for this receptor. Thereby, Ub-dependent molecular pathways that modulate 

ERα signaling may play a central role in breast cancer progression, and  consequently, present critical 

targets for treatment of this disease. 
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1. INTRODUCTION 

 Over 70% of all breast cancer cases are diagnosed as 
estrogen receptor-positive (ERα+) [1-5]. ERα is a nuclear 
receptor having nuclear and extranuclear activities related to 
gene transcription and signal transduction pathways, respec-
tively. These activities of ERα are possible because of its 
structural organization into several domains, including the 
ligand-binding domain (LBD), the DNA-binding domain 
(DBD), and a hinge region that separates the LBD and the 
DBD. LBD recognizes estrogenic hormones, mainly 17-beta-
estradiol (E2), while DBD binds to specific palindromic se-
quences in enhancer and promoter regions of its target genes 
[6-8]. Activation function domain-1 (AF-1), localized in the 
N-terminus, and activation function domain-2 (AF-2), local-
ized in the C-terminus, recruit several proteins, including 
transcriptional coregulators. Functions of AF-1 and AF-2 
domains are tissue-specific, where AF-1 functions in an E2 
hormone-independent manner, and AF-2 in an E2 hormone-
dependent manner [9-13].  

 ERα is a central element in the signal transduction path-
ways of breast cancer cells, both inside and outside the nu-
cleus (Fig. 1). Outside the nucleus, ERα is present in the cell 
membrane due to palmitoylation or association with other 
transmembrane proteins [14, 15]. ERα is also localized in the 
cytoplasm, where it interacts with several protein mediators 
of signaling pathways, such as MNAR, MTA1, MEMO, and 
RB, related to endocrine resistance in breast cancer [16-20]. 
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Despite these important extranuclear functions, this receptor 
is well known by its function as a transcription factor, as 
well as a coregulator of other transcription factors, such as 
Sp1, AP1, and NF-kappa B [21, 22]. Importantly, ERα activ-
ity is promoted in response to the E2 hormone. However, 
growth factors, such as EGF and IGF, also promote ERα 
activity in an E2 hormone-independent manner by inducing 
its phosphorylation [23, 24].  

 In order to regulate transcription of its target genes in 
response to E2 hormone in breast cancer cells, ERα is re-
cruited on enhancer and promoter sequences facilitated by 
pioneer factors, such as FOXA1 and GATA3 [25, 26]. Over 
300 coregulators (coactivators and corepressors) have been 
identified as modulators of ERα activity that are frequently 
deregulated in breast cancers. For example, in breast cancer, 
coactivators are commonly upregulated while corepressors 
are downregulated. Coactivator complexes open chromatin 
to facilitate transcription and corepressor complexes compact 
chromatin to inhibit gene expression [27-31]. Although 
coregulators are central for modulating ERα activity, other 
mechanisms such as protein-protein interactions and post-
translational modifications which regulate the stability and 
subcellular localization of this receptor, also act as crucial 
regulatory factors of ERα function [32-34].  

 Due to the importance of ERα and its signaling pathways 
in breast cancer cells, detection of ERα is an indicator for the 
administration of endocrine therapy, which includes the use 
of aromatase inhibitors, selective estrogen receptor degraders 
or downregulators (SERDs) and selective estrogen receptor 
modulators (SERMs). Aromatase inhibitors such as anastro-
zole and letrozole are used to reduce E2 levels by inhibiting
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Fig. (1). Pathways of ERα in breast cancer cells. ERα is activated by E2 binding in the cytoplasm and/or nucleus. ERα recognizes AG-

GTCAnnnTGACCT sequence (estrogen response elements: EREs) in target enhancers and promoters. Coactivators (CoA) promote ERα-

dependent gene expression. E2 induces ERα phosphorylation. Growth factors (EGF and IGF) also induce E2-independent ERα phosphoryla-

tion. This modification regulates ERα activity as a transcription factor or coregulator for some transcription factors (TFs). ERα is also out of 

the nucleus, membrane-localized by palmitoylation, with transmembrane receptors such as HER2, and/or associated with proteins such as 

MEMO, MTA1, MNAR and RB in the cytoplasm. In this manner, ERα is associated with kinase-dependent signaling that may activate other 

TFs and coregulator (CoR) complexes. Additionally, progesterone receptor (PR) may interact with ERα and re-direct its binding to chromatin 

regions to modulate gene expression. 

the conversion of testosterone into E2 hormone [35-37]. 
Moreover, SERDs such as fulvestrant, and SERMs such as 
tamoxifen, are antiestrogens, which compete with E2 hor-
mone for binding to ERα to decrease its abundance and/or 
activity, respectively. In summation, E2, SERDs and SERMs 
are ligands that bind to LBD of ERα, inducing a conforma-
tional change in the receptor depending on the ligand type. 
As a result, E2 induces ERα-dependent transcription, fulves-
trant promotes the degradation of ERα, and tamoxifen binds 
to ERα and inhibits the induction of E2 hormone-target 
genes by recruiting several transcriptional corepressors [37-
39]. Some breast cancer patients do not respond to endocrine 
therapy, presenting a de novo resistance, whereas many oth-
ers develop resistance to these therapies later, presenting an 
acquired resistance. Mechanisms underlying both cases have 
not been completely defined yet [36, 40].  

In this review, we focus on the modulation of ERα ac-
tions by Ub-associated pathways, and its potential implica-
tions in endocrine resistance to SERMs and SERDs in breast 
cancers.  

1.1. Literature Search 

The PubMed database was searched, using terms associ-
ated with ERα in relation to Ub, degradation and stability, 

with particular reference to human breast cancer including 
the treatment of this disease and implications for endocrine 
resistance. Articles included several original research such as 
studies on human breast cancer cell lines, in vivo studies on 
xenotransplantation to athymic mice from patients and anal-
ysis of tumor samples from patients. These articles contained 
data related to gene expression profiles, molecular mecha-
nisms, and functional effects resulting from the interconnec-
tion of Ub-ERα pathways. The data were evaluated using 
several approaches, including clinical, molecular, and novel 
techniques such as NGS, ddPCR and CRISPR-Cas. Moreo-
ver, some critical general reviews were also perused.  

2. BASICS OF THE UBIQUITIN PROTEIN AND 
UBIQUITINATION 

Ubiquitin (Ub), a highly conserved protein in organisms 
ranging from yeast to humans, is composed of 76 amino ac-
ids (8-kDa). Ub contains a conjugation motif in its C-
terminus, through which it is covalently attached to target 
proteins. The conjugation motif facilitates the formation of 
an isopeptide bond between Ub and specific lysine residues 
of its target protein, mediated by a sequential system of three 
enzymes: E1-ubiquitin-activating enzyme, E2-ubiquitin-
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conjugating enzyme and E3-ubiquitin ligase enzyme. The 
substrate specificity for ubiquitination is determined by the 
E3 ligases because they attach the Ub to a lysine residue of 
the target protein [41-43]. In general, there are three main 
types of E3 ligases: Really Interesting New Gene E3 (RING 
E3) ligases, which contain a RING domain or U-box do-
main; Homologous to the E6AP Carboxyl Terminus (HECT 
E3) ligases, which are divided into 3 subfamilies (RCC1-like 
domains, tryptophan-tryptophan domains and ones lacking 
these domains), and RING-between RING-RING (RBR E3) 
ligases that contain an in-between-RING domain (IBR) 
which separates two predicted RING domains (RING1 and 
RING2). Ub is transferred from the E2-ubiquitin-conjugating 
enzyme to the substrate protein directly (in one step) by 
RING E3 ligases, whereas HECT and RBR ligases first 
transfer Ub from the E2-ubiquitin-conjugating enzyme to 
themselves and then to the substrate (in two steps). There are 
more than 600 members of the E3 ligase family, and RING 
E3 ligases are the most abundant [41, 44-46].  

 Ub chains are formed by the sequential attachment of 
Ubs to one another. Ub lysine residues 6, 11, 27, 29, 33, 48, 
and 63 can be used for polyubiquitin chain extension. Hence, 
there are homotypic chains via the link through one lysine of 
Ub, and also via several lysines of Ub. Moreover, several 
branched Ub structures can also be generated by other amino 
acid residues such as cysteine, serine, and threonine, but the-
se have been scarcely studied. On the other hand, more than 
100 deubiquitinases (DUBs) which break the isopeptide 
bond and reverse Ub binding of ubiquitinated proteins have 
been described in humans so far [47-50].  

 Covalent attachment of Ub to proteins can occur as mon-
oubiquitination, multiubiquitination (monoubiquitination of 
several residues), or polyubiquitination, where each of these 
modifications results in a different cellular outcome. Mon-
oubiquitination is associated with DNA repair, gene expres-
sion regulation, endocytosis, and protein stability, whereas 
polyubiquitination is mostly considered as a signal initiating 
selection of proteins for degradation by the 26S proteasome, 
and this coupling is known as the ubiquitin-proteasome sys-
tem (UPS). Nevertheless, certain non-proteolytic functions 
have also been suggested for specific polyubiquitination cas-
es [51-55].  

3. MONOUBIQUITINATION AND UBIQUITIN-
BINDING DOMAINS OF ERα IN BREAST CANCER 
CELLS 

 ERα is modified by both mono-and polyubiquitination 
but there are dissimilarities between these two modifications 
(Fig. 2). For example, ERα polyubiquitination is induced by 
E2, whereas ERα monoubiquitination is negatively regulated 
by E2 in breast cancer cells [56]. In addition, while 
polyubiquitination is strongly related with E2-induced deg-
radation of ERα by the UPS, ERα monoubiquitination does 
not induce its degradation by this system. Instead, mon-
oubiquitination of this receptor modulates its stability, its 
interactions and DNA-binding activity as a transcriptional 
regulator [57-59].  
 Previous studies have indicated that ERα was monoubiq-
uitinated in vitro in a BRCA1/BARD1 activity-dependent 
manner. Endogenous ERα monoubiquitination was observed 

in breast cancer cells, along with a decrease in monoubiqui-
tinated ERα levels in response to E2 treatment. However, 
E2-dependent cellular proliferation seems to be promoted by 
ERα monoubiquitination. In these reports, ERα K302 and 
K303 residues were proposed as monoubiquitination sites of 
this receptor [57, 59, 60].  

 Monoubiquitination confers stability to ERα by inhibiting 
its polyubiquitination and degradation via the proteasome in 
breast cancer cells. E3-ubiquitin ligase RING finger proteins, 
such as RNF8 and RNF31 have been identified as modifiers 
of ERα via monoubiquitination. In particular, RNF8 associ-
ates with ERα to modulate its functions in two interconnect-
ed ways: 1) RNF8 induces monoubiquitination of ERα to 
stabilize it, and 2) RNF8 is a coactivator for ERα, increasing 
the expression of its target genes, such as pS2 and c-Myc. 
RNF8 downregulation decreases proliferation of breast can-
cer cells, whereas its upregulation is common in breast can-
cer, correlating with ERα levels [61]. Similarly, RNF31 as-
sociates with ERα and catalyzes its monoubiquitination to 
block the polyubiquitination, increasing ERα protein levels 
and its transcriptional activity. However, RNF31 is not a 
coactivator of ERα and is not recruited to ERα-dependent 
DNA regulatory regions [62].  
 SHARPIN also acts as an E3-ubiquitin ligase that stabi-
lizes ERα by inducing its monoubiquitination to inhibit its 
polyubiquitination [63]. Thus, monoubiquitination and 
polyubiquitination compete to modify to ERα in order to 
modulate its stability and degradation, respectively. The de-
regulation of these modifications may be a key factor in reg-
ulating ERα functions in breast cancer, where ERα mon-
oubiquitination seems to occur predominantly to confer more 
stability to the receptor and enhance E2 signaling in breast 
cancer cells.  
 It has been demonstrated that several proteins with ubiq-
uitin-binding surfaces or domains (UBDs) may bind non-
covalently with mono/polyubiquitinated proteins and Ub 
chains to stimulate signaling pathways, leading to several 
outcomes [53, 55, 64, 65]. These UBDs apparently lack 
shared, well-defined features, but it has been proposed that 
they possess regular secondary structures, such as α-helixes 
and/or Zn2+-fingers. Proteins modified via monoubiquitina-
tion also appear to contain one or more UBDs [66-68].  
 Importantly, UBDs have been reported to be present 
within the LBD of ERα (Fig. 2). An interaction between ERα 
UBDs with ubiquitinated proteins or with recombinant Ub 
chains was demonstrated in vitro studies. Moreover, L429 
and A430 residues of ERα were proposed as the key sites in 
UBDs of this receptor, as mutating these residues affected 
E2-dependent transcriptional functions of ERα. In addition, 
it was observed that when L429 and A430 residues in UBDs 
were mutated, the monoubiquitination of ERα receptor was 
blocked [69, 70]. These data indicate that these UBDs may 
have a functional significance for ERα monoubiquitination 
and for assembly of multiprotein complexes with ERα. Thus, 
the interactions of ERα via its UBDs seem to be critical in 
the progression of mammary tumors.  

4. ERα   POLYUBIQUITINATION IN BREAST CAN-
CER CELLS 

 Certain E3-ubiquitin ligases such as CHIP, E6AP, 
BRCA1, BARD1, SKP2, and MDM2 are associated with
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Fig. (2). ERα is modulated by ubiquitin-dependent pathways. A) Residues of ERα for interaction with ubiquitin protein. 
BRCA1/BARD1 and SHARPIN induces ERα monoubiquitination. E2 hormone and fulvestrant promote ERα polyubiquitination and degrada-

tion. ERα contains ubiquitin-binding domains (UBDs) to interact with ubiquitinated proteins. The residues are indicated. B) Types of inter-
actions between ERα and ubiquitin protein (Ub). Covalent (monoubiquitination and polyubiquitination) and non-covalent via UBDs. The-

se interactions lead to proteolytic or non-proteolytic pathways for this receptor. ERα monoubiquitination appears to compete with its 

polyubiquitination in breast cancer cells. SERDs and E2 stimulate ERα polyubiquitination followed by degradation via the UPS. E2 decreases 

ERα monoubiquitination, but some E2-induced actions may require monoubiquitinated ERα. 

ERα ubiquitination. Although it is known that polyubiquiti-
nation of ERα is followed by its degradation by 26S pro-
teasome, not all ubiquitinated lysine residues of ERα have 
been identified, and direct interaction between ERα and all 
E3-ubiquitin ligases has not yet been demonstrated [57, 71-
75]. Despite limited mechanistic details, ERα polyubiquitina-
tion is a regulatory factor, which controls its abundance or 
levels, as well as its functions.  

 In the absence of E2 hormone, the half-life of ERα pro-
tein oscillates between 3-5 h depending on cell type, whereas 
when the cells were exposed to E2, its half-life decreased to 
1 h after treatment [76, 77]. Initially, the UPS system was 
suggested to be crucial to maintain the balance of ERα pro-
tein levels and E2 signaling [78]. However, studies per-
formed by Leonard et al., suggested that the interaction be-
tween ERα and its coactivators may be important for E2-

induced downregulation of this receptor. This study high-
lighted the strong relationship between the process of degra-
dation and transcriptional activity of ERα [79] (Fig. 2).  

 Later, Reid G et al. proposed that, in the absence of lig-
and, ERα may bind to estrogen response elements (ERE) and 
recruit E3-ubiquitin ligases, promoting polyubiquitination 
and degradation of ERα, in order to restart the cycle with 
new receptors. In the presence of E2, ERα binds to ERE and 
recruits coactivators and E3-ubiquitin ligases. These coacti-
vators facilitate the expression of ERα target genes, while 
E3-ubiquitin ligases mediate polyubiquitination and degrada-
tion of this receptor. Consequently, the cycle frequency, 
without or with ligand bound ERα, is estimated to be 20 and 
45 min, respectively. This study elucidated that when ERα 
degradation is inhibited, Pol II is not recruited to EREs [80]. 
Moreover, intranuclear dynamics of unliganded and liganded 
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ERα is nullified when cells are treated with transcription or 
proteasome inhibitors [81]. A dynamic turnover of ERα pro-
tein is associated with its binding to DNA regulatory se-
quences for an active, cooperative, functional, and cyclical 
expression of its target genes [80, 82]. Thus, there is a com-
plex relationship between ERα polyubiquitination and pro-
teasomal degradation with the cycling of its transcriptional 
activity.  

 Several coactivators of ERα may also function as E3-
ubiquitin ligases such as E6AP, RNF8, and SKP2, which 
may account for the link between polyubiquitination and the 
transcriptional cycle of ERα [48, 61, 75, 83]. One interesting 
E3 ligase/coactivator for ERα is SKP2, which functions as 
an E3-ubiquitin ligase for ERα degradation with a short E2 
stimulation time. By contrast, with a longer stimulation time, 
SKP2 acts as a coactivator of ERα to induce transcription of 
late E2 target genes linked to cell cycle progression [83]. 
Similar to SKP2, several E3 ligases/coactivators of ERα may 
dynamically participate in the processes of degradation and 
transcription in an E2 hormone stimulation time-dependent 
manner.  
 In addition, the phosphorylation of ERα by certain kinas-
es such as ERK7 [84], CDK11 [85], p38 [71], PKC [32], 
cyclin E-CDK2 [83], and Src [75] is required for its 
polyubiquitination and degradation [32]. ERα residues S118, 
S294, S341, and Y537 are phosphorylated in response to E2 
stimulation, inducing ERα polyubiquitination [71, 83, 86]. A 
fine case in point is the phosphorylation of ERα at Y537 by 
Src following E2 treatment, which induces ERα polyubiqui-
tination by E6AP (an E3-ubiquitin ligase/coactivator) [75]. 
Interestingly, mutations in this ERα residue, which affect its 
phosphorylation and degradation, have been detected in the 
mammary tumors of breast cancer patients resistant to endo-
crine therapy. Such coupling of phosphorylation and 
polyubiquitination of ERα may be central to recruiting E3-
ubiquitin ligases with dual roles as coactivators to modulate 
ERα.  

5. INHIBITION OF ERα POLYUBIQUITINATION IN 
BREAST CANCER CELLS 

 The complex relationship between ERα polyubiquitina-
tion with its degradation and transcriptional function may be 
affected in mammary tumors. Several studies indicate that 
many proteins directly or indirectly inhibit ERα polyubiqui-
tination in breast cancer cells (Table 1).  

5.1. ERα Polyubiquitination Inhibitor Proteins (EPIPs) in 
Breast Cancer Cells 

 MUC1, PIN1, GSK3, LMTK3, cABL, RB, RNF31, 
RNF8, SMURF1 and SHARPIN proteins interact with ERα 
to protect it from polyubiquitination and degradation [87]. 
These ERα-interacting proteins act as ERα polyubiquitina-
tion inhibitor proteins (EPIPs). However, the mechanisms 
underlying the inhibition of ERα polyubiquitination by 
EPIPs are known to differ (Fig. 3 and Table 1).  

 ERα polyubiquitination inhibition appears to be critical 
for ERα+ breast cancer cells. Polyubiquitinated ERα levels 
are increased when any EPIP is downregulated, and under 
this condition, ERα is degraded via the UPS, decreasing its 

abundance. In consequence, an inhibition of survival, prolif-
eration, and migration of breast cancer cells is promoted. 
However, knockdown cells for each EPIP that are treated 
with MG132 (proteasome inhibitor) result in a partial resto-
ration of ERα levels and its pro-tumor effects (Fig. 3). Fur-
thermore, EPIPs seem to be expressed mainly in breast can-
cer tissue compared to normal mammary tissue. For instance, 
RNF31 levels in mammary tumors were higher compared to 
those in adjacent normal mammary tissue [62]. Furthermore, 
a direct correlation between ERα protein levels and RNF8 or 
SHARPIN was observed in biopsies of patients with breast 
cancer [61, 63]. Interestingly, RB is decreased or lost in ERα– 
breast cancer [17].  

5.2. Other Mechanisms Underlying Inhibition of ERα 
Polyubiquitination in Breast Cancer Cells 

 Other ERα polyubiquitination inhibitors include phos-
phatidylethanolamine-binding protein 4 (PEBP4), REG 
gamma (REG) protein and posttranslational modification 
processes such as acetylation and palmitoylation of ERα. 
PEBP4 interacts with Src kinase to block its interaction with 
ERα, leading to decreased phosphorylation of this receptor 
which inhibits its subsequent polyubiquitination and degra-
dation [88, 89]. Moreover, REG expression, which correlates 
to high ERα levels, is increased in breast cancer and results 
in a poor clinical prognosis. REG-knockdown cells exhibited 
low ERα levels, probably due to its polyubiquitination and 
degradation, which recovered when treated with MG132 
proteasome inhibitor [88].  

 Additionally, it has been reported that p300 protein may 
acetylate ERα at K266, K268, K299, K302, and K303 resi-
dues; and acetylation of ERα at K266 and K268 residues has 
been shown to increase its DNA-binding and transcriptional 
activities [90-93]. In addition to acetylation, methylation at 
K302 residue by SET7 has also been associated with ERα 
stability [94]. On the other hand, human ERα is also modi-
fied by palmitoylation at C447 by DHHC7 and DHHC21 
palmitoyl acyltransferases to promote its association with the 
cell membrane [95]. Importantly, each of these modifications 
can also inhibit polyubiquitination and degradation of ERα 
in breast cancer cells (Table 1).  

 Thus, several mechanisms protect ERα from polyubiqui-
tination (Fig. 3). Inhibition of ERα polyubiquitination leads 
to a decrease in the degradation of this receptor, and conse-
quently, to an altered transcriptional activity, which seems to 
enhance the gene expression profile linked to breast cancer 
cell proliferation and resistance to endocrine therapy.  

5.3. Effects Associated with ERα Polyubiquitination In-
hibition in Breast Cancer Cells 

 When ERα levels are increased due to inhibition of its 
polyubiquitination and degradation, other changes may oc-
cur. For instance, high ERα protein levels may affect the 
induction of proteolysis and efficiency of ERα degradation 
[77, 96, 97]. Consequently, when ERα concentration is high, 
its transactivation function is activated by non-classical 
mechanisms, in which E2, growth factors or phosphorylation 
at S104, S106, and S118 are not involved. Therefore, the 
transcriptional activity of ERα as a result of its high levels is 
called concentration-inducible ERα function, which includes
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Table 1. Molecular mechanisms associated with ERα stability in breast cancer cells. 

 Mechanisms Associated to ERα Stability  References 

EPIPs  

MUC1  MUC1 interacts with ERα on the DNA and recruits 

SRC1/GRIP1 coactivators, preventing the degradation of 

ERα and stimulating the expression of target genes.  

[149]  

PIN1  PIN1 interacts with phosphorylated ERα at the S118 

residue to block association of the receptor with E6AP, 

thus inhibiting its degradation.  

In addition, PIN1 mediates ERα isomerization increasing 

its binding to DNA and transcriptional activity.  

[86]  

LMTK3  LMTK3 interacts with and phosphorylates ERα to avoid 

its degradation, stabilizing it.  

Moreover, LMTK3 increases FOXO3-induced ERα ex-

pression by decreasing the enzymatic activity of PKC and 

AKT.   

[105]  

GSK3  GSK3 interacts with and phosphorylates ERα (at S102, 

S104, and S106) to stabilize it in E2 absence. In E2 stimu-

lated cells, GSK3 phosphorylates ERα S118, enhancing 

its transcriptional activity.  

[150]  

cABL  cABL interacts with and phosphorylates ERα at Y52 and 

Y219 stabilizing it by inhibiting its polyubiquitination and 

degradation via the UPS.  

[108]  

RB  RB forms a complex with ERα and HSP90 chaperone 

proteins, thus avoiding polyubiquitination of the receptor, 

enhancing its stability. 

[17]  

RNF8  RNF8 monoubiquitinates ERα and functions as a coacti-

vator modulating its activity  

[61]  

RNF31  RNF31 and SHARPIN postranslationally modify ERα via 

its monoubiquitination 

[62]  

SHARPIN  [63]  

SMURF1  SMURF1 also blocks ERα polyubiquitination and in-

creases its stability, however, the molecular mechanism is 

not yet known. 

[151]  

Other ERα polyubiquitination 
inhibitors  

Other modifications for ERα stability Palmitoylation at C447 residue by DHHC7/DHHC21  

Acetylations probably at K302/303 by p300  

Methylation at K302 residue by SET7. 

[95] 

[92] 

[94]  

PEBP4  PEBP4 interrupts the interaction between ERα and Src 

because PEBP4 competes with ERα for the Src protein, 

increasing ERα stability and its transcriptional activity.  

[89]  

REG  ERα protein levels are decreased in REG-knockdown 

cells. Treatment with MG132 recovers ERα protein levels 

in these cells. Correlation between high levels of REG 

with high levels of ERα in breast tumors and poor clinical 

prognosis.   

[88]  

 

an unusual ERα recruitment to EREs, and thereby alters gene 

expression, such as changes in the magnitude of gene induc-

tion or expansion of new E2 target genes. Moreover, p160 

coactivators are not required for gene transcription induced 

by high concentrations of ERα [98, 99].  
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6. ERα UBIQUITINATION PATHWAY IN ENDO-
CRINE RESISTANCE 

 Because ERα is the target for endocrine therapies using 

SERMs and SERDs, loss or reduction of ERα in breast can-

cer cells is the first critical factor in resistance to endocrine 

therapy. A study indicated that CUEDC2 protein promotes 

ERα polyubiquitination and degradation via the proteasome. 

Interestingly, CUEDC2 levels were inversely correlated with 

ERα levels in tumors of breast cancer patients. Moreover, 

high expression levels of CUEDC2 resulted in resistance to 

tamoxifen [100, 101]. In addition, the dysfunction or loss of 

RB in breast cancer has been also linked with resistance to 

tamoxifen. Likewise, RB tumor suppressor is reported to be 

lost in ERα– mammary tumors [102, 103]. In RB knock-

down breast cancer cell lines, polyubiquitination and degra-

dation of ERα are increased, compared to that in breast can-

cer cell line controls, but ERα downregulation in these cells 

is rescued by MG132 treatment [17].  

 Controversially, cellular processes that protect ERα from 

polyubiquitination and degradation have also been associated 

with endocrine resistance. For example, MUC1 forms a tran-

scription complex with ERα inhibiting its polyubiquitination 

and thereby inducing the expression of genes linked to endo-

crine resistance, such as Rab31 [104]. Moreover, ERα phos-

phorylation by LMTK3 inhibits its polyubiquitination. It has 

been reported that downregulation of LMTK3 restores the 

response to tamoxifen [105-107]. Similarly, the upregulation 

of other EPIPs such as cABL, PIN1, RNF8, and SHARPIN 

has been associated with the progression of breast cancer and 

endocrine resistance [61, 63, 108, 109]. In addition, inhibi-

tion of ERα polyubiquitination via several mechanisms may 

also facilitate resistance to SERDs used in breast cancer 

treatments.  

7. SELECTIVE ESTROGEN RECEPTOR DEGRAD-
ERS (SERDS) IN BREAST CANCER 

 It is important to note that resistance to tamoxifen is a 

common phenomenon in the treatment of breast cancer. For 

this reason, the use of SERDs appears to be a potential ther-

apy alternative for this cancer. ERα polyubiquitination is an 

essential step for its downregulation via the UPS, and this 

forms the basis for the mode of action of endocrine therapies 

with SERDs such as fulvestrant. When breast cancer cells 

are treated for 1 h with fulvestrant, ERα protein levels de-

crease due to its polyubiquitination and degradation via the 

UPS [35, 38, 39, 90, 110, 111].  

 Novel drugs based on SERDs other than fulvestrant have 

been discovered and are being studied to control ERα abun-

dance in breast cancer cells. These include AZD9496 [112], 

bazedoxifene [113], RAD1901 [114], GDC-0810 [115], 

ZB716 [116] and LSZ102 [117]. However, fulvestrant is the 

only clinically approved SERD, with a known tumor growth 

reduction effect. Fulvestrant has been approved for first-line 

endocrine therapy, as well as for breast cancers for which 

tamoxifen or aromatase inhibitor treatment failed [118].  

 Residues targeted for polyubiquitination induced by ful-

vestrant and E2 appear to be K302 and K303 of ERα [90]. 

These same residues are involved in ERα SHARPIN-induced 

monoubiquitination, which inhibits polyubiquitination and 

degradation of ERα [63]. Apparently, these sites could be 

also monoubiquitinated by the BRCA1/BARD1 complex. In 

addition, these residues are also linked with the stability of 

the receptor under basal conditions in breast cancer [56, 57, 

59, 60, 90]. In this context, ERα monoubiquitination by E3 

ligases such as RNF31, RNF8, and SHARPIN may compete 

with the polyubiquitination of this receptor [34].  

 

Fig. (3). ERα polyubiquitination inhibitor proteins in breast cancer cells. ERα polyubiquitination inhibitor proteins (EPIPs). EPIPs inter-

act with ERα in breast cancer cells. The upregulation of EPIPs increases ERα stability by inhibiting its polyubiquitination. In knockdown 

cells for each EPIP (by specific RNA interference), ERα protein levels are decreased by degradation via the UPS (Ubiquitin proteasome sys-

tem). However, treatment with MG132 (proteasome inhibitor) restores ERα protein levels in knockdown cells. ERα modifications such as 

acetylation (Acet), methylation (Met) and palmitoylation (Palm), and PEBP4 and REG protein have also been associated with ERα stability 

in breast cancer cells.  
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 Remarkably, breast cancer cells may become insensitive 
to treatment with SERDs, if ERα is protected from 
polyubiquitination and degradation. Thereby, proteins and 
modifications that inhibit ERα polyubiquitination may play a 
crucial role in resistance to SERD, where ERα seems to be 
stabilized by losing its capacity to be degraded by the UPS 
(Fig. 3).  

 In addition, elements of the Hippo pathway, large tumor 
suppressor kinases 1 and 2 (LATS1 and 2) promote ERα 
ubiquitination. LATS downregulation inhibits polyubiquiti-
nation and degradation of ERα, increasing the protein levels 
of this receptor and the expression of its target genes, there-
by decreasing sensitivity to fulvestrant and its anti-tumor 
effects in breast cancer cells. Patients with breast cancer 
lacking ERα have higher levels of LATS1/2 and shorter re-
lapse-free survival. Thus, LATS and its molecular relation-
ship with ERα and the Hippo signaling pathway may be af-
fected in breast cancer, leading to alterations in sensitivity to 
fulvestrant treatment [119].  

8. ESR1 MUTATIONS AND SERDs IN BREAST CAN-
CER 

8.1. Generalities Related to ESR1 Mutations in Breast 
Cancer 

 ESR1 mutations, Y537S, Y537N, Y537C, D538G, and 
E380Q, have been discovered via large-scale next-generation 
sequencing (NGS) in mammary tumors from patients. Gen-
erally, these mutations are detected in metastatic breast can-
cer than in early stage breast cancer, facilitating their detec-
tion in circulating tumor DNA using droplet digital PCR 
[120, 121]. Interestingly, ESR1 mutations have been identi-
fied mainly in the LBD of ERα generating conformational 
changes and E2-independent activity. Moreover, these muta-
tions are associated with an acquired resistance to endocrine 
therapy [122].  

 Some of these mutations have been experimentally gen-
erated in breast cancer cell lines using CRISPR/Cas genome 
editing techniques, whereas their activities have been evalu-
ated via NGS technologies such as whole-genome sequenc-
ing (WGS), ChIP-sequencing (ChIP-seq), whole-exome se-
quencing (WES) and RNA sequencing (RNA-Seq). These 
breast cancer cell lines with ESR1 mutations also display E2-
independent ERα activity and resistance to endocrine thera-
py. Surprisingly, a specific gene profile is altered by each of 
these ESR1 mutations with a limited number of target genes 
in common, suggesting the molecular complexity of the en-
docrine resistance [123]. Moreover, a cistrome study of these 
mutants showed that cis-acting targets on genomes of breast 
cancer cells are different for each ESR1 mutation, and may 
be linked to several genes involved in metastasis and endo-
crine resistance, compared to the E2-bound wild-type ERα 
protein [124].  

 ERα mutations detected in breast cancer (including 
Y537S/N/C, D538G, E380Q or S463P) are associated with 
resistance to aromatase inhibitors and SERMs, but appeared 
to have no effect on the response to SERDs (fulvestrant and 
AZD9496), with the exception of ESR1 mutations in Y537 
residue [121, 123, 125]. Moreover, in breast cancer cell lines 
with acquired endocrine resistance due to long-term E2 dep-

rivation, ESR1 mutations Y537C and Y537S were detected 
after acquiring resistance. These ESR1 mutants display an 
alteration in genome binding, target gene transcription, and 
interactions with other proteins [126].  

8.2. ESR1 Mutations Involved in ERα Ubiquitination in 
Breast Cancer 

 As mentioned above, ESR1 mutations in Y537 residue 
are commonly detected in mammary tumors of patients. This 
residue is associated with ERα polyubiquitination. In re-
sponse to E2, ERα is phosphorylated at its Y537 residue by 
Src kinase, and then polyubiquitinated by E6AP E3 ubiquitin 
ligase and degraded via the UPS. Because E6AP is an E3-
ubiquitin ligase and coactivator for ERα, the interaction with 
E6AP can also promote ERα binding to chromatin and ERα-
mediated gene expression. Accordingly, a laboratory-
generated mutant of this residue prevented ERα degradation, 
thereby affecting its activity and ability to respond to endo-
crine therapies [75, 127]. Therefore, mutations of the Y537 
residue are involved in ERα stability and play an important 
role in SERD resistance.  

 In addition, K303 residue has been suggested as the tar-
get of polyubiquitination/monoubiquitination and acetylation 
[57, 59, 90, 92, 94]. Mutations in this residue have been de-
tected in premalignant breast lesions and may be important 
in breast cancer progression [128, 129].  

9. DISCUSSION 

 Approximately 70% of human breast cancers are ERα+. 
This nuclear receptor regulates the transcription of certain 
pro-tumor genes and mediates extranuclear signaling in 
breast cancer cells. High ERα levels have been detected in 
ERα+ mammary tumors [130-132], and ERα-dependent gene 
signatures are differentially expressed in breast cancer cells 
and mammary tumors of patients with varying clinical out-
comes [133-135]. Additionally, nucleocytoplasmic transport 
seems to be differentially modulated in ERα– and ERα+ 
breast cancer cells [136]. Thus, ERα expression has im-
portant implications for breast cancer biology. More im-
portantly, ERα is the target for endocrine therapies using 
SERDs and SERMs, but some ERα+ breast cancers are non-
responsive or develop resistance to these treatments. There-
fore, ERα and its modulatory mechanisms are central to the 
progression of this cancer. In this context, Ub-dependent 
pathways have emerged as important regulators of ERα lev-
els and functions in breast cancer.  

 Ubiquitination system elements (E1, E2, E3 enzymes and 
DUBs) seem to be altered in mammary tumors compared to 
normal mammary tissue [137-142]. Furthermore, ERα regu-
lation by Ub is complex since Ub is able to interact either 
covalently (mono or polyubiquitination) or non-covalently 
with ERα.  

 Monoubiquitination increases ERα stability and tran-
scriptional activity. In contrast, ERα polyubiquitination sig-
nals ERα degradation via the UPS but also acts as a marker, 
which in combination with proteasome activity, is associated 
with the transcriptional cycle of ERα. E2 hormone positively 
regulates polyubiquitination of ERα, but negatively modu-
lates its monoubiquitination, suggesting that a balance be-
tween these processes control ERα activity.  
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9.1. Molecular Mechanisms for ERα Ubiquitination 

 E2 hormone signaling induces several phosphorylations 
in ERα, one of which is catalyzed by Src kinase at the Y537 
residue, which is a prerequisite for recruiting the E6AP E3 
ligase/coactivator that mediates polyubiquitination and deg-
radation of ERα in breast cancer cells (Fig. 4). This is im-
portant because metastatic mammary tumors presenting en-
docrine resistance display mutations in this residue. Moreo-
ver, phosphorylation of Y537 can be interrupted by PIN1 
that interacts with ERα to block its interaction with E6AP, 
thereby protecting it from degradation. Also, PEBP4 inter-
acts with Src kinase to inhibit its association with ERα and 
its subsequent phosphorylation-dependent degradation [75, 
86, 89]. Furthermore, the interaction between ERα and 
EPIPs, alterations in the interactome for its degradation, and 
its posttranslational modifications such as acetylation, pal-
mitoylation and methylation can increase ERα stability af-
fecting its levels and functions in breast cancer cells (Table 
1, Fig. 3).  

 Monoubiquitination is a posttranslational modification 
that confers ERα stability by inhibiting its polyubiquitination 
[87]. Interestingly, as the sites for monoubiquitination and 
polyubiquitination appear to be the same, competition be-
tween these modifications may exist. E3 ligases that partici-
pate in these processes are different. Ligases, BRCA1, 
RNF31, and SHARPIN, have been associated with ERα 
monoubiquitination, whereas RNF8 which acts as a coactiva-
tor also induces monoubiquitination of ERα [59, 61-63]. 
Instead, polyubiquitination of ERα is mediated by different 
enzymes with dual roles, as E3 ligases and transcriptional 
coactivators, such as E6AP [75]. Lysine residues responsible 
for mono/polyubiquitination may also be implicated in 
acetylation and methylation of ERα which may affect its 
stability [90, 92-94]. Additionally, ERα has UBDs that inter-
act with ubiquitinated proteins, which apparently are also 
required for transcriptional activity of the receptor and its 
monoubiquitination.  

 Thus, molecular mechanisms that modulate ERα by Ub-
mediated pathways are multifaceted and regulate not only 
the degradation (polyubiquitination), and stability (mon-
oubiquitination) of ERα, but also the transcriptional cycle 
and ERα-driven gene transcription. Therefore, many post-
translational modifications and interactions appear to be in-
volved in Ub-dependent ERα modulation. Notably, ERα 
UBDs may also enable interactions with other ubiquitinated 
modulators of ERα, which remain to be identified.  

 Mechanisms that underlie ERα stability may also induce 
serious changes in nuclear and extranuclear activities as well 
as in ERα crosstalk, thus affecting the response to SERMs. 
Furthermore, SERDs are drugs that mediate the downregula-
tion of ERα via polyubiquitination and degradation by the 
proteasome. Then, mechanisms that stabilize ERα in breast 
cancer may be critical in the development of resistance to 
SERDs.  

9.2. ERα Ubiquitination in Endocrine Resistance 

 Conflicting data exist concerning the effects of inducing 
or inhibiting polyubiquitination and degradation of ERα, on 
endocrine resistance in breast cancer. Based on these data, it 

may be concluded that both induction and inhibition may 
influence endocrine resistance, but in a different manner. In 
ERα– breast cancer, polyubiquitination and degradation of 
ERα may be a factor in the negativity of this receptor [143]. 
In fact, proteins that promote ERα degradation by the UPS 
(as CUEDC2 and LATS1/2) are increased in ERα– mamma-
ry tumors. Hence, high levels of CUEDC2 and LATS1/2 are 
correlated with low ERα levels, whereas proteins that protect 
it from degradation, like RB, seem to be downregulated in 
ERα– breast cancer [101, 119]. Thus, polyubiquitination of 
ERα is important in ERα– mammary tumors. The absence of 
ERα precludes the use of endocrine therapy, these cells being 
resistant to such therapies.  

 The exact opposite of the above process may occur in 
ERα+ breast cancer, where ERα expression is considered as 
an indicator for the initiation of endocrine therapy. However, 
these breast cancer cells can present de novo or acquired 
resistance to endocrine therapy even in the presence of ERα, 
via mechanisms that are not completely understood. Based 
on some data, it is hypothesized that ERα stability may pro-
mote endocrine resistance in ERα+ breast cancer. When ERα 
stability is enhanced, its turnover is affected and levels of 
ERα+ are sustained. Sustained levels of ERα may stimulate 
persistent extranuclear and nuclear signaling associated with 
endocrine resistance and alter crosstalk between pathways, 
generating new signaling routes that promote the progression 
of this cancer.  

9.3. Future Challenges 

 Endocrine resistance develops mainly against aromatase 
inhibitors and tamoxifen than against fulvestrant, indicating 
its potential as a drug central to breast cancer treatment. Cur-
rently, the ERα degrader, fulvestrant, is the first-in-class 
SERD member used in breast cancer patients. However, this 
drug has certain setbacks such as poor biodisponibility and 
the need for intramuscular administration. Therefore, devel-
opment of new SERDs that can be administered via the oral 
route, with enhanced biodisponibility is being mulled. Cur-
rently, several newer SERDs are in the clinical investigation 
phase and may be nearing release pending approval [37, 40]. 
In this context, a better understanding of mechanisms that 
promote as well as inhibit polyubiquitination and degrada-
tion of ERα may be important for preventing resistance to 
SERDs. Hence, mechanisms underlying ERα stability may 
be targeted in the development of new therapeutic strategies 
as well as indicators of endocrine therapy selection.  
 Additionally, ERα LBD mutations linked to endocrine 
therapy resistance have been identified in metastatic breast 
cancer patients [121]. Interestingly, the use of Selective Es-
trogen Receptor Covalent Antagonists (SERCAs), which 
inactivate both wild-type and mutated ERα has been sug-
gested, but these drugs may require further screening [144]. 
The need to develop novel drugs, such as E2 antagonists, as 
well as drugs that target domains other than ERα LBDs, has 
been recognized. Proteolysis targeting chimeric molecules 
known as PROTACs that target ERα proteolysis, are being 
designed [145]. PROTACs show promise as part of a thera-
peutic strategy involving downregulation of ERα via the 
UPS. Moreover, PROTACs may be useful in regulating pro-
teins that modulate ERα stability. Therefore, modulation of
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Fig. (4). Molecular pathways in the regulation of ERα by Ub in breast cancer cells. A) E2 activates ERα via binding to LBD to induce 

the expression of pro-tumor genes. E2 also induces phosphorylation in ERα e.g. in the Y537 residue by Src kinase. This modification allows 

the recruitment of E6AP E3 ligase/coactivator to induce its polyubiquitination (polyUb). The polyUb of ERα is required for its transcriptional 

cycle and its degradation via the UPS. SERDs as fulvestrant also induce the polyUb and degradation of ERα but without its transcription acti-

vation. B) I) In ERα+ advanced breast cancer with endocrine resistance, mutations in ERα were found to be associated with E2-independent 

activity and insensitivity to endocrine therapy, some of which occur at Y537 residue, also affecting the response to SERDs. II) Moreover, in 

ERα+ breast cancer cells, monoubiquitination by some E3 ligases inhibit polyUb and degradation of ERα to stabilize it. III) The interaction 

with EPIPs also confers ERα stability, e.g., PIN1 interacts with ERα to inhibit its interaction with E6AP. IV) Other modifications and proteins 

can also stabilize ERα, e.g. PEBP4 interacts with Src kinase blocking its interaction with ERα avoiding its polyUb and degradation. V) ERα 

stability can lead to its sustained signaling, and the expression related to endocrine resistance and alterations in its crosstalk with other path-

ways. C) A decrease in ERα stability may be a factor in the negativity of ERα in breast cancer cells. Proteins that promote (CUEDC2 and 

LATS1/2) the polyUb and degradation are upregulated in ERα– breast cancer cells, whereas proteins (e.g. RB) that protect it from degrada-

tion seem to be downregulated. As a result, ERα is degraded via the UPS, contributing to the reduction of ERα levels. Tam= tamoxifen, AI= 

aromatase inhibitors.
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ERα via Ub related pathways appear to be key to the devel-
opment of novel therapeutic strategies for breast cancer con-
trol.  

 Finally, some Ub-like proteins are deregulated in breast 
cancer. ISG15 is upregulated in mammary tumors in com-
parison with normal tissue [146, 147]. Similarly, SUMO 
which modifies ERα is upregulated in breast cancer cells 
[148]. This indicates that ERα functions may be regulated by 
other Ub-like proteins. An understanding of these mecha-
nisms may also enable the detection of novel molecular tar-
gets for this disease.  

CONCLUSION 

 Ub is a small protein with enormous implications in the 
regulation of ERα in breast cancer cells. A better understand-
ing of the relationship between ERα and Ub may reveal 
mechanisms underlying the modulation of ERα signaling by 
Ub-dependent processes in breast cancer cells, which, in 
turn, may be useful in determining novel strategies for treat-
ment of this cancer.  

LIST OF ABBREVIATIONS 

AF = Activation Function  

AP1 = Activator Protein 1  

BARD1 = BRCA1-associated RING domain protein 1  

BRCA1 = Breast Cancer Type 1 susceptibility protein  

cABL = Abelson tyrosine-protein kinase  

CDK11p58 = Cyclin-dependent kinase 11B  

CDK2 = Cyclin-dependent kinase 2  

CHIP = Carboxyl terminus of HSC70-interacting 

protein  

CUED2 = CUE domain-containing protein 2  

DBD = DNA Binding Domain  

ddPCR = droplet digital PCR  

DUB = Deubiquitinase  

E2 = 17-Beta Estradiol  

E6AP = E6-associated protein  

EGF = Epidermal Growth Factor  

EPIIPs = ER polyubiquitination inhibitor proteins  

EREs = Estrogen Response Elements  

ERK7 = Extracellular signal-regulated kinase 7  

ERα = Estrogen Receptor Alpha  

ESR1 = Estrogen Receptor 1  

FOXA1 = Forkhead box protein A1  

GSK3 = Glycogen Synthase Kinase 3  

HECT = Homologous to the E6AP Carboxyl Termi-

nus  

HSP90 = Heat Shock Protein 90  

IGF = Insulin-like Growth Factor  

LATS1 = Large Tumor Suppressor kinase 1  

LATS2 = Large Tumor Suppressor kinase 2  

LBD = Ligand Binding Domain  

LMTK3 = Lemur Tyrosine Kinase 3  

MDM2 = Murine Double Minute 2  

MEMO = Mediator of ERBB2-driven cell Motility  

MNAR = Modulator of Non-genomic Actions of the 

Estrogen Receptor  

MTA1 = Metastasis-Associated Protein 1  

MUC1 = Mucin 1  

NF-kappaB = Nuclear Factor kappa-light-chain-enhancer 

of activated B cells  

NGS = Next Generation Sequencing  

p38MAPK = p38 Mitogen-activated protein kinase  

PEBP4 = Phosphatidyl ethanolamine-binding protein 4  

PIN1 = Peptidyl-propyl cis-trans isomerase NIMA-

interacting 1  

PKC = Protein Kinase C  

RB = Retinoblastoma  

REG = REGgamma  

RING = Really Interesting New Gene  

RNF31 = RING finger protein 31  

RNF8 = RING finger protein 8  

SERD = Selective Estrogen Receptor Degraders  

SERM = Selective Estrogen Receptor Modulator  

SHARPIN1 = Shack-associated RH domain-interacting 

protein  

SKP2 = S-phase kinase-associated protein 2  

SMURF1 = SMAD ubiquitination regulatory factor  

Ub = Ubiquitin  

UBD = Ubiquitin-binding Domain  

UPS = Ubiquitin-Proteasome System 
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Abstract
Estrogens demonstrate biological activity in numerous organ systems, including the immune sys-

tem, and exert their effects through estrogen receptors (ER) of two types: intracellular ER𝛼 and

ER𝛽 that activate transcriptional factors and membrane G protein-coupled ER GPER. The latter

is capable to mediate fast activation of cytosolic signaling pathways, influencing transcriptional

events in response to estrogens. Tamoxifen (TAM), widely used in chemotherapy of ER𝛼-positive

breast cancer, is considered as an ER𝛼 antagonist and GPER agonist. TAM was shown to possess

“off-target” cytotoxicity, not related to ER in various tumor types. The present work was designed

to study biological effects of TAM on the glucocorticoid (GC)-resistant cell line Jurkat, derived

from acute lymphoblastic leukemia of T lineage (T-ALL). We have shown that T-ALL cell lines, in

contrast to healthy T cells, express only GPER, but not ER𝛼 or ER𝛽 . TAM compromised mitochon-

drial function and reduced the viability and proliferation of Jurkat cells. Additionally, TAM induced

autophagy in a GPER-dependentmanner. Gene expression profiling revealed the up-regulation of

autophagy-related geneATG5. Interestingly, TAM sensitized Jurkat cells to dexamethasone (DEX)

treatment, which may be related to its capacity to cause autophagy. We suggest that TAM-based

adjuvant therapymay represent a novel strategy in T-ALL patients handling.

K EYWORDS

tamoxifen, Jurkat cells, estrogen receptors, GPER, autophagy, apoptosis, cell cycle, proliferation,

glucocorticoid resistance

1 INTRODUCTION

Estrogens are known to have an important biological function in

both female and male physiology and pathology in various organ and

Abbreviations: ALL, Acute lymphoblastic leukemia; ANOVA, Analysis of variance; B-ALL,

Lymphoblastic leukemia cells of B lineage; BCLAF1, Bcl-2 associated factor 1; CFSE,

Carboxy-fluorescein succinimidyl ester; CQ, Chloroquine; DEX, Dexamethasone; ER,

Estrogen receptors(s); FBS, Fetal bovine serum; FCCP, Carbonyl cyanide

4-(trifluoromethoxy)phenylhydrazone; GC, Glucocorticoid(s); GPER, G protein-coupled

estrogen receptor(s); GR, Glucocorticoid receptor(s); HSC, Hematopoietic stem cell; LC3I,

Microtubule-associated protein light chain3-I; MDC,Monodansylcadaverine; MFI, Median

fluorescence intensity; MNC,Mononuclear cells; PI, Propidium Iodide; Rhod-123,

Rhodamine-123; T-ALL, Acute lymphoblastic leukemia of T lineage; TAM, Tamoxifen;

TCR, T cell receptor;ΔΨm,Mitochondrial membrane potential.

systems, including the immune system.1–3 Their effects are mediated

through binding ER to two types of ER: first, intracellular or intranu-

clear ER𝛼 and ER𝛽 that activate transcription4; and second, membrane

Gprotein-coupled ER,GPERorGPR30, thatwere identified later.5 The

latter mediate rapid triggering of signaling pathways by estrogens and

antiestrogens, through MAPK activation, and early gene expression.

Although ER𝛼 and ER𝛽 are known to be expressed in immune cells

and some lymphomas,6 the information available on GPER expression

in lymphoid cells is limited. Recently, it was reported that GPER

contribute to the proliferation and survival of mantle cell lymphoma

cells.7 It has also been proposed that GPER regulates CXCR4 signaling

in pre-B cell ALL.8 Remarkably, GPER mediates the proliferative

J Leukoc Biol. 2019;105:983–998. c©2019 Society for Leukocyte Biology 983www.jleukbio.org
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effect of estrogen in numerous cancer types.9,10 Accordingly, GPER

agonist G-1 was shown to inhibit tumor growth in triple-negative

breast cancer cells,11 adrenocortical carcinoma,12 lung cancer,13 and

ovarian cancer.14

TAM is considered as an ER𝛼 antagonist and GPER agonist,15,16

which has been the first-line targeted therapy for the management

of ER𝛼 positive breast cancers for almost 60 years.17 However, sev-

eral recent reports have pointed out some novel, “off-target” or non-

ER-related anticancer effects of TAM, independent of nuclear ER.18,19

Among these are target proteins involved in the regulation of pro-

liferation, cell cycle progression, autophagy, and chemoresistance. In

this regard, TAM-induced apoptosis of breast cancer MCF-7 cells via

GPER/PI3K/MAPK pathway has also been reported.20

At doses significantly higher than those used for breast cancer

treatment, but still in the therapeutic range, TAM caused an inhibitory

effect onPKC,which is overexpressed indifferentmalignancies, partic-

ularly in gliomas, glioblastoma, and anaplastic astrocytomas, resulting

in cell toxicity.21–25 Using TAM as a coadjuvant therapy, a significant

improvement in the outcome of pancreatic cancer patients was

archived.26–28 Besides, there is evidence that TAM is a potent inducer

of autophagy, and that its cytotoxic effect is related to the induction of

autophagy previous to cell death.29 On the other hand, autophagymay

alsohave aprotective effect in tumor cells and induce chemoresistance

in cancer.30 Then, the activation or inhibition of autophagy in every

type of cancer should be studied in detail, to find the best strategy for

targeting this process for cancer treatment. TAM-based coadjuvant

therapymay represent an attractive approach in anticancer treatment,

and TAM-mediated activation of autophagy may have an important

relevance in this process. In this regard, we would like to mention the

studypublishedbyLaaneand colleagues31 whodemonstrated thatGC,

the first choice drugs used for the treatment of lymphoidmalignancies,

induced autophagy upstream of apoptosis in acute lymphoblastic

leukemia cells of B lineage (B-ALL). The crucial role of autophagy in

DEX-induced cell death was confirmed by the fact that autophagy

inhibition precluded apoptosis in these cells. Because GC are adminis-

tered to leukemic patients during all phases of therapy, GC resistance

represents an essential challenge to improve the outcome of these

patients.32 At the same time, the referenced work represents the only

study relating GC resistance with the autophagic process. Since there

is no previously published evidence on the biological effects of TAM-

induced autophagy in T-ALL, the present work was designed to study

the antileukemic effect of TAM, its capability to induce autophagy

and reverse GC-resistance in the Jurkat cell line derived from a T-ALL

sample in relapse.

2 MATERIALS AND METHODS

2.1 Cell lines and culture conditions

Cell lines established from peripheral blood of a T-ALL patient in

relapse were purchased from ATCC: Jurkat, clone E6-1, from a

14-year-old male (ATCC TIB); MOLT-3 from a 19-year-old male (ATCC

CRL-1552); CCRF-CEM, from a 4-year-old girl (ATCC CCL-119). The

cells were cultured in suspension in Advanced RPMI 1640 Medium

supplementedwith 5% (v/v) heat-inactivated fetal bovine serum (FBS),

2 mM GlutaMAX, 10 mM HEPES, and 100 U/ml penicillin, 100 𝜇g/ml

streptomycin (all from Gibco, Thermo Fisher Scientific). In some

experiments, to count the number of autophagosomes and autolyso-

somes, tandem-labeledmCherry-GFP-LC3 Jurkat cells (gift fromDr. A.

Thorburn, Colorado, USA) were used. These cells were maintained in

complete growth medium (as for wild type Jurkat cells) additionally

supplemented with 400 𝜇g/ml of hygromycin B (Sigma, H3274) for

selection. Cell lines were cultured in a humidified incubator in 5%CO2

atmosphere at 37 ◦C. Cells were maintained in the logarithmic growth

phase by daily medium refreshment.

2.2 Chemicals

TAM (Sigma, T5648), G-36 (Cayman Chemical, 14397), and Chloro-

quine (CQ) (Sigma, C6628) were used. Stock solutions of TAM (in

ethanol), G-36 (in DMSO), and CQ (in PBS) were prepared at 20 mM

and stored at –20◦C. DEX was acquired as solution for intravenous

injections at 4 mg/ml (Chinoin Pharmaceutical Products, Aguas-

calientes, Mexico) and stored at 4 ◦C. All working solutions were pre-

pared from stock solutions in growth medium immediately before

experiments. Ethanol andDMSOused as vehicles in concentrations up

to1%didnotdemonstrate anyeffect in theprotocols used in this study.

2.3 Purification and activation

of CD4+ lymphocytes

Mature CD4+ lymphocytes were obtained from peripheral blood of

healthy donors. Peripheral bloodwas takenby trainedpersonnel under

aseptic condition with sterile material for each donor. The protocol

was approved byBioethics andBiosecurity Committee of the Biomedi-

cal ResearchCentre according to Federal (Artículo 100, LeyGeneral de

Salud), State, and local laws. Informed consentwas obtained from each

participant. Blood samples were diluted 1 : 1 with PBS. The mononu-

clear cells (MNC) were separated by Ficoll gradient (Ficoll-Paque

PLUS, GE Healthcare). MNC were subjected to negative selection (to

avoid activation) with CD4+ T cell isolation kit, following Miltenyi

Biotec specifications. The CD4+ T cells were cultured in complete

RPMI 1640 medium, in 24-well plates (no more than 1.5 × 106 cells

per ml), for 24 h. For polyclonal activation, resting lymphocytes were

pretreated in 96-well plates with anti-CD3 monoclonal antibodies

(5 𝜇g/ml) (BD, 555336) for 2 h at 37 ◦C; medium excess was removed

and 1× 105 cells were incubatedwith (2 𝜇g/ml) anti-CD28monoclonal

antibodies (BD, 555725) for 4 days. Ligation of CD3/CD28 provides a

powerful antigen-independent stimulusby cross-linkingT cell receptor

(TCR) resulting in transit from quiescent to proliferation state.

2.4 Cell viability

Jurkat cells or activated CD4+ lymphocytes (1 × 105 per well) were

seeded in96-well plates, treatedwith corresponding concentrations of

TAM alone, or with vehicle, and incubated during 24–96 h. Every 24 h,

cell count was performed using a hemocytometer and trypan blue dye.
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Additionally, cell viability was determined using metabolic

resazurin-based in vitro Toxicology Assay Kit (Sigma-Aldrich, TOX-8)

according to manufacturer’s recommendations. Kit mix, 10% (v/v)

of the final volume, was added to each well and incubated during

4–6 h at 37◦C. Resazurin (non-fluorescent) to resorufin (fluorescent)

conversion was measured fluorometrically (Ex/Em = 560/590 nm)

using GloMax Discover Multimode Microplate reader (Cat. GM3000,

Promega). Three or more replicates were prepared for each concen-

tration in all experiments to decrease variability.

2.5 CFSE cell proliferation assay

CFSE cell proliferation assay was carried out as described earlier33

with some modifications. Cells were washed, resuspended in PBS at a

concentration of 1 × 106/ml and stained with carboxy-fluorescein suc-

cinimidyl ester (CFSE, ThermoFisher, C34554) to a final concentration

of 0.5𝜇Mor1𝜇Mfor Jurkat cells andCD4+ lymphocytes, respectively.

Cells were incubated for 30 min at room temperature, with agitation

every 5 min. Labeled Jurkat cells were washed with PBS, seeded in

fresh culture medium into 24-well plates (5 × 105 cells/well) in the

presence of increasing TAM concentrations, harvested every 24 h,

and CFSE fluorescence intensity was measured by flow cytometry

(FACSCanto II, BD Biosciences). CD4+ lymphocytes were activated

as described previously and TAM was added after 24 h. Lymphocytes

were harvested after 72 h of culture for cytometric analysis. Data

analysis was performed using FlowJo 10.2 Software.

2.6 Western blot analysis

For LC3 immunoblotting, cells treatedwithCQalone or in combination

with TAM were harvested and lysed with RIPA buffer supplemented

with protease inhibitors (Complete, Roche, 11697498001). Protein

was quantitated using BCA Protein Assay Kit (Sigma, BCA1); 10 𝜇g

(for LC3-II) of protein were loaded in a 15% SDS-PAGE, transferred

onto PVDF membrane, blocked for 1 h with 5% BSA in TBS Tween-20

buffer (TBS-T) and incubated overnight at 4 ◦C with anti-human LC3

rabbit antibody (Novus-Biologicals, NB100-2220, dilution 1:3000).

For estrogen receptor evaluation, 20 𝜇g of protein were loaded

in a 10% SDS-PAGE; primary antibodies were: anti-human ER𝛼

(Novus-Biologicals, NBP2-84827, dilution 1:500), anti-human ER𝛽

(Novus-Biologicals, NBP2-16379, dilution 1:1000) and GPER (Novus-

Biologicals, NBP1-31239, dilution 1:1000), all produced in rabbit. Rab-

bit anti-human GAPDH antibodies (abcam, ab9485, dilution 1:2000)

were used as a loading control. HRP-conjugated goat anti-rabbit IgG

(Novus-Biologicals, NBP2-30348H, 1:3000) was used as secondary

antibody and incubated 1 h at room temperature. The membranes

were incubated with ECL detection reagent (Bio-Rad, 170–5061),

protein bandswere visualizedwith a Bio-RadUniversal Hood II system

and analyzedwith Image Lab 5.0 software.

2.7 Mitochondrial membrane

potential measurement

To evaluate changes in mitochondrial membrane potential (ΔΨm),

the fluorescent dye rhodamine-123 (Rhod-123) (Sigma, R8004) was

used, which stains mitochondria directly proportional to ΔΨm.

After treatment with TAM, or carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone (FCCP) (Sigma, C2920) as a positive control of

mitochondrial membrane depolarization, Jurkat cells were harvested,

counted (trypanblue exclusion test),washedwithPBSand stainedwith

Rhod-123 (100𝜇l Rhod-1232𝜇Mfor each2.5×105 cells) for 30min at

room temperature. Changes in ΔΨm before cell death were observed

through flow cytometry (FACSCanto II, BD Biosciences) by selecting

live population (PI exclusion) and Rhod-123 fluorescence measure-

ment (Ex/Em = 507/530). Data analysis was performed with FlowJo

10.2 Software.

2.8 DNA content/cell cycle progression

Samples of untreated or TAM-treated cells were counted (trypan blue

exclusion test), harvested, washed with cold PBS and fixed with ice-

cold 70% ethanol overnight. Next day, after twowasheswith PBS, cells

were treated for 15 min with 0.1% Triton X-100 in PBS for permeabi-

lization. Finally, 500 𝜇l of PBS working solution containing 0.15 𝜇M

of Propidium Iodide (Invitrogen, PNN1011), 10 𝜇g/ml RNase (Sigma,

R4875), and 0.1% BSA (Research Organics, 1336A) were added to

every sample of 1×106 cells.Due tomore condensedDNA,PI penetra-

tion and staining is less efficient in G2 than G1 cells. Then, to insure PI

DNA staining saturation, the samples were incubated in working solu-

tion at least 24 h at 4 ◦C, giving good delineation ofG1 versusG2peaks

(G2/G1 ratio usually more than 1.95). For data acquisition, FACSCanto

II cytometer (BDBiosciences) was used, equipped by 488 laser, 556 LP

mirror, and 585/42 filter, to detect PI (Ex/Em max = 538/617 nm) flu-

orescence intensity. Cell cycle phase distribution was evaluated after

appropriate gating of cell population in FSC versus SSC plot to exclude

debris, following by gating in PI-FL (area) versus PI-FL (weight) plot to

exclude doublets. Events (50,000) were analyzed in each sample. Data

analysis was performed usingModFit 5.0 Software in Trial Version.

2.9 Immunofluorescence assays for cell death

and autophagy

After TAM treatment, cells were stained with cell death kit (Invitro-

gen, V13245) for 15 min, according to manufacturer’s instructions

with somemodifications. It is well known that externalization of phos-

phatidylserine on the outer leaflet of the plasmamembrane is a feature

of apoptotic cells. Annexin V specifically binds to phosphatidylser-

ine, and apoptotic cells are positively stained with Annexin V-Alexa

Fluor 488 conjugate (Ex/Em max = 495/519), whereas PI (Ex/Em

max = 538/617nm) binds to nucleic acids, permeating only into the

necrotic/late apoptotic cellswith disintegrated plasmamembrane. The

double positive fraction then represented late apoptosis and necrosis.

For the assay, 3 𝜇l of Annexin V-Alexa Fluor 488 and 0.2 𝜇l PI were

added for each 1 × 106 cells. For autophagolysosome accumulation

monitoring, cellswere incubatedwithmonodansylcadaverineat60𝜇M

(MDC, Ex/Em max = 335/518 nm; Sigma, 30432). Fluorescence was

measured either by flow cytometry (FACSCanto II, BD Biosciences)

or confocal microscopy (ZEISS LSM 700) with a ×40 objective. For

excitation, 405 nm laserwas used forMDC, and 488 nm laser for Alexa
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TABLE 1 Summary of nucleotide sequences

Gene Forward primer Reverse primer

BCLAF1 5′-AGAAAAGAAATGGGTCGCTCC-3′ 5′-CGAGACCTAGAACTGTATCGC-3′

CFLAR 5′-AGAGGTAAGCTGTCTGTCGG-3′ 5′-CAGCACTCTATAGTCCGAAACAAGG-3′

CARD8 5′-TCACGGAAACTGTTGGTTGAC-3′ 5′-GCTCCCTGTATACCGTATCATTTG-3′

TRADD 5′-GGTCAGCCTGTAGTGAATCGG-3′ 5′-CATTTGAGACCCACAGAGCG-3′

DIDO1 5′-TTGGACCCAGAGGTTTCGTC-3′ 5′-TCCATACCTGCTCCAACACTG-3′

ATG5 5′-GCTTGGAGTAGGTTTGGCTTTG-3′ 5′-AACCACACATCTCGAAGCAC-3′

COX7A2L 5′-CAAGTTTAGTGGCTTCACGC-3′ 5′-GCTTTAATCCCTGCGGGC-3′

IL4 5′-TCCGATTCCTGAAACGGCTC-3′ 5′-TGGTTGGCTTCCTTCACAGG-3′

CYP1B1 5′-CTCCTCCTCTTCACCAGGTATC-3′ 5′-TCACCCATACAAGGCAGACG-3′

ESR1 5′-TATGTGTCCAGCCACCAACC-3′ 5′-TCGGTCTTTTCGTATCCCACC-3′

ESR2 5′-GAGTCCGATGAATGTGCTTG-3′ 5′-GGGCAAGTATAATGGCTTCAG-3′

GPER1 5′-TCTAAACTGCGGTCAGATGTGGC-3′ 5′-TGTGAGGAGTGCAAGGTGACCAG-3′

Fluor 488 and PI. In cytometry, data were collected using 510/50 nm,

530/30 nm; 585/42 nm filters. Annexin V-Alexa Fluor 488 and PI neg-

ative populations were classified as viable, Annexin V-Alexa Fluor 488

positive, PI negative as apoptotic, Annexin V-Alexa Fluor 488 negative,

PI positive as necrotic, and Annexin V-Alexa Fluor 488 and PI positive

as late apoptotic or necrotic. Data analysiswas performedwith FlowJo

10.2 and ZEN 2.3 software.

2.10 Autophagic fluxmeasurement

withmCherry-GFP-LC3

We used stably expressing tandem mCherry-GFP-LC3 Jurkat cells

to measure autophagic flux. Upon autophagy induction, microtubule-

associated protein light chain 3-I (LC3I) is conjugated to phos-

phatidylethanolamine (LC3II) and localized to the autophagosomes.

However, LC3II is also degraded inside the lysosomes or de-conjugated

by Atg4, decreasing its intracellular content. One approach to mea-

sure autophagic flux is the use of a tandem/tagged LC3 construct. Thus,

LC3II positive autophagosomes would be double mCherry and GFP

positive. On the other hand, since GFP signal is more sensitive to the

acidic conditions in the lysosomal lumen, after autophagosome fusion

with the lysosome, acidic lysosomal pH quenches the pH-sensitive

GFP fluorescence and autophagolysosomeswould bemCherry+GFP–.
Thus, a ratio of mCherry+/GFP+ cells is an indication of autophago-

some formation and degradation within the lysosome or autophagic

flux as previously described.34

After TAMand/or G-36 treatment, LC3 accumulationwas observed

with ×40 objective using confocal microscopy. Images were acquired

using Carl Zeiss LSM 700 system coupled to an inverted Observer Z1

microscope equipped with 488 and 555 nm lasers, or custom made

confocal microscope (Solamere Technology Group, Salt Lake city, USA)

based on a Yakogawa spindisk confocal scan head (CSUX1M1, Yoko-

gawa Electronic Co., Tokyo, Japan), equipped with solid state Coher-

entObis lasers (405, 488, 561, and640nm). Autophagy evaluationwas

assessedby counting red (mCherry+) and green (GFP+) dots in the cell.
Cells were treated with TAM ± autophagy blocker CQ which neutral-

izes lysosomal pH and avoids GFP quenching produced by lysosomal

acidic pH. Based on the GFP+ or mCherry+ average dots observed in

control conditions, a cell was considered as GFP+ when it had more

than two green dots and mCherry+ with six or more red dots. Data

analysis was performed with ZEN 2.3 software. Three fields by sam-

ple were considered and the mean of mCherry/GFP relation of three

independent experiments was graphed.35

2.11 Changes in genetic transcription patterns

Jurkat cells were treated with 7.5 𝜇M TAM for 24 h. In controls,

the corresponding concentration of vehicle (ethanol) was used. TRi-

zol reagent (ThermoFisher, 15596018) was used for RNA isolation

according manufacturer’s instructions. RNA concentration was mea-

sured with QuantiFluor RNA System (Promega, E3310), RNA purity

and integrity were observed through gel electrophoresis.

Total RNA extracted from 1.5 × 106 cells was used to generate

microarray expression data at the microarray facility in the Cell Phys-

iology Institute (UNAM, Mexico). House double channel platform was

used and microarrays were printed with a human 50-mer oligo library

set “A” fromMWGBiotechOligo Sets. Themicroarray contains approx-

imately 10,000 specific gene oligonucleotide probes representing the

best-annotated human genes. Chips were opposite stained with Alexa

555 and Alexa 647 as experimental and SWAP repetitions. The anal-

ysis was carried out using Genarise software and the lists of up- and

down-regulated genes were obtained (Z-Score cuts 1.5). The data

of microarrays were deposited in a public functional genomics data

repository Gene Expression Omnibus (GEO) with a reference num-

ber GSE122852. Ten genes of interest were selected to confirm their

expression level using qRT-PCR.

To quantify the expression of genes of interest in Jurkat cells, or

to verify the expression of various estrogen receptors in different cell

lines, the qRT-PCR was performed as follows: 500 ng of total RNA

was reverse transcribed using QIAGEN Quantitec Reverse Transcrip-

tion Kit (cat no. 205313), following the manufacturer’s instructions,

in a final volume of 20 𝜇l; cDNA was diluted 1 : 3 in nuclease-free

water. Samples were processed in triplicates. The primers nucleotide

sequences are summarized in Table 1.

Quantitative PCR was performed using Maxima SYBR Green

qPCR Master Mix (2X) and PikoReal Real-Time PCR System (Thermo
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F IGURE 1 RNA and protein expression of estrogen receptors in leukemic cell lines.MCF-7, MDA-MB-231, and nonleukemic CD4+ T lympho-
cytes were used as reference. (A) mRNA expression of all ER: ESR1 (ER𝛼), ESR2 (ER𝛽), and GPER1 (GPER/GPR30). Expression was normalized to
GAPDH as housekeeping gene (2^(-ΔCT)). Data are mean± SEM;N≥ 4. (B) RepresentativeWestern blot of ER𝛼 (∼69 kDa) and ER𝛽 (∼55 kDa) in dif-
ferent cell lines. (C) RepresentativeWestern blot of GPER protein (∼80 kDa) expression. (D) Relative protein band density values were calculated
as the ratio of GPER to that of GAPDH in different cell lines. Data aremean± SEM;N≥ 5

Scientific). The reactionwas performed as follows: 10min at 95 ◦C, and

38 cycles (denaturing at 95 ◦C for 15 s, annealing at 60 ◦C for 30 s, and

extension at 72 ◦C for 30 s). Data collection was made after annealing

step. The melt curve protocol was performed from 60 to 95 ◦C. Each

genewas normalized toGAPDH and the relative gene expression levels

were normalized to Jurkat cells with vehicle, using the comparative

2^(-ΔΔCt) method. The expression level of ER genes relative to GAPDH

in different cell lines and healthy lymphocytes was evaluated by

2^(-ΔCt) method.

2.12 Data analysis and statistics

All experiments were performed at least three times in independent

form.DatawereanalyzedusingGraphPadPrism6.0 softwareandwere

expressed asmean values± standard error. A comparison of individual

treatments was performed, statistical significance was calculated and

compared between control (without treatment) and treated samples

using the analysis of variance (ANOVA) with Dunnett post hoc test-

ing; also, comparison between every mean with every other mean was

performed and statistical significance was calculated using ANOVA

with Tukey post hoc testing. Comparisons in levels of gene expression

between two groups of data (treated vs. untreated Jurkat cells) was

madewith unpaired t-test. Significance was defined as P< 0.05.

3 RESULTS/DISCUSSION

3.1 T-ALL cell lines express G protein-coupled

estrogen receptor

First of all, our goal was to determine the pattern of estrogen recep-

tors (ER) expression in T-ALL cell lines (Jurkat, CEM, and MOLT),

both at mRNA as well as at protein level. MCF-7 and MDA-MB-231

breast cancer cell lines, and activated CD4+ T cells isolated from

peripheral blood of nonleukemic volunteers were used for reference.

As shown in Fig. 1A, of the tree receptors analyzed, ESR1 (ER𝛼) dis-

played the highest expression level in MCF-7 (ESR1 > GPER1 > ESR2),

whereas in nonleukemic CD4+ T cells its expression level was the low-

est (GPER1 > ESR2 > ESR1). ESR1 (ER𝛼) mRNA was not detected in

any leukemic T cell line. ESR2 (ER𝛽) mRNA was detected in MDA-MB-

231 and activated healthy T cells, but in leukemic T cells, it showed a
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F IGURE 2 TAMdemonstrates cytotoxic andantiproliferativeeffects in leukemic cells. Jurkat cells (A–C) andCD4+ nonleukemicT lymphocytes
(D–F) were incubated in presence of growing TAM concentrations during indicated time periods. (A and D). Cell viability evaluated by cell count
(trypan blue exclusion test) after indicated time periods. Data are mean ± SEM; N ≥ 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For each
time point, comparison between control (without treatment) and treated samples was made by one-way ANOVA with Dunnett post hoc testing.
(B) A representative histogram of changes in CFSE fluorescence intensity of Jurkat cells in presence of increasing concentrations of TAM after
48 h of treatment, where the shift of the mean fluorescence peak (MFI) to the left reflects Jurkat cell proliferation. (C) MFI of CFSE normalized to
control (without treatment) as a function of TAM concentration. Cell proliferation decreased as TAM concentration increased. Data are mean ±
SEM; N = 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For each time point, comparison between control and treated samples was made
by one-way ANOVA with Dunnett post hoc testing. (E) Representative histograms of CFSE fluorescence intensity measured in CD4+ activated
(24 h) lymphocytes treated with different TAM concentrations for 72 h. (F) Proliferation index calculated for each TAM concentration with FlowJo
Software (proliferation tool). Data are mean± SEM;N= 3; ***P< 0.001, ****P< 0.0001. For each TAM concentration, comparison between control
and treated samples wasmade by one-way ANOVAwith Dunnett post hoc testing

very lowexpression level. Neither ER𝛼 nor ER𝛽 proteinswere detected

in T-ALL cells (Fig. 1B), being in line with an earlier report where it

was described that Jurkat cells do not express nuclear ER.36 In con-

trast, GPER1 mRNA expression was detected in all leukemic cell lines

(Fig. 1A), which was also confirmed at protein level showing a high

expression similar to GAPDH (Fig. 1C and D). To our knowledge, the

present study is the first one to detect high expression levels of GPER

at both mRNA and protein level in cell lines derived from T-ALL sam-

ples. Remarkably, the pattern of ER expression in T-ALL cell lines is

quite different when compared to activated T cells. Whether this pat-

tern is related to T cell maturation or T leukemogenesis, should be

revealed in the future studies.

3.2 TAM reduced viability and proliferation

of ER-negative Jurkat cells

Cytotoxic “off-target” effect of TAM has been demonstrated in differ-

ent types of cells that do not express nuclear ER𝛼 or ER𝛽 .18,19 To reveal

whether TAM is toxic for leukemic cells, we performed viability assays

in Jurkat cells, where healthy CD4+ T cells were tested for reference.

Effect of TAM on cell viability was evaluated by cell count using

cell-impermeable dye trypan blue. As shown in Fig. 2A, significant

cytotoxic effect was observed in Jurkat cells at TAM concentrations

5 𝜇Mand higher.

To evaluate the antiproliferative effect of TAM, fluorescence inten-

sity of cells loaded with nontoxic concentrations of cell permeable

cell tracker (CFSE) was measured using flow cytometry. In this assay,

every division resulted in dye distribution between daughter cells and

decrease of fluorescence intensity. Accordingly, median fluorescence

intensity (MFI) evaluated in cell population is shifted to a lower fluo-

rescence intensity as the cells divide. Starting at the concentration of

5 𝜇M, TAM inhibited cell proliferation, as evidenced by decreasedMFI

shift in relation to the control population (Fig. 2B and C).

Remarkably, TAMwas less toxic for activated CD4+ T cells than for

Jurkat cells (Fig. 2D), but reduced their proliferation, as clearly seen by

the decrease in proliferation index at concentrations higher than 5 𝜇M

(Fig. 2E and F).

3.3 TAM-induced cell cycle arrest in G1 phase

To further reveal whether TAM-induced toxicity is related to an arrest

in the cell cycle progression, flow cytometric cell cycle profiling was

performed every 24 h of incubation, during 48 h. DNA content, cor-

responding to G1, S, and G2 phases in living cells was evaluated
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F IGURE 3 TAM-induced arrest in G1 phase of cell cycle. Jurkat cells were incubated in presence of growing TAM concentrations (1.5–10 𝜇M)
during 48 h. Cell cycle phase profiling was performed every 24 h by flow cytometry. (A) As an example of typical experiment, ModFit histograms of
cell samples at 48 h of incubation with different TAM concentration are shown. G0/G1 peak is pink, G2/M peak is purple, S phase between G0/G1
and G2/M is blue, and subG1 damaged population is light-purple. (B) Cell count of cell subpopulations corresponding to G1, S, and G2 cell cycle
phaseswere graphed at different times of TAM treatment. Data aremean± SEM;N= 3; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. For each
cell cycle phase, comparison between control (without treatment) and different TAM concentrations was made by two-way ANOVAwith Dunnett
post hoc testing

using PI staining. Sub-G1 population, corresponding to dead cells with

degraded DNA, was excluded from this analysis. In the Fig. 3A, rep-

resentative cell cycle histograms of Jurkat cells after 48 h of treat-

ment with different TAM concentrations are shown. After 24–48 h of

treatment, statistical analysis revealed that TAM in the 5–10𝜇Mrange

caused cell cycle arrest in G1 phase (Fig. 3B).

3.4 TAM treatment caused

mitochondrial dysfunction

Mitochondria are multifunctional organelles that link bioenergetics,

biosynthesis and many signaling pathways in cancer.37 Anabolic

metabolism of rapidly proliferating T-ALL cells is highly dependent on

both aerobic glycolysis and oxidative phosphorylation, and mitochon-

dria are indispensable for fulfillment, fine regulation, and plasticity

of these processes.38 Therefore, mitochondria have been proposed

as targets for cancer chemotherapy.39 Mitochondria were suggested

recently as the “gateway” for TAM-induced injury in liver. It was shown

that TAM can bind directly to mitochondrial proteins. In particular,

it was shown that TAM disrupted mitochondrial functions by mecha-

nism related to alteration of inner mitochondrial membrane fluidity,

which in turn affected lipid environment and function of membrane

integral proteins, with suppression of 1–5 membrane complexes and

impairment of oxidative phosphorylation.40

We evaluated whether mitochondria were involved in TAM-

induced toxicity in leukemic cells. Reduced ΔΨm is a classic indicator

of mitochondrial damage, and thus we evaluated this parameter in

TAM-treated Jurkat cells using mitochondria specific fluorescent

probe Rhod-123 and flow cytometry. The assay was performed after

4 and 8 h of treatment, independently for populations of live and

dead cells since cell death is closely linked to loss of ΔΨm. Cell-

impermeable fluorescent dye PI was used to detect dead cells that

have lost plasma membrane integrity (Fig. 4A), and MFI of Rhod-123

was determined separately in dead PI-positive and live PI-negative
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F IGURE 4 Jurkat cells lostmitochondrialmembranepotential after treatmentwithTAM. (A) Representative dot plots obtained by flow cytom-
etry analysis of Jurkat cells treated with TAM (48 h) and costained with Rhod-123 and PI. (B) For each treatment, MFI of Rhod-123 was graphed
separately for live PI-negative population (Q3, black bars) and dead PI-positive population (Q2, in gray bars). Data of representative experiment
corresponding to 48 h of incubation are present. (C) Only populations of PI-negative live cells (Q3) were analyzed: MFI of Rhod-123 was normal-
ized to control (without treatment) and graphed as function of TAM concentration at 4 and 8 h of treatment. Statistical significance is expressed
with respect to control.Data aremean± SEM;N≥3. For each time, comparisonbetween control and treated sampleswasmadebyone-wayANOVA
with Dunnett post hoc testing

populations (Fig. 4B). A potent mitochondrial oxidative phosphory-

lation uncoupler FCCP (20 𝜇M) was used as positive control. It was

demonstrated that ΔΨmwas gradually decreased in live TAM-treated

cells (Fig. 4C), indicating that TAM cytotoxicity in leukemic Jurkat cells

is linked tomitochondrial damage.

Intrinsic apoptosis pathway is well known to be tightly related

to mitochondrial damage.41 Damaged mitochondria are subjected to

degradation by mitophagic/autophagic process as an evolutionally

designed mechanism to control mitochondrial number and health.42

Therefore we decided to monitor apoptosis and autophagy in TAM-

treated Jurkat cells.

3.5 High TAM concentrations induced apoptotic

cell death in Jurkat cells

Taking into the account that in our experiments, TAM compromised

mitochondria and that mitochondria is an important regulator of

the intrinsic apoptotic pathway, apoptotic and necrotic cell death

caused by TAM (2.5–15 𝜇M)weremonitored at 8, 24, 48 h by confocal

microscopy and flow cytometry (Fig. 5). Only high TAMconcentrations

caused apoptosis evaluated by externalization of phosphatidylserine,

in a small part of the cell population. In relation to this result, it should

be mentioned here that, in addition to the intrinsic apoptotic pathway,

there are some other types of programmed cell death, related to

mitochondria. In particular, mitochondrial permeability transition-

driven cell deathmay be initiated by some perturbation of intracellular

microenvironment such as oxidative stress and cytosolic Ca2+ over-

load, resulting in rapidΔΨmdissipation. Themechanism of this form of

cell death is under intense research and debates.41 In this regard, TAM

was demonstrated to interact directly with mitochondrial membrane

proteins,40 as well as with nonclassical TAM targets including PKC,

mTOR, cannabinoid receptors, and multidrug resistance proteins.18,19

One can suggest also that the same drug may produce multitarget

effects, with a complex cross-talk between underlyingmechanisms.

3.6 TAM treatment-induced autophagy

in Jurkat cells

Autophagy is a catabolic cellular process highly conserved in evo-

lution and characterized by lysosomal self-digestion of cytoplasmic
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F IGURE 5 High TAM concentrations produced apoptosis. (A) Representative dot plots obtained by flow cytometry analysis of Jurkat cells
treated with different TAM concentrations during 24 h. Q1: necrotic PI-positive population; Q2: late apoptosis/necrosis (double positive) popu-
lation; Q3: apoptotic Annexin V/AlexaFluor488-positive population; Q4: viable double negative cells. (B–D) Bar charts show percentage of viable,
necrotic, and apoptotic cells after treatment with TAM for 8 h (B); 24 h (C) and 48 h (D). Data are mean ± SEM; N ≥ 4; **P < 0.01, ****P < 0.0001.
For each time and for each population (Q1–Q4), comparison between control (without treatment) and different TAM concentrations was made
by two-way ANOVA with Dunnett post hoc testing. (E) Microscopic visualization of apoptosis and necrosis caused by TAM, after 48 h of incuba-
tionwith indicated TAMconcentrations: a) bright field, b) Annexin V-Alexa Fluor 488 (phosphatidylserine externalization), c) PI (plasmamembrane
integrity), and d) merge Alexa Fluor 488 and PI. Confocal microscopy (×40). Scale bar: 20 𝜇m

material. This process has a multifunctional role in cell physiol-

ogy. Basal autophagy is responsible for normal turnover of macro-

molecules and organelles, and during nutrient starvation cells resort to

autophagy as a survival strategy. Autophagy is also in charge of remov-

ing damaged organelles and unfolded proteins from the cell. In cancer,

autophagy has been shown to be involved in the chemoresistance of

some types of tumors.43–48 On the other hand, it has also been sug-

gested that an excessive activation of this self-degradation process

may also lead to nonapoptotic autophagic programmed cell death.41,49

So, some studies suggest that the autophagic process could be a

potential chemotherapeutic target for apoptosis-resistant malignan-

cies.50 In particular, many compounds have been proposed to
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induce autophagic cell death instead of cell survival in hematologic

malignancies.51 So, understanding of the precise role of autophagy

and its contribution either to cell survival or cell death will facilitate

the future design of optimized protocols for treatments for T-ALL and

other types of cancers.

TAM is known as a potent inducer of autophagy in different cell

types, with different outcomes. In breast cancer, autophagy induced by

TAMwas considered as cause of chemoresistance, although the under-

lying mechanisms have not been completely clarified yet.52,53 In con-

trast, TAMwas shown to induce cytotoxic autophagy in glioblastoma.54

Remarkably, cell death induced by DEX in B-ALL was shown to be

mediated through induction of autophagy upstream of apoptosis.31

Thus, we tested whether TAM is able to induce autophagy in the

GC-resistant T-ALL cell line Jurkat.

In our initial experiments, we used the fluorescent acidophilic

compound MDC to evaluate if TAM is able to cause formation

and accumulation of autophagolysosomes in Jurkat cells.55 Con-

focal microscopy and flow cytometry revealed accumulation of

autophagolysosomes as the TAM concentration increased, after 48 h

of treatment (Fig. 6A and B). An increased number of autophagolyso-

somes could result either from an enhanced formation of autophago-

somes (increased autophagic flux) or, in contrast, a decreased

degradation of autophagolysosomes (decreased autophagic flux). To

address this issue, in the next experiments, we used more specific

LC3-I-based strategies.

Cytosolic microtubule-associated protein LC3-I translocates to the

autophagosomes after conjugation with phosphatidylethanolamine

(LC3-II formation) during autophagy. It is known that LC3-II is essential

for phagophore elongation and autophagosomes formation. This two

forms can be easily distinguished in an SDS-PAGE due to the fact that

LC3-II migrates faster than LC3-I. However, LC3-II itself is known to

be degraded by autophagy after autophagosome–lysosome fusion,

and therefore it is recommended to evaluate LC3-II levels both in the

presence and in the absence of lysosomal protease inhibitors.56 In our

experiments, CQ was used to avoid LC3-II degradation. Western blot

analysis of LC3 demonstrated that 5 𝜇MTAM-induced autophagic flux

in Jurkat cells since LC3II levels were higher in 5 𝜇M TAM + 20 𝜇M

CQ when compared to either 20 𝜇M CQ or 5 𝜇M TAM treatment

alone (Fig. 6C and D).We also used amore precise method tomeasure

autophagic flux induction by the use of tandem mCherry-GFP-LC3

expressing Jurkat cells.57 GFP is known to be sensitive to an acidic pH

like the one found in the autophagolysosomes (structures produced

by autophagosome fusion with the lysosomes). On the other hand,

mCherry is stable in this acidic environment. Then, colocalization of

GFP and mCherry indicates LC3 positive nonacidic compartments

(autophagosomes), whereas mCherry+GFP- puncta correspond to

autophagosomes which have fused with acidic endosomes or lyso-

somes (amphisomes or autophagolysosomes). Figure 6E shows a

representative experiment in which Jurkat GFP-mCherry-LC3 cells

were incubated with different TAM concentrations. Yellow puncta

(GFP+mCherry+) correspond to autophagosomes, while red spots

(GFP-mCherry+) correspond to autophagolysosomes, mCherry/GFP

ratio was used as a measurement of autophagic flux (autophagosome

degradation/formation) andwas calculated at24and48hof treatment

(Fig. 6F). HighmCherry/GFP ratio effectively blocked by 10 and 20 𝜇M

CQwasobserved at 5𝜇MTAM indicating effective TAMconcentration

to induce autophagy.

Finally, we testedwhether TAM-induced autophagy functioned as a

cell survival or a cell deathmechanism in leukemic cells and if its block-

ingwould produce a change in cell viability. For this purpose, cells were

incubated 24 and 48 hwith TAMalone, or in combinationwithCQ. Cell

death was evaluated by staining with Annexin V-Alexa Fluor 488 and

PI (Fig. 6G–H), where a decrease in cell viability was observedwith the

combined treatment with CQ.

3.7 The specific GPER receptor antagonist G-36

efficiently prevented TAM-induced autophagy

but not cytotoxicity

Several reports argued that membrane ER GPR30/GPER are able to

mediate some estrogenic nongenomic actions.58–60 Since Jurkat cells

express GPER receptors (Fig. 1), we decided to examine whether the

observed TAM-induced effects were triggered through GPER activa-

tion. G-36 was reported as a highly selective antagonist of GPER.61

In our experiments, a 30 min pre-incubation of Jurkat cells with G-36

almost completely prevented TAM-induced autophagy (Fig. 7A).

To test if TAM-induced cytotoxicity is also related to GPER,

concentration–response curves for different conditions were con-

structed, namely for TAM alone and TAM after a pre-incubation with

different nontoxic doses of G-36 (Fig. 7B and C). If cytotoxicity is asso-

ciated with GPER, under conditions of pre-incubation with the GPER

antagonist, the curve would be expected to shift to the right, which

was not actually observed. Instead, G-36 potentiated the cytotoxic

effect of TAM, because cell viability in samples pre-treated with G-36

decreased, in amanner dependent on theG-36 concentration. It would

be interesting to understand the mechanism of this phenomenon, but

this task was beyond the scope of the present study. Of note, TAM

is a highly lipophilic small molecule, which is able to modulate struc-

ture andmechanical properties of the cellmembrane.62 Onemay spec-

ulate that TAM cytotoxicity in Jurkat cells is related to “off-target”

mechanisms, including PKC inhibition or direct effects on mitochon-

dria, as it was demonstrated for some types of cells.18,19 Our present

findings also pinpointed the mitochondria as an important TAM target

(Section 3.4). A synergistic effect of G-36may be related to its capacity

to prevent autophagy, which will to be addressed in future studies.

3.8 Gene expression profiling revealed

up-regulation of autophagy- and apoptosis-related

genes in Jurkat cells treatedwith TAM

Next,wewere interested inknowing if TAMinduces any change in gene

expression, in particular in those genes related to cell survival, before

themechanism of cell deathwas triggered. First, RNAmicroarray anal-

ysis was performed using RNA isolated from Jurkat cells treated with

7.5𝜇MTAMduring24h. Several genesof interest related toautophagy

and apoptosis were selected based on microarray analysis results, and

relative level of their expression was confirmed by RT-qPCR (Fig. 8).

It was revealed, that the autophagy-related ATG5 gene which is an

indispensable component involved in the control of autophagic vesicle
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F IGURE 6 Autophagy is induced by TAM in Jurkat cells. (A) Autophagolysosomas accumulation caused by TAM, after 48 h of incubation
revealed by MDC using confocal microscopy (×40). a) Bright field, b) MDC (autophagic lysosomes). Scale bar: 20 𝜇m. (B) MFI of MDC measured
by flow cytometry in Jurkat cells after treatment with TAM at indicated times. Data are mean ± SEM; N = 3; *P < 0.05, **P < 0.01. For each time
point, comparison between control and treated samples was made by one-way ANOVA with Dunnett’s multiple comparisons test. (C) Represen-
tative Western blot of LC3-I/II protein expression after treatment with TAM and/or CQ. (D) LC3-II/GAPDH-related density, mean ± SEM; N ≥ 5;
**P< 0.01, ***P< 0.001, compared control (without treatment) with other treatment combinations (TAM+CQ)with one-way ANOVAwith Tukey’s
multiple comparisons test. (E) Representative images of TAM-treatedmCherry-GFP Jurkat cells obtainedwith confocal microscopy: a) bright field,
b) GFP excitation, c) mCherry excitation, d) merge GFP-mCherry. (F) mCherry/GFP ratio was calculated individually in at least in three visual fields
for each sample. Data are mean ± SEM; N ≥ 3; *P < 0.05, **P < 0.01, ***P < 0.001. Comparison to control (without treatment) of each treatment
combination (TAM+CQ)wasmade by one-way ANOVAwith Tukey’s multiple comparisons test. (GandH) Bar charts showing percentage of viable,
necrotic and apoptotic cells after treatment with TAM and/or CQ for 24 h (G) and 48 h (H). Data are mean ± SEM; N ≥ 5; *P < 0.05. For each time
and for each population (Q1–Q4), comparison between control (without treatment) and other treatment combinations (TAM+CQ) was made by
two-way ANOVAwith Tukey post hoc testing
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F IGURE 7 G-36 efficiently prevented TAM-
induced autophagy but not cytotoxicity. (A)
mCherry/GFP ratio was calculated individually
in at least in three visual fields for each sam-
ple. Data are mean ± SEM; N ≥ 3; *P < 0.05,
**P < 0.01, ***P < 0.001. Comparison to control
(without treatment) of each treatment combi-
nation (TAM+CQ+G-36) was made by one-way
ANOVA with Tukey’s multiple comparisons test.
(B) Effect ofG-36on cell viability, evaluationwas
made by metabolic assay. (C) Concentration–
response curves obtained after 24 h of treat-
ment with TAM alone or with pre-treatment
with different concentrations of selective GPER
antagonist G-36. Evaluation was realized by
resazurin-based metabolic assay, in absence of
FBS. Statistical significance is expressed with
respect toTAMgroup (black line).Data aremean
± SEM; N ≥ 4; *P < 0.05, ***P < 0.001. Compar-
ison between TAM alone and TAM+G-36 was
made by two-way ANOVA with Dunnett post
hoc testing

F IGURE 8 TAM-induced differential gene expression. RT-qPCR
validation of a subset of genes selected after RNA microarray analy-
sis. RNA was isolated after 24 h of cultivation of Jurkat cells treated
with 7.5 𝜇M TAM. Data were graphed (log-scale) as 2^(-ΔΔCt); GAPDH
was used as an internal control to normalize the target RNA. Data are
mean ± SEM; N ≥ 6; *P < 0.05, **P < 0.01; unpaired t-test was used for
comparison withmRNA of Jurkat cells treated with vehicle

formation and expansion in mammals is up-regulated. Remarkably,

Atg5 and LC3 conjugation are required for the canonical autophagy

pathway.63 Also, several apoptosis-related genes, involved in the

extrinsic apoptotic pathway, including CFLAR, CARD8, and TRADD

genes, were also overexpressed. Although the mechanisms linking

autophagy and apoptosis are not fully defined yet, there are some evi-

dences of their interactions. In particular, TAM in the range of 1–5 𝜇M

was demonstrated to stimulate Fas/CD95-dependent apoptosis in

vitro in human cholangiocarcinoma cells,64 and caspase-10was shown

to control autophagic cell death inmultiple myeloma.65

Bcl-2 associated factor 1 (BCLAF1) was also up-regulated. BCLAF1

has been shown to be related to thymocyte development and essen-

tial for T cell homeostasis. BCLAF1 is able to interact with Bcl-2 fam-

ily members. Although its overexpression was suggested to contribute

to apoptosis, this hypothesis still remains a topic of debate.66 On

the other hand, BCLAF1 has been associated with autophagic cell

death in myeloma cells.65 In addition, we observed a slight increase

in COX7AR, a stress-inducible COX subunit.67 On the other hand, we

found down-regulation in CYP1B1 gene, which is related to estrogenic

metabolism.68 Importantly, CYP1B1 protein is found to be overex-

pressed in various cancer tissues; it has been suggested as a tumor

biomarker and a target for anticancer therapy.68

3.9 TAM sensitized GC-resistant cells Jurkat

to DEX treatment

GCs play central role in all protocols for ALL treatment represent-

ing the most effective agents.69,70 These hormones are able to induce

apoptosis in lymphoid cells acting throughGC receptor (GR), amember
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F IGURE 9 TAM sensitized Jurkat cells to dexamethasone. Evalua-
tionwas realized by resazurin-basedmetabolic assay. Data aremean±
SEM; N ≥ 3; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data
were normalized to control (without treatment, considered as 100%
viability). Comparison between DEX (0.021 𝜇M) with other treat-
ment combinations (TAM alone or TAM+DEX) was made by one-way
ANOVAwith Tukey post hoc testing

of the nuclear receptor family.70 Although a significant number of LLA

patients respond well to GC treatment during the initial phases, some

patients show primary resistance; prolonged treatment sometimes

leads to secondary resistance as well.71 Generally, patient response to

GC treatment has been proven to be a reliable prognostic indicator.72

Although the underlying mechanism has not been completely under-

stood yet, it was proposed that the resistancewas due to alterations in

GR expression. On the other hand, it was recently demonstrated, that

in specimens derived directly from leukemia patients, GR alterations

are rarely found.73 Jurkat cell line used in the present study is GC-

resistant, but expresses GR.74 Taking into account the published data

that GC-triggered cell death is related to autophagy process in early

phases,31 we decided to perform the experiments combining effec-

tive autophagy trigger TAMwith GCDEX to treat GC-resistant Jurkat

cell line. The results of these experiments are shown in the Fig. 9.

Jurkat cells were exposed to a DEX concentration that corresponds

to those reached in humanplasmaduring chemotherapeutic treatment

(0.021 𝜇M). Since Jurkat is a GC-resistant cell line, no effect in cell via-

bilitywas observed at this concentration. The viability of leukemic cells

treated with DEX combined with 2.5 𝜇MTAM, was slightly decreased.

In contrast, whenDEXwas applied together with a TAMconcentration

effective in autophagy induction (5 𝜇M), this combination caused a sig-

nificant reduction of cellular vitality, when comparedwithDEXor TAM

treatment alone (P < 0.001). Together with studies reported by Laane

and collegues,31 our data provide evidence about a possible relation

betweenGC resistance and the autophagic pathway.We hope that our

findings prompt further studies aimed at a better understanding of the

mechanisms connecting autophagy and GC resistance of ALL.

4 CONCLUDING REMARKS

Altogether, we have provided here the first evidence that: (1) lym-

phoblastic cell lines Jurkat, MOLT3, and CEM, derived from clinical

T-ALL samples in relapse expressed high levels of GPER/GPR30 both

at mRNA and protein level; (2) in contrast, studied cell lines derived

fromT-ALL samples did not express neither ESR1 (ER𝛼) nor ESR2 (ER𝛽);

(3) we were able to demonstrate dramatic differences in the expres-

sion pattern of ER and GPER between healthy activated T CD4+ cells

and leukemic cells: activatedT cells did express ESR1 (ER𝛼),ESR2 (ER𝛽),

andGPER1(GPER/GPR30); (4) TAM-reduced viability and proliferation

of Jurkat cells in GPER-independent manner and induced cell cycle

arrest inG1 phase; (5) TAMcausedmitochondrial dysfunction in T-ALL

Jurkat cell lines; (6) TAM treatment up-regulated autophagy-related

gene ATG5 and down-regulated cancer biomarker CYP1B1 in Jurkat

cells; (7) TAM treatment-induced autophagy in Jurkat cells in a GPER-

dependent manner, which may partially sensitize these GC-resistant

cells to DEX treatment.

Our findings are in agreement with recently published reports

regarding antileukemic properties of TAM in myeloproliferative neo-

plasms, carried out using murine models.75,76 Namely, it was shown

that TAM, through apoptotic effects on malignant progenitors, inhib-

ited the growth of JAK2V617F-induced myeloproliferative neoplasms

and sensitizedMLL-AF9-induced myeloid leukemias to chemotherapy.

Importantly, the effect of TAM in normal hematopoiesis was also

studied. A potential effect of TAM on hematopoietic stem cells (HSC)

and normal hematopoiesis is certainly an important issue, because a

negative regulation of lymphopoiesis by estrogens is well known.77

Numerous studies carried out on rodent and human models demon-

strated that estrogen is involved in the regulation of proliferation and

lineage commitment of pluripotent stem cells, and also in the mod-

ulation of the HSC niche in the bone marrow.78 Adult bone marrow

CD34+ cells were shown to express both ER𝛼 and ER𝛽 ,79 though data

regarding GPER expression is not available yet. As for specific TAM

properties, it exerted antiestrogenic effects on breast cancer cells,

but acted as an ER𝛼 agonist in the HSC. Remarkably, TAM treatment-

induced contrasting effects in different types of HSC: it caused

apoptosis in short-term HSC and multipotent progenitors, and simul-

taneously activated proliferation in quiescent long-term HSC.75 As a

result, although rapid reduction of bone marrow cellularity after TAM

treatment was observed, long-term hematological parameters were

almost unchanged, and TAM was considered to have a minor impact

on a steady-state normal hematopoiesis.75 Accordingly, antileukemic

properties against myeloid leukemias75 and T-ALL (this work), without

negative effect on normal hematopoiesis,75 and a long history of its

clinical use, makes TAM a good candidate for future clinical trials with

leukemic patients. Among the relevant issues for the immediate future

research are: a) profiling ofGPERexpression andGPER-related effects

in human HSC, hematopoietic precursors and mature leukocytes; and

b) identification of the precise mechanisms of TAM-induced effects in

leukemic cells, with a special focus on the link between autophagy and

GC resistance in ALL.

Wehope that further studieswill reveal the underlyingmechanisms

of biologic effects of TAM in T-ALL, resulting in potential use of novel
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TAM-based adjuvant therapy for this kind of disorders and represent-

ing a big challenge in patients’ handling.
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Quorum sensing (QS) is a communication mechanism between bacteria that allows
specific processes to be controlled, such as biofilm formation, virulence factor
expression, production of secondary metabolites and stress adaptation mechanisms
such as bacterial competition systems including secretion systems (SS). These SS have
an important role in bacterial communication. SS are ubiquitous; they are present in
both Gram-negative and Gram-positive bacteria and in Mycobacterium sp. To date, 8
types of SS have been described (T1SS, T2SS, T3SS, T4SS, T5SS, T6SS, T7SS, and
T9SS). They have global functions such as the transport of proteases, lipases, adhesins,
heme-binding proteins, and amidases, and specific functions such as the synthesis
of proteins in host cells, adaptation to the environment, the secretion of effectors to
establish an infectious niche, transfer, absorption and release of DNA, translocation
of effector proteins or DNA and autotransporter secretion. All of these functions can
contribute to virulence and pathogenesis. In this review, we describe the known types
of SS and discuss the ones that have been shown to be regulated by QS. Due to the
large amount of information about this topic in some pathogens, we focus mainly on
Pseudomonas aeruginosa and Vibrio spp.

Keywords: quorum, secretion, virulence, motility, competence

INTRODUCTION

Microorganisms coexist in competitive environments with other species, and they must develop
different survival strategies to compete for space, nutrients and ecological niches. Bacteria have
developed several molecular mechanisms that enable them to survive under stress conditions
in different environments. The general stress response (RpoS) (Battesti et al., 2011), tolerance
to reactive oxygen species (ROS) (Zhao and Drlica, 2014; Van den Bergh et al., 2017), energy
metabolism (cytochrome bd complex) (Korshunov and Imlay, 2010) and Tau metabolism (Javaux
et al., 2007), drug efflux pumps (Blanco et al., 2016), SOS response (Baharoglu and Mazel, 2014),
(p)ppGpp signaling under starvation conditions (Hauryliuk et al., 2015), toxin-antitoxin (TA)
systems (Wood et al., 2013) and quorum sensing (QS), which we will discuss in detail in this
review, are the main molecular mechanisms of tolerance and bacterial persistence (Harms et al.,
2016; Trastoy et al., 2018).
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Quorum sensing acts by monitoring cell density through
chemical signals that allow communication between bacteria in
order to regulate the expression of genes involved in virulence,
competition, pathogenicity and resistance (Nealson et al., 1970;
Hawver et al., 2016; Paul et al., 2018). In general, QS systems
are species-dependent and contribute to processes such as cell
maintenance, biofilm formation and horizontal gene transfer. QS
also plays a role in other events involving the synchronization
of the whole population such as antibiotic production (Abisado
et al., 2018), natural competence (Shanker and Federle, 2017),
sporulation (Rai et al., 2015) and the expression of secretion
systems (SS). In this review, we will focus on the relationship
between QS networks and SS in two important bacterial
pathogens Pseudomonas aeruginosa and Vibrio spp.

QS NETWORK

To explain the structure and functioning of the QS network,
we will focus on Gram-negative bacteria, in which the signaling
pathways are better described. In general terms, QS systems
are composed of synthase proteins that produce QS signals,
QS signals, and response regulators that bind QS signals and
reprogram gene expression (Ng and Bassler, 2009). N-acyl
homoserine lactones (AHLs) are the most common QS signals
in Gram-negative bacteria (Geske et al., 2008). Other QS signals
include autoinducer-2 (AI-2) in Vibrio harveyi (Surette et al.,
1999), PQS (Pseudomonas quinolone signal) (Pesci et al., 1999),
DSF (diffusible signaling factor) in Xanthomonas campestris
(Barber et al., 1997), indole in Escherichia coli (Lee and Lee, 2010),
and PAME (hydroxyl-palmitic acid methyl ester) in Ralstonia
solanacearum (Flavier et al., 1997). The LuxI/LuxR QS system of
Vibrio fischeri is the prototypical model system for Gram-negative
bacteria (Engebrecht et al., 1983; Engebrecht and Silverman,
1984). Homologs of luxI (which encode synthase proteins) and
luxR (which encode response regulators) are present in many
bacteria (Case et al., 2008). AHL signals are produced inside
the cell and most of them are transported freely to the local
environment. When the concentration of AHL reaches a certain
level outside of the cell, the molecule re-enters the cell (or binds
surface receptors) and binds/activates the LuxR-type receptor
to alter gene expression. AHL signals with small structural
differences are involved in the process of gene regulation (Fuqua
et al., 1994; Whiteley et al., 2017; Paul et al., 2018).

Pseudomonas aeruginosa possesses three well-known
QS systems: LasI/LasR, RhlI/RhlR, and PQS (Pseudomonas
quinolone signal)/PqsR (MvfR). The Las system consists
of LasI, a synthase protein which produces the AHL
N-(3-oxododecanoyl)-L-homoserine lactone (3O-C12-HSL), and
LasR, the transcriptional regulator (Seed et al., 1995; Stintzi et al.,
1998; Kariminik et al., 2017). Likewise, the RhlI/RhlR system
produces the N-hexanoyl-L-homoserine lactone (C4-HSL)
signal and the RhlR transcriptional regulator. Finally, the PQS
system comprises 2-heptyl-3-hydroxy-4(1H)-quinolone (PQS
signal) and the PqsR (MvfR) receptor (Xiao et al., 2006; Jimenez
et al., 2012). In 2016, James and collaborators, analyzed the
role of a new binding receptor for PQS signals, i.e., MexG, an

inner membrane protein of the mexGHI-opmD operon and a
component of a resistance-nodulation-cell division (RND) efflux
pump (Hodgkinson et al., 2016).

Quorum quenching (QQ) enzymes have also been shown
to be important in the functioning of QS systems (Zhang and
Dong, 2004; Dong et al., 2007; Bzdrenga et al., 2017). Our
research group has recently described a new QQ enzyme (AidA)
which participates in the QS network in Acinetobacter baumannii
clinical strains (Lopez et al., 2017b, 2018).

SECRETION SYSTEMS

Bacterial pathogens secrete proteins through their cell
membranes in a fundamental process that enables them to
attack other microorganisms, evade the host immune system,
produce tissue damage and invade the host cells. Secreted
proteins can act as virulence factors that generate toxic products
to the host cells and may also facilitate adhesion to these cells.
Translocation of proteins across the phospholipid membranes
is carried out by several types of SS (Green and Mecsas, 2016).
SS play a significant role in bacterial communication. To date,
8 types of SS (T1SS, T2SS, T3SS, T4SS, T5SS, T6SS, T7SS, and
T9SS) have been made defined on their structure, composition
and activity (Figure 1). These differences can be attributed to the
differences between Gram-negative and Gram-positive bacteria
(Desvaux et al., 2009; Sato et al., 2010; Costa et al., 2015). The
characteristics of each type of SS are described in detail below.

T1SS
The type I secretion system is widely distributed in
Gram-negative bacteria such as P. aeruginosa, Salmonella
enterica, Neisseria meningitidis, and E. coli (Thomas et al., 2014).

The type I secretion system (T1SS), which has three structural
elements (ABC transporter protein, a membrane fusion protein
and an outer membrane factor), can transfer substrates across
both bacterial membranes in Gram negative bacteria in a
one-step process (Green and Mecsas, 2016). T1SS uses proteins
as substrates, e.g., proteases and lipases of different sizes and with
different functions; these proteins have a C-terminal uncleaved
secretion signal which is recognized by the ABC transporter
protein to form the translocation complex (Delepelaire, 2004;
Kanonenberg et al., 2013).

There are two systems described so far that regulate the
expression and secretion of substrates of T1SS, the Has system
of S. marcescens and P. aeruginosa, and the hemolysins of Vibrio
cholerae, N. meningitidis and in particular of uropathogenic E. coli
(Thomas et al., 2014).

T2SS
The type II secretion system (T2SS), which is conserved
in most Gram negative bacteria, is responsible for secreting
folded proteins from the periplasm. These proteins are first
transported through the IM by the general secretory (Sec) or
twin-arginine translocation (Tat) pathways, and then secreted
from the periplasm into the extracellular medium by the T2SS
(Nivaskumar and Francetic, 2014; Green and Mecsas, 2016).
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FIGURE 1 | Structure of secretion systems. Schematic representation of secretory systems: type I (T1SS), type II (T2SS), type V (T5SS), type IX (T9SS), type III
(T3SS), type IV (T4SS), type VI (T6SS), and type VII (T7SS). The type I pathway is exemplified by hemolysin A (HlyA) secretion in E. coli where TolC, HlyD, and HlyB
are the three components which constitute the channel to transport HlyA to extracellular space. Sec (general secretion route) and Tat (twin-arginine translocation
pathway) transfer the substrates of T2SS and T5SS across the inner membrane. Sec also participates in the transport of T9SS substrates across de inner
membrane. T9SS is also called Por Secretion System (PoSS). T4SS is represented by VirB/D system of Agrobacterium tumefaciens. The T7SS is based on a system
in Mycobacteria. Red squares represent the ATPases. HM, host membrane; EM, extracellular medium; OM, outer membrane; IM, inner membrane; MM,
mycomembrane. Substrates secreted by each secretory system are included in a circle in the top of the figure. Adapted from Tseng et al. (2009).

The Sec pathway consists of three structural parts: a
protein targeting component, a motor protein and a membrane
integrated conducting channel called SecYEG translocase. This
mechanism transports unfolded proteins with a hydrophobic
sequence at the N-terminus. Moreover, the secreted protein either
remains in the periplasm or is transported to the extracellular
space. The proteins may contain a SecB-specific signal sequence
for transport to the periplasm or the extracellular milieu;
however, if it has the signal recognition particle (SRP) signal it
can follow the SRP pathway and remain in the inner membrane
(Green and Mecsas, 2016; Tsirigotaki et al., 2017).

By contrast, the Tat secretion pathway consists of 2–3 subunits,
TatA and TatB, which form a unique multifunctional protein in
Gram-positive bacteria, and TatC. This mechanism translocates
folded proteins with a twin-arginine motif. In Gram-positive
bacteria, most proteins are transported out of the cell, while in
Gram-negative bacteria the protein can remain in the periplasm
or it can be translocated to the extracellular space by the T2SS
(Patel et al., 2014; Green and Mecsas, 2016).

The T2SS, a complex structure composed of 15 proteins,
named general secretion pathway proteins (Gsp) in E. coli
(Korotkov et al., 2012), Eps in V. cholera (Abendroth et al.,
2009; Sloup et al., 2017) and Xcp in P. aeruginosa (Filloux et al.,
1998; Robert et al., 2005), has a wide range of substrates with
diverse functions, although all share one feature, an N-terminal
signal which enables them pass to the periplasm via the Sec
or Tat secretion mechanisms (Nivaskumar and Francetic, 2014;
Green and Mecsas, 2016).

The main function of the T2SS is to acquire nutrients
(Nivaskumar and Francetic, 2014). It is responsible for secreting
numerous exoproteins, most of which are hydrolytic enzymes
and other proteins such as toxins, adhesins and cytochromes

that have various roles in respiration, biofilm formation and
motility (Nivaskumar and Francetic, 2014). The T2SS has been
described in various environmental strains and also human
pathogens such as V. cholera (Overbye et al., 1993), P. aeruginosa,
Aeromonas sp. and enterotoxigenic Escherichia coli (ETEC)
(Nivaskumar and Francetic, 2014).

T3SS
The type III secretion system (T3SS) or injectisome, is
a double-membrane-embedded apparatus found in multiple
pathogenic Gram-negative bacteria such as Salmonella spp.,
Yersinia spp., enteropathogenic and enterohemorrhagic E. coli,
Shigella spp. and Pseudomonas spp. (Cornelis, 2006; Gaytan
et al., 2016; Deng et al., 2017). This complex nanomachine
promotes the transfer of virulence proteins called effectors from
the bacterial cytoplasm into the eukaryotic cell in a single step
(Galan and Waksman, 2018).

The T3SS is composed of approximately 25 proteins assembled
in three main structures: the basal body, a set of rings spanning
the two membranes of the bacterium; a hollow needle-shaped
component through which the semi-unfolded effectors are
transported (these first two structures are collectively called
“needle complex”); and the translocon, made up of a hydrophilic
protein that serves as a scaffold for forming a translocation
pore, constituted by two hydrophobic proteins, which is inserted
into the host cell membrane and through which effectors are
directly translocated. A unique set of effectors is delivered by each
pathogen, which subverts specific host-cell signaling pathways to
allow bacterial colonization (Izore et al., 2011; Notti and Stebbins,
2016; Deng et al., 2017).

The export apparatus associated with the basal body is formed
by five poly topic inner membrane proteins that are essential
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for substrate secretion. This protein complex, together with
a cytoplasmic sorting platform and the ATPase complex are
responsible for substrate recruitment and classification, and
for energizing the secretion process enabling chaperone-effector
dissociation and protein unfolding for initial entry into the
T3SS central channel that serves as the secretion pathway. These
components are highly conserved between different T3SS systems
and with the flagella, which is evolutionarily related to the
injectisome (Abby and Rocha, 2012; Galan and Waksman, 2018;
Lara-Tejero and Galan, 2019).

Several effectors of T3SS have been described such as ExoS,
ExoT, ExoU, and ExoY in P. aeruginosa; Tir and EspE in E. coli
and YopE, YopH, YopM, YopJ/P, YopO/YpkA, and YopT in
Yersinia sp. (Cornelis and Van Gijsegem, 2000).

T4SS
The type IV secretion system family is found in Gram-negative
and Gram-positive bacteria as well as in Archaea. T4SS is the
most cosmopolitan secretion system and differs from other SS as
it is able to transfer DNA in addition to proteins (Cascales and
Christie, 2003). More specifically, T4SS is capable of performing
contact-dependent secretion of effector molecules into eukaryotic
cells, conjugative transfer of mobile DNA elements and also
exchange of DNA without any contact with the outside of
the cell (Green and Mecsas, 2016; Grohmann et al., 2018).
T4SS can be divided on the basis of its functionality into
two subfamilies: conjugation systems and effector translocators.
Conjugation systems are responsible for the transfer of antibiotic
resistance genes and virulence determinants among bacteria.
The effector translocators introduce virulence factors into the
host cell (Christie, 2016). However, in Gram-negative bacteria
T4SS has been divided into two different subfamilies: IVA and
IVB. The E. coli conjugation apparatuses and VirB/D system
of Agrobacterium tumefaciens are the models used to study the
structure of type IVA of T4SS (Grohmann et al., 2018). The
VirB/D apparatus consists of 12 proteins which form a complex
envelope-spanning structure that facilitate the translocation
function. Two of these proteins, VirB2 and VirB5, make up
the pilus, while another three proteins act as ATPases, and
VirB1 is a lytic transglycosylase (Costa et al., 2015; Green and
Mecsas, 2016). The Legionella pneumophila Dot/Icm (Defective
for organelle trafficking/Intracellular multiplication) system is
the model used to study the IVB subfamily of T4SS (Nagai and
Kubori, 2011; Grohmann et al., 2018).

T5SS
The type V secretion system is unique because its substrates
transport themselves across the outer membrane. The substrates
use the Sec translocase to pass through the inner membrane
to the periplasm space. Various different types of T5SS
have been identified: autotransporters (T5aSS), two-partner
passenger-translocators (T5bSS), trimeric autotransporters
(T5cSS), hybrid autotransporters (T5dSS) and inverted
autotransporters (T5eSS) (Henderson et al., 2004; Leo et al.,
2012; Rojas-Lopez et al., 2017). In general, the T5SS transports
proteins across the asymmetric outer membrane (OM) that
contains lipopolysaccharides, through their own C-terminal
translocation domain that inserts into the OM as a β-barrel

to complete the secretion of the N-terminal passenger domain
via the barrel pore. Several periplasmic chaperones also
participate in transport through the OM, specifically the β-barrel
assembly machinery (BAM complex) and the translocation and
assembly module (TAM complex) facilitate protein secretion
(Rojas-Lopez et al., 2017).

A T5SS has been described in human pathogens
such as Bordetella pertussis and Haemophilus influenzae,
which have two-partner SS and uropathogenic E. coli,
which has chaperone-usher systems (Costa et al., 2015;
Green and Mecsas, 2016).

YadA of Yersinia enterocolitica and SadA of Salmonella are
T5SS type c (Leo et al., 2012). Intimin of E. coli and invasin of
enteropathogenic Yersinia spp. are type Ve SS (Leo et al., 2012).

A self-transporter (T5aSS) (Wilhelm et al., 2007) and three
T5bSS: LepA /LepB system (Kida et al., 2008), the CupB system
(Ruer et al., 2008) and PdtA/PdtB system (Faure et al., 2014),
have been reported in P. aeruginosa. In B. cenocepacia, four
T5SS (Holden et al., 2009) have been found, two with pertactin
domains and two with haemagglutinin autotransporters; this last
type is also present in S. maltophilia (Ryan et al., 2009).

T6SS
The type VI secretion system is widely represented in
Gram-negative bacteria (Coulthurst, 2013; Gallique et al., 2017b).
T6SS is an integrated secretion device within the membrane and
it transfers substrates, which are toxic effectors to eukaryotic
(Pukatzki et al., 2007) and prokaryotic cells (Russell et al., 2014).
It plays a crucial role in the pathogenesis and competition
among bacteria (Ho et al., 2014; Zoued et al., 2014; Costa
et al., 2015; Gallique et al., 2017a). The origin of T6SS is
related to bacteriophages (Leiman et al., 2009). T6SS is a huge
apparatus and consists of 13 core components organized into
a trans-membrane complex, a baseplate-like structure at the
cytoplasmic face of the inner membrane, and a sheathed inner
tube, which is the effector delivery module that is ejected to
the target cell. The tube-sheath complex is assembled from the
baseplate in the cytoplasm and the hollow tube is built from
hexamers of the hemolysin co-regulated protein (Hcp). The
sheath contracts and pushes the tube with the associated effectors
into targeted cells, using a puncturing mechanism similar to
the one used by the contractile tails of phages (Russell et al.,
2011, 2014; Cianfanelli et al., 2016; Green and Mecsas, 2016;
Galan and Waksman, 2018).

T7SS
Type VII secretory system has been described in some
Gram-positive bacteria such as Staphylococcus aureus and
in species of Mycobacterium and Corynebacterium. This SS
was reported for the first time in 2003 in Mycobacterium
tuberculosis and it was called ESX-1 (Stanley et al., 2003),
which is an important virulence factor in M. tuberculosis. To
date, five T7SS have been identified in Mycobacterium sp. but
the transport mechanisms across the mycobacterial membrane
are almost unknown (Costa et al., 2015; Ates et al., 2016;
Green and Mecsas, 2016).

Most of the substrates of T7SS belong to EscAB clan which
includes six protein families: Esx, PE, PPE, LXG, DUF2563,
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and DUF2580. ESAT-6 is a M. tuberculosis protein which
belongs to Esx family and which is secreted with EsxB (CFP-10)
(Ates et al., 2016).

T9SS
The type IX secretion system (T9SS) or Por secretion system
(PorSS) is the most recently discovered system (Lasica et al.,
2017). Its function is to transport molecules across the outer
membrane. Its substrates must include a Sec signal, which allows
transfer of proteins through the inner membrane with the aid of
the Sec system. The T9SS system has been described in almost
all members of the phylum Bacteroidetes, but it has mainly been
studied in oral pathogens such as Porphyromonas gingivalis and
Tannerella forsythia. In P. gigivalis, the T9SS system consists of 16
proteins with structural and functional activity, and another two
proteins involved in the regulation of the transport process (Sato
et al., 2010; Lasica et al., 2017).

REGULATION OF SECRETION SYSTEMS
BY QUORUM SENSING NETWORKS
(TABLE 1)

Pseudomonas aeruginosa
T1SS
Transcriptional studies in P. aeruginosa suggest that in this
bacterium T1SS is positively regulated by QS, since the
expression of its effector, the alkaline protease AprA, depends
on QS. In addition, the genes of the AprA inhibitor aprI
and the structural genes aprDEF also appear to be positively
regulated by QS (Hentzer et al., 2003; Schuster et al., 2003;
Wagner et al., 2003).

T2SS
Three T2SS systems, the Xcp, Hxc and Txc systems, have been
described in P. aeruginosa. The first of these, Xcp, secretes
the QS regulated virulence factors elastase A and B (LasA
and LasB) as well as the exotoxin A (ExoA) and it is itself
positively regulated by QS (Figure 2). Accordingly, recently it
was demonstrated by ChIPseq analysis that MvfR (the receptor
of the PQS autoinducer) is able to directly bind xcpQ-xcpP-xcpR
regions and this is related to their induction in the presence of
MvfR (Maura et al., 2016).

The second T2SS, Hxc, is regulated by the availability of
phosphate and secretes LapA a low-molecular weight alkaline
phosphatase (Wagner et al., 2003; Michel et al., 2007). Two
genes, xphA and xqhA, which encode the PaQa subunit of
the Xcp functional hybrid system, have been described. These
genes, which are located outside the xcp locus, are regulated by
environmental conditions but not by QS, in contrast to what
occurs with the rest of the Xcp system (Michel et al., 2007, 2011).
In contrast to the first two systems, the third system Txc has
just recently been described and so far only identified in a
region of genome plasticity of the strain PA7; it is regulated by
a two component system (TtsSR) and secretes the chitin binding
protein CpbE (Cadoret et al., 2014).

T3SS
Current evidence suggest that as in Vibrio spp., QS in
P. aeruginosa negatively regulates the expression of T3SS,
specifically the RhlI/RhlR system, as transcription of the
T3SS genes and secretion of ExoS increase significantly in
a rhlI mutant and return to basal levels on the addition
of exogenous C4-HSL (Bleves et al., 2005; Kong et al.,
2009; Figure 2). In agreement, the expression of exoS is
also negatively regulated by QS, specifically by the RhlI/RhlR
system, as well as by the stationary phase sigma factor RpoS
(Hogardt et al., 2004).

The fact that the T3SS genes do not appear to be
repressed by QS in some global transcriptomic studies with
mutants may be explained by the presence of high calcium
concentrations in the media, or by the lack of resolution
of DNA microarrays (Hentzer et al., 2003; Schuster et al.,
2003). More striking is the fact that some QS inhibitors
like 6-gingerol and coumarin inhibit rather than increase the
expression of T3SS (Zhang et al., 2018). Nevertheless, these
studies were done in the presence of high calcium, and
QS-independent inhibition of T3SS has not been ruled out.
Moreover, a recent study in the PA01 strain, using a lasR
rhlR double mutant, demonstrated that it remains virulent in
a murine abscess model, despite that it does not produce QS-
dependent virulence factors and that the secretion of ExoT
and ExoS is fully functional in this mutant. Hence the authors
hypothesized that T3SS is the cause of the remaining virulence
(Soto-Aceves et al., 2019).

The P. aeruginosa QS network and its T3SS are also related
by the fact that VqsM, an AraC-family transcription factor, binds
to both the promoter region of lasI and the promoter of exsA,
which encodes a master regulator of the T3SS, regulating both
mechanisms (Liang et al., 2014; Figure 2).

T6SS
The T6SS is involved in iron transport, and a connection
has been observed between T6SS and QS through the TseF
protein, which is a substrate of T6SS and interacts with PQS
(Lin et al., 2017; Figure 2).

In P. aeruginosa, three loci which encode T6SS have been
found to be regulated by QS proteins (LasR and MvfR) (Lesic
et al., 2009). Expression of the second loci, H2-T6SS, is regulated
by the Las and Rhl QS systems in PAO1 strains (Sana et al.,
2012; Figure 2) and by the direct binding of MvfR in PA14
(Maura et al., 2016).

Vibrio sp.
T2SS
The formation of biofilms has multifactorial regulation in
V. cholerae as in other pathogens. The QS network controls
directly biofilm production which is related to type II secretion
system in V. cholerae (Teschler et al., 2015). Several proteins such
as RbmA, RbmC and Bap1, which are involved in the formation
of biofilms, are transported by T2SS. In addition, mutant strains
with inactivated T2SS have reduced biofilm formation (Johnson
et al., 2014; Teschler et al., 2015).
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TABLE 1 | Pathogens and QS elements related to secretion systems.

Type secretion
system

SS element QS regulation QS element Microorganisms References

T1SS Lip + Swr Serratia liquefaciens Riedel et al., 2001

T2SS Xcp + lasR/lasI rhLR/rhlI Pseudomonas aeruginosa Wagner et al., 2003; Michel
et al., 2007

DSF-type Xanthomonas species Qian et al., 2013

T3SS LEE operon + luxS Escherichia coli Sperandio et al., 1999

– Vibrio parahaemolyticus Vibrio
harveyi

Henke and Bassler, 2004

ExsA lasI Pseudomonas aeruginosa Liang et al., 2014

Yop-Ysc + Hfq Yersinia pseudotuberculosis
Yersinia pestis

Schiano et al., 2014

T4SS VirB/D + VjbR (LuxR-type QS) Brucella abortus Arocena et al., 2010; Li
et al., 2017

+ luxI Roseobacter group Patzelt et al., 2013, 2016

T6SS Vibrio alginolyticus Yang et al., 2018

Hcp HapR and LuxO Vibrio cholerae Ishikawa et al., 2009;
Zheng et al., 2010; Kitaoka
et al., 2011; Leung et al.,
2011

Burkholderia thailandensis Majerczyk et al., 2016

AHL Pseudomonas fluorescens Gallique et al., 2017b

TseF PQS Pseudomonas spp. Lin et al., 2017

LasR and MvfR Pseudomonas aeruginosa Lesic et al., 2009

VipA,Hcp-1, VipB AbaR/AbaI Acinetobacter baumannii Lopez et al., 2017b

T3SS
In V. parahaemolyticus and V. harveyi (unlike in E. coli),
both the HAI-1 and AI-2 QS systems inhibit the expression
of T3SS genes (Henke and Bassler, 2004). QS also represses
T3SS during V. harveyi infections of gnotobiotic brine shrimp
(Ruwandeepika et al., 2015). Waters et al. (2010) have described
the regulatory pathway by which QS controls T3SS. At low cell
density when LuxR is repressed, which entails the derepression
of two promoters of the exsBA operon and the exsA operon,
ExsA activates the expression of genes that encode the structural
proteins of the type III secretion system. However, when the cell
density is high, LuxR directly represses transcription of the PB
promoter, preventing the production of ExsA and consequently
decreasing the expression of structural genes of T3SS (Waters
et al., 2010; Ball et al., 2017). OpaR inhibits the T3SS1 in
V. parahaemolyticus which is the most important factor in its
cytotoxicity (Gode-Potratz and McCarter, 2011).

T6SS
Several researchers have demonstrated the regulation of T6SS
by QS networks in Vibrio spp. We present the main findings
in this field here. In V. alginolyticus, activation of T6SS and
the QS network has been found to be coordinated by the
serine/threonine kinase PpkA cascade (Yang et al., 2018). PpkA2
is autophosphorylation and it transfers the phosphate group to
VstR. Phosphorylated VstR promotes the expression of both of
the T6SS in V. alginolyticus through the inhibition of LuxO
activity, which acts to impede the expression of LuxR, a promoter
of the T6SS. LuxR inhibits the expression of the first T6SS

(T6SS1) or promotes the expression of the second T6SS (T6SS2)
(Yang et al., 2018).

At low cell population density, LuxO is phosphorylated,
which activates the expression of specific small regulatory
RNAs (sRNAs) in conjunction with alternative sigma factor σ54

(Sheng et al., 2012). sRNAs inhibit the expression of LuxR with
the help of RNA chaperone Hfq (Liu et al., 2011). However, at
high cell population density, LuxO is dephosphorylated turning
off the transcription of the sRNAs and allowing the translation
of LuxR (Waters and Bassler, 2005; Milton, 2006). Sheng et al.
(2012) also demonstrated that the expression of the hcp T6SS
gene is growth phase-dependent and the QS regulators controls
the haemolysin co-regulated protein, which is one of the main
proteins of the T6SS functioning as an effector of the system
and/or an effector binding protein (Figure 2). The phosphatase
PppA also acts on the QS (modulating the transcription of LuxR)
and the expression and secretion of hcp1 and hcp2 (Sheng et al.,
2013). It is important to highlight that PppA permits the cross-
talk between the two T6SS in V. alginolyticus (Sheng et al., 2013).

Rpo N (σ54) collaborates with QS in the regulation of T6SS
genes. It is involved in the regulation of the expression of
hcp and vgrG3 operons that encode T6SS secreted molecules,
but does not control the genes that encode the structural
and sheath components of T6SS (Ishikawa et al., 2009;
Dong and Mekalanos, 2012).

There are a few more studies in V. cholerae related to
this topic than other species. Two QS autoinducers, CAI-I
(cholerae autoinducer) and AI-2 (autoinducer-2), co-operate
to control the gene expression depending on the cell density
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FIGURE 2 | Secretion systems and QS network elements. The figure shows the relationship between QS networks and expression of secretion systems (blue
squares). The genes regulated by QS are in purple boxes. Each QS network is represented by a different color. Starting at the top right of the figure: The swr QS
system of S. liquefaciens controls the lipB genes of the T1SS (orange); Ax21 (QS effector) and QS system Rax regulate RaxABC TOSS (T1SS) in gram negative
bacteria (ochre); QS (RhlIR and LasIR) regulates expression of T2SS, T3SS, and T6SS in P. aeruginosa (brown); VqsM (an AraC family transcription factor) interacts
with the LasIR and ExsA promoters (a master regulator of T3SS) in P. aeruginosa (dark orange); T2SS is regulated by LuxS/LuxI/AI-2 QS in E. coli and indole
production by TnA (tryptophanase) regulates esp genes expression (T2SS) in this bacterium (blue); in Yersinia sp. the Hfq chaperone is connected with QS (AI-2) and
regulates the Yop-Ysc type III secretion system (T3SS) (green); in Xanthomonas sp. T2SS and T3SS are regulated by DSF (diffusible signal factor) which is a quorum
sensing signal (yellow); T4SS (virB operon) is regulated by VjbR (LuxR like protein) and LuxI in Brucella (turquoise) and Roseobacter (pink), respectively; a connection
between Acinetobacter baumanii QS (AbaI/AbaR, controlled by bile salts) and T6SS has been established (maroon); in Vibrio sp. there is a complex network which
relates QS (LuxO/HapR/TfoX) with T6SS (aquamarine); AhyRI (a QS network) in Aeromonas sp. and P. atrosepticum is involved in Hcp and VgrG secretion (sky blue)
and finally, iron is transported across the cell membrane accompanied by PQS, a quorum sensing signal in P. aeruginosa, and this process depend on Tse a
substrate of T6SS, which binds to OMVs (outer membrane vesicles) containing PQS- Fe3+.

(Ng and Bassler, 2009). Two enzymes are necessary for the
biosynthesis of these autoinducers: CqsA and LuxS, respectively
(Schauder et al., 2001; Miller et al., 2002; Chen et al., 2002;
Higgins et al., 2007). These signal molecules are detected by two
sensor kinases, LuxQ (sensor of CAI-I) and CqsS (sensor of AI-2).
Both pathways merge on LuxU, a phosphotranfer protein. At
low cell density (LCD), the two sensor kinases phosphorylate
LuxU due to the absence of their respective autoinducers.
There are two histidine kinases which also contribute to the
phosphorylation of LuxU: VpsS and CqsR (Jung et al., 2015).
Then, LuxU transfers the phosphorylate group to a DNA-binding
response regulator protein called LuxO. Phosphorylated LuxO
activates the expression of sRNA molecules (known as qrr1-
4) when the cell density is low thanks to the interaction with
the alternative sigma factor σ54 (Freeman et al., 2000; Lenz
et al., 2004). In conjunction with the RNA-binding protein Hfq,
LuxO represses the expression of HapR (Lenz et al., 2004), a
TetR-family global transcriptional regulator which acts on QstR
(Tsou et al., 2009; Shao and Bassler, 2014; Watve et al., 2015;
Figure 2). HapR is accumulated when the cell density is high
(Lenz et al., 2004) because LuxO is not phosphorylated and
transcription of the sRNAs is blocked. QstR is a master regulator
of the T6SS belonging to the LuxR-type family of regulators

(Jaskólska et al., 2018). QstR binds to the promoter region of the
T6SS cluster inducing the expression of the genes. The regulation
of the T6SS by cAMP-CRP pathway is not clear, but it is possible
that it influences T6SS genes through regulation of QS and
chitin-induced competency (Liang et al., 2007; Blokesch, 2012).
It is known that CRP positively regulates T6SS (Ishikawa
et al., 2009). Apart from the activation of QstR
via QS, it is also regulated by chitin and arabinose
(Lo Scrudato and Blokesch, 2012, 2013).

The expression of the three T6SS gene clusters in V. cholerae
requires TfoX, CytR, HapR, and QstR for the highest level of
expression (Watve et al., 2015). CytR and TfoX are required for
the expression of the T6SS genes but their regulatory effects are
only mediated by QstR (Figure 2).

Other Pathogens
T1SS
The swr QS system, which controls swarming motility, regulates
the Lip secretion system, a T1SS responsible for the secretion
of lipases, metalloproteases and S-layer proteins in Serratia
liquefaciens MG1 (Riedel et al., 2001). The swr QS system consists
of SwrI, which synthesizes C4-HSL, and SwrR, which regulates
gene transcription after binding the diffusible signal C4-HSL.
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QS-mediated regulation of lipB, which encodes the LipB exporter,
was demonstrated in swrI mutants with luxAB insertions, in
which the level of secreted proteins was lower (Riedel et al.,
2001; Figure 2). Other relationships between T1SS and QS
have also been observed. The rice pathogen recognition XA21
receptor recognizes a sulphated peptide (axYS22) derived from
the Ax21 protein (activator of XA21-mediated immunity) and
confers resistance to Xanthomonas oryzae strains. Ax21 may have
a key biological role because it is conserved in Xanthomonas
spp., Xylella fastidiosa, and Stenotrophomonas maltophilia. Ax21
requires RaxABC TOSS (type I secretion system) for secretion
and activity. The expression of rax genes which encode T1SS has
been demonstrated to be QS-dependent due to the cell-density
dependency (Han et al., 2011). These data indicate that Ax21
could have a role as a signaling molecule and a direct relationship
between the QS network and T1SS is established (Figure 2;
Lee et al., 2006).

T2SS
In Xanthomonas species, QS is mediated by the diffusible signal
factor (DSF). A proteomic analysis conducted in 2013 revealed 33
proteins that are controlled by DSF. Their putative functions are
associated with QS and include cellular processes, intermediary
metabolism, oxidative adaption, macromolecule metabolism,
cell-structure, protein catabolism, and hypothetical functions
(Qian et al., 2013). In this study, it was observed that three genes
encoding T2SS-dependent proteins and one gene which encodes
Ax21 (activator of XA21-mediated immunity)-like protein
are regulated by QS and are essential for virulence-associated
functions, including extracellular protease, cell motility,
antioxidative ability, extracellular polysaccharide biosynthesis
(EPS), colonization, and biofilm (Qian et al., 2013; Figure 2).

T3SS
The relationship between QS and T3SS in E. coli was
first demonstrated by Sperandio et al. (1999), who showed
that expression of the locus of enterocyte effacement (LEE)
operons that encode the T3SS is activated by QS in both
enterohemorrhagic (EHEC) and enteropathogenic (EPEC) E. coli
due to transcriptional control of the LEE operons by LuxS, which
directly activates the LEE1 and LEE2 operons and indirectly
activates (via the Ler regulator) the LEE3 and tir operons
(Figure 2). These researchers proposed that activation of the
T3SS by the AI-2 autoinducer synthesized by commensal E. coli
resident in the large intestine could explain the high infectivity
of E. coli O157: H7, which has an infectious dose of about 50
bacterial cells (Sperandio et al., 1999).

The major virulence factors of EHEC and EPEC are intimin
(T5eSS), Tir (the receptor for intimin) and the three secreted
proteins EspA, EspB and EspD. T3SS functions in the secretion of
the Tir and Esp proteins. The LuxR-type response regulator SdiA
negatively regulates the expression of EspD and intimin in the
same bacterium, indicating multifactorial regulation of the T3SS
by bacterial QS signals (Kanamaru et al., 2000).

Indole, which is produced by tryptophanase (TnA) in enteric
bacteria and reaches high concentrations in the gut, is another
signaling molecule that influences expression of T3SS in E. coli
(Lee et al., 2007, 2008). Indole increases the production and

secretion of the translocators EspA and EspB in EHEC O157:H7
(Hirakawa et al., 2009; Figure 2); hence, indole promotes the
development of attaching and effacing (A/E) lesions in HeLa cells.

The involvement of the RNA chaperone protein Hfq, which
also participates in QS, in T3SS expression was demonstrated
in Yersinia pseudotuberculosis and Yersinia pestis (Schiano
et al., 2014; Figure 2). Moreover, Schiano et al., 2014 have
demonstrated the regulation of T3SS by QS through virulence
regulators LcrF and YmoA in Y. pseudotuberculosis (Amy, 2018).

In Aeromonas hydrophila, an unique QS system, encoded in
ahyR/ahyI loci, has been described (Vilches et al., 2009; Garde
et al., 2010). Vilches et al. (2009) have used the A. hydrophila
AH-3 strain to study the T3SS regulation. AH-3: ahyI and AH-3:
ahyR mutants have reduced activity of the aopN-aopB promoter
(promoter of T3SS components) compared to the wild-type strain
(Figure 2). So they concluded that QS could be involved in the
positive regulation of the production of the T3SS component in
the AH-3 strain (Vilches et al., 2009).

T4SS
In Brucella abortus, there is a clear relationship between the QS
network and T4SS. For the virB operon, which encodes the T4SS
regulated by VjbR, a LuxR-type QS is responsible for the virulence
characteristics of B. abortus (Li et al., 2017). The virB operon is
responsible for establishing the replicative niche of the bacterium
once it enters the host cell. The T4SS in B. abortus, as in other
bacteria, translocates effector proteins into the host cell to avoid
the immune defense mechanisms, making it one of the two main
virulence factors for Brucella. Arocena et al. (2010) described
the binding site of VjbR to the virB operon (Li et al., 2017).
Otherwise, the conjugation process between two members of the
Roseobacter group mediated by T4SS, encoded in RepABC-type
plasmids, is controlled by the QS network. This was demonstrated
by construction of luxI mutant and the addition of external long
chain AHLs, which restored the phenotype (Patzelt et al., 2013,
2016; Figure 2).

T6SS
Quorum sensing has been reported to control expression of
T6SS toxin-immunity systems in Burkholderia thailandensis.
Moreover, a new role for T6SS in constraining the proliferation
of QS mutants has been described in B. thailandensis (Majerczyk
et al., 2016). Interestingly, it has been observed that T6SS
effectors function as cell-to-cell signals in a Pseudomonas
fluorescens MFE01 strain lacking the AHL QS pathway
(Gallique et al., 2017b).

In A. hydrophila, Hcp and VgrG- two of the “core” proteins
and also effectors of the T6SS- secretion have been suggested
to be regulated by the AhyRI QS regulon (Khajanchi et al.,
2009; Figure 2). Finally, our research group has described the
association between T6SS machinery and the activation of the QS
system by bile salts in A. baumannii clinical strains (Lopez et al.,
2017a; Figure 2).

T7SS
As with other bacteria, Mycobacterium spp regulate biofilm
formation by QS (Virmani et al., 2018). The second messenger
c-di-cGMP, an intracellular signaling molecule, coordinates
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biofilm production and QS signaling (Sharma et al., 2014).
Both M. tuberculosis (Kulka et al., 2012) and diverse species of
non-tuberculous mycobacteria (M. smegmatis, M. marinum, M.
fortuitum, M. chelonae, M. ulcerans, M. abscessus, M. avium, and
M. bovis) produce biofilm depending on certain environmental
conditions such as the availability of nutrients or the pH of the
medium (Hall-Stoodley et al., 1998; Bardouniotis et al., 2003;
Ojha et al., 2005; Marsollier et al., 2007; Johansen et al., 2009;
Rhoades et al., 2009).

In the recent work of Lai et al. (2018) it was demonstrated that
the espE, espF, espG, and espH genes, located in the T7SS ESX-1
operon, are crucial for sliding motility and biofilm formation in
M. marinum. Esp proteins, which regulate substrate transport,
are involved also in virulence. This paper clearly demonstrates
the role of M. marinum T7SS in the production of biofilm which,
as already mentioned, is related to QS (Lai et al., 2018).

The T7SS of S. aureus, a virulence factors export machinery,
plays a key role in the promotion of bacterial survival and
long-term persistence of subpopulations of staphylococci. The
expression of T7SS is regulated by the bacterial interaction with
host tissues (Lopez et al., 2017c) mediated by the secondary
sigma factor (σB) (Schulthess et al., 2012). Schulthess et al.
(2012) reported that the repression of esxA by σB is due to the
transcription of sarA induced by σB, which leads to a strong
repression of esxA. The activation of the esxA transcript, on
the other hand, is stimulated by arlR, the response regulator
of the ArlRS two-component system, SpoVG, a σ-dependent
element, and the Agr quorum detection system (Schulthess
et al., 2012). Agr QS system is composed by AIP (self-activating
peptide), the inducer ligand of AgrC which is the receptor of
the agr signal. In the case of the QS Agr system, the effector of
global gene regulation is an important regulatory RNA, RNAIII
(Novick and Geisinger, 2008).

T9SS
Moreover, an important relationship between T9SS and
biofilm formation has been observed in periodontopathogenic
pathogens such as Capnocytophaga ochracea, Porphyromonas
spp., Fusobacterium spp. and Prevotella spp. (Kita et al., 2016).
In the study by Kita et al. (2016), the participation of T9SS in
the formation of biofilm of C. ochracea is demonstrated. The
formation of biofilm of C. ochracea is crucial for the development
of dental plaque and the same happens with other periodontal
pathogens, in which it has also been seen that genes related to
T9SS are present. Therefore, the components of the T9SS could
be potential targets to inhibit the formation of biofilm and thus
avoid the formation of dental plaque (McBride and Zhu, 2013;
Kita et al., 2016). However, in depth analysis of the relationship
between T9SS and QS network in different pathogens is required.

DISCUSSION

To date, the T1SS, T2SS, T3SS, T4SS, T6SS, T7SS, and T9SS
SS have been found to have important relationships with
QS networks. The involvement of the T1SS system (Lip B
which is part of the Lip exporter) in the QS network (swr
quorum system) of S. liquefaciens MG1 has been investigated

(Riedel et al., 2001). In P. aeruginosa, two QS systems
(lasR/lasI and rhLR/rhlI) are linked to T2SS system by
microarrays and proteomic studies (Chapon-Herve et al., 1997;
Wagner et al., 2003; Michel et al., 2007), and DSF-type systems
are also linked to T2SS in Xanthomonas species through
proteome analysis (Qian et al., 2013). The QS signal AI-2 has
been associated with a T3SS system in E. coli (Sperandio et al.,
1999) and Vibrio spp. (Henke and Bassler, 2004). Moreover, this
T3SS system has been related to QS proteins in another two
pathogens, P. aeruginosa and Yersinia spp. (Liang et al., 2014;
Schiano et al., 2014).

Several T4SS (virB operon) are controlled by VjbR protein
which is a LuxR-type quorum-sensing regulator in B. abortus
(Arocena et al., 2010; Li et al., 2017). Moreover, in the Roseobacter
group, the conjugation of plasmids, which encode T4SS, is
QS-controlled and the QS system may detect a broad range of
long-chain AHLs at the cell surface (Patzelt et al., 2013, 2016).

There is a wealth of information relating the T6SS to QS in
pathogens such as Vibrio spp. For example, Hcp and VasH from
the T6SS system in V. cholerae are involved in QS (Ishikawa et al.,
2009; Zheng et al., 2010; Kitaoka et al., 2011; Leung et al., 2011;
Yang et al., 2018). For Pseudomonas spp,. there are numerous
works where the different T6SS are regulated by QS networks
(Lesic et al., 2009; Gallique et al., 2017b; Lin et al., 2017). In other
pathogens as Burkholderia thailandensis (Majerczyk et al., 2016),
and in A. baumannii, the relationship between QS and SS has
begun to be studied (Lopez et al., 2017a).

In M. marinum, the relationship between biofilm formation,
which is tightly connected with QS, and T7SS, has been
demonstrated (Lai et al., 2018). Also in S. aureus, the Agr QS
network has been related to T7SS (Schulthess et al., 2012). An
important relationship between T9SS and biofilm formation has
been observed in periodontopathogenic pathogens (Kita et al.,
2016). Finally, although the involvement of T5SS secretion system
in virulence, motility and competence is well-known, these
systems and their association with QS must be studied in greater
depth in order to clarify their roles.

Taking P. aeruginosa as a reference point, the positive effect
of QS in the expression of T1SS and T2SS could be related
to the fact that this organism secretes exoproducts that are
public goods (proteases and lipases); hence, it is better to
produce and secrete these compounds when a high cell density
is reached, since these products are costly and the benefits
associated to their production are higher at high cell densities.
Similarly, the T6SS, which is involved in killing competitors by
contact, will be more efficient at high cell densities since the
probability of finding target bacteria is higher. In contrast, the
T3SS appears to be negatively regulated by QS, and this may
be related to its role in an acute infection and its “inhibition
by QS” may be a way to facilitate the transition to a chronic
infection state. In addition to its well established role in
infections, T3SS has a broader ecological role suggested by
its role in killing biofilm associated Acanthamoeba castellanii
amoeba (Matz et al., 2008). Furthermore, it was recently
demonstrated that T3SS is susceptible of cheating by mutants
that do not produce it, allowing their establishment in infections
(Czechowska et al., 2014); hence, the selective forces that act over
T3SS are complex.
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Therefore, research into the relationship between QS and
SS must be further developed in order to better understand
human infections.
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1  | INTRODUC TION

Construction of artificial ecosystems mimicking symbiotic relation-
ships have been proposed to study ecology and evolution of symbi-
oses (Hosoda et al., 2011; Momeni, Chen, Hillesland, Waite, & Shou, 
2011), to engineer microbial consortia (Brenner, You, & Arnold, 
2008; French, 2017; Frey- Klett et al., 2011; Mee & Wang, 2012), and 

to host uncultivable bacteria (Stewart, 2012). Synthetic mutualism 
of species that do not interact naturally has been established in co-
culture between bacteria, yeast, amoeba, alga, cell lines, and tissues 
(Buchsbaum & Buchsbaum, 1934; Hosoda & Yomo, 2011; Hosoda 
et	al.,	 2011;	 Kubo	 et	al.,	 2013;	 Lőrincz	 et	al.,	 2010;	 Shou,	 Ram,	 &	
Vilar, 2007). Several bacterial endosymbionts have been found in 
yeast (Kang, Jeon, Hwang, & Park, 2009; Saniee & Siavoshi, 2015) as 
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Abstract
Wolbachia	 sp.	has	colonized	over	70%	of	 insect	 species,	 successfully	manipulating	
host	fertility,	protein	expression,	lifespan,	and	metabolism.	Understanding	and	engi-
neering the biochemistry and physiology of Wolbachia holds great promise for insect 
vector- borne disease eradication. Wolbachia is cultured in cell lines, which have long 
duplication times and are difficult to manipulate and study. The yeast strain 
Saccharomyces cerevisiae W303 was used successfully as an artificial host for 
Wolbachia wAlbB. As compared to controls, infected yeast lost viability early, proba-
bly	as	a	result	of	an	abnormally	high	mitochondrial	oxidative	phosphorylation	activity	
observed at late stages of growth. No respiratory chain proteins from Wolbachia 
were detected, while several Wolbachia F1F0- ATPase subunits were revealed. After 
5 days outside the cell, Wolbachia remained fully infective against insect cells.

K E Y W O R D S

bioenergetics,	endosymbiosis,	oxidative	phosphorylation,	Saccharomyces cerevisiae, Wolbachia 
pipientis
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well	as	in	fungal	hyphae	and	spores	(Bertaux	et	al.,	2003;	Bianciotto	
et al., 2004; de Boer et al., 2004; Hoffman & Arnold, 2010; Lumini, 
Ghignone,	 Bianciotto,	 &	 Bonfante,	 2006;	 Partida-	Martinez	 &	
Hertweck,	2005;	Sato	et	al.,	2010).	In	this	work,	we	cultured	the	ob-
ligate endosymbiont bacterium Wolbachia in an artificial host: the 
nonpathogenic yeast Saccharomyces cerevisiae.

Wolbachia pipientis	 is	 an	 exceedingly	 successful	 obligate	 en-
doparasite/endosymbiont in nematodes and arthropods (Taylor & 
Hoerauf, 1999; Werren, 1997; Werren, Baldo, & Clark, 2008). The 
size	of	the	Wolbachia genome varies widely depending on the strain. 
Arthropod endoparasites have much larger genomes than nematode 
endosymbionts	 (Bandi,	 Slatko,	&	O’Neill,	1999;	Darby	et	al.,	2012;	
Foster	 et	al.,	 2005;	 Klasson	 et	al.,	 2008;	 Salzberg,	 Puiu,	 Sommer,	
Nene,	&	Lee,	2009;	Wu	et	al.,	2004).	 In	 regard	to	a	possible	aero-
bic metabolism, the Wolbachia from the plant hopper Leodelphax 
stratellus (wStr) is ten times more sensitive to paraquat than the in-
sect host cell, suggesting that wStr	does	not	possess	 the	enzymes	
needed	for	reactive	oxygen	species	(ROS)	detoxification	and	thus	it	
may	be	anaerobic	or	microaerophilic	(Fallon,	Kurtz,	&	Carroll,	2013).	
In	 contrast,	 eliminating	Wolbachia with tetracycline in filaria, in-
creases	respiratory-	chain	gene	expression	in	the	host	and	causes	an	
early death. This result, lead to the hypothesis that at least in filariae 
Wolbachia contributes as an energy generator for the host (Strübing, 
Lucius,	Hoerauf,	&	Pfarr,	2010;	Darby	et	al.,	2012,	2014).

Culturing	 obligate	 intracellular	 bacteria	 is	 a	 challenge.	 Insect	
cells support Wolbachia growth, but culture times are long and cells 
are difficult to manipulate. Alternative systems such as mammalian 
blood have proven helpful to grow intracellular organisms such as 
Sodalis	(Dale	&	Maudlin,	1999).	However,	Wolbachia did not seem to 
grow	in	blood	and	this	was	not	pursued	further	(Result	not-	shown;	
see	Methods).	In	contrast,	Saccharomyces cerevisiae did support the 
growth of Wolbachia strain wAlbB.

As	it	can	be	extensively	manipulated,	S. cerevisiae is widely used 
as	a	model	organism	in	biochemistry	and	molecular	biology.	In	S. cer-
evisiae, it is possible to study processes such as the Crabtree effect 
observed	 in	 tumor	 cells	 (Diaz-	Ruiz,	 Rigoulet,	 &	 Devin,	 2011)	 and	
to	model	cell	death	 in	 response	 to	anoxia	or	 ischemia/reperfusion	
(Stella,	 Burgos,	 Chapela,	 &	Gamondi,	 2011).	 In	 addition,	 it	 is	 used	
as	a	host	to	study	DNA	and	RNA	viral	replication	(Alves-	Rodrigues,	
Galão,	Meyerhans,	&	Díez,	2006),	to	identify	and	characterize	bacte-
rial	effectors	and	toxins	(Siggers	&	Lesser,	2008)	and	to	analyze	the	
function	of	heterologously	expressed	proteins	such	as	the	Yarrowia 
lipolytica and the mammalian brown- fat mitochondrial uncoupling 
proteins	 (UCPs)	 (Guerrero-	Castillo	et	al.,	 2011).	Thus,	when	 it	was	
observed that Wolbachia grew in S. cerevisiae, the system was char-
acterized	 and	 the	 effects	 of	Wolbachia infection on its host were 
analyzed.

Growing	Wolbachia in insect cell cultures or in live hosts presents 
difficulties that have precluded detailed biochemistry and physiology 
studies	(Baldridge	et	al.,	2014;	Khoo,	Venard,	Fu,	Mercer,	&	Dobson,	
2013). Here, we used the S. cerevisiae strain W303 as an alternative 
host for Wolbachia wAlbB	 and	 analyzed	 the	 host/endosymbiont	
system.	 Infected	 yeasts	 died	 earlier	 than	 controls.	 This	 probably	

resulted	from	an	abnormally	high	mitochondrial	oxidative	phosphor-
ylation activity observed at late stages of growth. Understanding 
Wolbachia and host- Wolbachia interactions holds great promise for 
medical, parasitological, and biotechnological applications.

2  | E XPERIMENTAL PROCEDURES

2.1 | Aa23 cell line maintenance

Aa23 cell line (Aedes albopictus infected with wAlbB) (O’Neill et al., 
1997) was kindly donated by Professor Anne Fallon (U. Minnesota) 
and	maintained	 in	 Eagle’s	minimal	 essential	medium	 (MEM,	 Sigma	
Chemical	Co.	M0643).	MEM	was	 supplemented	as	 indicated	else-
where	 (Shih,	 Gerenday,	 &	 Fallon,	 1998).	 The	 medium	 was	 filter-	
sterilized	(Millipore,	0.22	μm) and stored in 200 ml aliquots at 4°C. 
Prior to use, heat- inactivated fetal bovine serum (FBS; 30 min at 
56°C)	was	added	to	a	final	concentration	of	10%	(Shih	et	al.,	1998).	
The	insect	cell	line	was	grown	on	True	Line	TR	4003	140	mm	sterile	
petri	dishes	at	27°C	in	a	5%	CO2	atmosphere	(ESCO	CelCulture	CO2 
incubator or in Corning culture flasks, Shanghai, China). Subcultures 
were	performed	in	a	1:10	split	at	90%	confluence.	A	sample	from	this	
cell line was treated with tetracycline to eliminate Wolbachia infec-
tion	(Aa23Tet)	(Dobson,	Marsland,	Veneti,	Bourtzis,	&	O’Neill,	2002).

2.2 | Cell viability assays

Viability of Aa23 cell line, Wolbachia or yeast was assessed using 
the BacLight live- dead staining kit (Molecular Probes, Carlsbad, CA). 
Ten microliters of cell suspension were stained according to the 
manufacturer suggested protocol and viewed in an epifluorescence 
NIKON	microscope.

2.3 | Failed attempts to grow Wolbachia ex- vivo and 
a serendipitous finding

The original idea was to find a system where Wolbachia would grow 
ex-	vivo.	To	do	this,	diverse	protocols	used	for	other	endosymbionts	
such as Sodalis and Coxiella	were	 followed	 (Dale	&	Maudlin,	1999;	
Omsland	et	al.,	2009,	2013).	It	was	found	that	some	components	did	
improve survival in isolated Wolbachia, even if we never observed 
substantial growth. Some of these agents were: (1) Trehalose and 
other compatible solutes such as mannitol, glycerol and sucrose, 
known	to	stabilize	pollen	(Crowe,	Reid,	&	Crowe,	1996;	Leslie,	Israeli,	
Lighthart, Crowe, & Crowe, 1995) and isolated proteins (Sampedro 
& Uribe, 2004) (2) Actin, which supports binding and movements 
of some endosymbionts in vivo. (3) Catalase which deactivates hy-
drogen	 peroxide	 (Dale	&	Maudlin,	 1999)	 and	 (4)	 Blood	 from	 large	
mammals, which has been used to grow Sodalis	 (Dale	 &	Maudlin,	
1999) and increases Wolbachia	titers	(Amuzu,	Simmons,	&	McGraw,	
2015; McMeniman, Hughes, & O’Neill, 2011). Human blood was also 
effective.

First, we tried growing Wolbachia using sheep blood. However, 
it	was	easily	contaminated	at	 the	sites	of	extraction,	 so	cultures	
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had to be discarded often. On one occasion we obtained positive 
wsp gene amplification from a yeast colony grown in one of the 
agar plates. Out of curiosity, we studied the host, which turned out 
to be S. cerevisiae. From this accidental finding we decided to test 
a known strain of S. cerevisiae as an alternative host. We learned 
that, in order to support growth of Wolbachia, yeast culture media 
needed to be supplemented with blood, which eventually was sub-
stituted	with	 ammonium	 ferric	 citrate	with	excellent	 results	 and	
none of the contamination problems. Neither compatible solutes, 
nor catalase nor actin enhanced growth. The second addition 
needed was bovine fetal serum, which was present in all original 
growth media but not in yeast culture media. FBS was titrated and 
we	ended	up	using	1%.

Among laboratory strains, infection was successful in W303 and 
NB40,	while	 infection	%	 in	BY	was	milder	 (Figure	1).	The	S. cerevi-
siae strain W303- 1A (MATα; ura3- 1; trp1Δ 2; leu2- 3,112; his3- 11,15; 
ade2-	1;	can1-	100)	(Gutierrez-	Aguilar	et	al.,	2014),	where	Wolbachia 
was	abundant	at	10	days	of	infection	was	chosen	for	further	exper-
iments	(See	Results).

2.4 | Wolbachia wAlbB 
infection of the Saccharomyces cerevisiae W303 yeast 
strain (wScW303)

A first yeast infection was performed following a modified cell 
line	 infection	 protocol	 (Dobson	 et	al.,	 2002).	 All	 procedures	 were	
performed under sterile conditions. The Aa23 cell line (containing 
Wolbachia) was grown in Corning cell culture flasks (225 cm2) as 
described in (Shih et al., 1998). After 20 days of culture, cells were 
scrapped and concentrated by centrifugation at 3,000g for 5 min. 
For	homogenization,	~1*107	cells	were	resuspended	in	10	ml	Eagles	
medium	and	vortexed	for	10	min	with	(50%	v/v)	3	mm	sterile	borosili-
cate	glass	beads	(Rasgon,	Gamston,	&	Ren,	2006).	The	homogenate	
was centrifuged at 3,000g for 10 min to remove unbroken cells. The 
supernatant was passed through a 2.7 μm syringe filter and the fil-
trate containing bacteria was centrifuged at 16,500g for 10 min. The 
pellet was resuspended in 2 ml of Mitsuhashi- Maramorosch medium 
(MM) supplemented with 1 mmol L−1 ammonium ferric citrate and 
20%	fetal	bovine	serum	(FBS)	(MM	Fe	FBS).	In	parallel,	yeasts	were	

F IGURE  1  Infection	of	Saccharomyces cerevisiae with Wolbachia.	(a)	FISH	using	a	Wolbachia	16S	rDNA	specific	probe	labeled	with	Quasar	
670 (pink) was performed on 14 day old cultures of infected and control S. cerevisiae strains W303 (ScW303), BY (ScBY), and NB40 (ScNB40) 
(b)	After	14	days	postinfection,	the	percentage	of	infected	cells	were	counted	as	those	with	positive	hybridization.

(a)

(b)
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grown	in	a	liquid	YPD	culture	for	3	hr,	harvested	and	centrifuged	at	
3,000g	for	3	min.	Culturing	yeast	in	low	oxygen	environments	pre-
vents thickening of the cell wall (Aguilar- Uscanga & Francois, 2003; 
Smith	et	al.,	2000;	Avrahami-	Moyal,	Braun,	&	Engelberg,	2012).	To	
induce contact between bacteria and yeast both bacteria (the whole 
2	ml	sample)	and	yeast	 (60	mg	ww)	were	mixed	and	centrifuged	at	
2,500g	for	1	hr	at	20°C	(Dobson	et	al.,	2002).	Bacteria-	infected	yeast	
were plated (all 2 ml) on a Petri dish containing MM supplemented 
with 1 mmol L−1	 ammonium	 ferric	 citrate	 plus	 25%	 v/v	 outdated	
human	 packaged	 erythrocytes	 and	 2%	 agar	 (MM	 Fe-	blood)	 and	
incubated	 at	 27°C	 in	 a	 5%	CO2	 chamber	 (ESCO,	Cell	 Culture	CO2 
incubator,	Singapore)	for	14	days	 (Dale	&	Maudlin,	1999).	 Infection	
was	confirmed	by	FISH	and	PCR.	Infected	yeast	was	transferred	to	
a fresh agar plate every month for up to 6 months, then yeast was 
discarded and a new sample was used. Some aliquots were added 
with	40%	glycerol,	frozen	and	stored	at	−80°C,	these	samples	have	
remained infective for nearly 10 months.

To transfer Wolbachia from yeast to yeast, slight modifications 
to the protocol were made: An aliquot of 100 μl of yeast taken from 
a	 glycerol-	frozen	 sample	or	 a	 loophole	of	 infected	yeast	 cells	was	
diluted	 in	2	ml	YPD	Fe	20%	FBS	and	plated	 in	YPD	Fe-	blood	agar	
plates,	which	were	grown	in	5%	CO2. After 14 days, all cells grown in 
a Petri dish were collected and washed by centrifugation at 3,000g 
for 3 min at 20°C with sterile water and the pellet was suspended 
in	10	ml	MM.	The	suspension	was	vortexed	for	10	min	in	the	pres-
ence	of	0.425–0.600	mm	sterile	borosilicate	glass	beads	 (60%	v/v)	
to disrupt yeast cells (note that beads were smaller than those used 
for	 insect	 cell	 lines).	Disrupted	 yeasts	were	 centrifuged	 at	 3,000g 
for 10 min and the supernatant was centrifuged again 3,000g for 
10 min. The washed supernatant was filtered through different 
0.8–0.65–0.45 μm syringe filters. Again, we used filters with smaller 
pores	 than	 those	used	 for	 cell	 lines	due	 to	 the	 small	 size	of	 yeast	
cells. The last filtrate was centrifuged at 16,500g for 10 min. The 
pellet	(~60	mg	ww)	was	suspended	in	2	ml	MM	Fe	FBS	and	used	to	
infect yeast from 3- h cultures as described above. The yeast–bac-
terium	mixture	was	plated	in	a	YPD	Fe	agar	plate	and	incubated	at	
27°C	with	5%	CO2	for	at	least	7	days.	Infection	was	evaluated	using	
FISH	and	PCR.

2.5 | Culture and maintenance of wAlbB-infected 
Saccharomyces cerevisiae W303

Infected	S. cerevisiae	strains	were	kept	in	YPD	plus	1	mmol	L−1 am-
monium ferric citrate agar plates. When transferring to liquid me-
dium, a loophole from the desired strain was suspended in 100 ml of 
sterile	YPDS	and	incubated	at	28°C,	130	rpm	for	48	hr.	Precultures	
were	decanted	in	one	liter	YPDS	and	incubated	at	the	same	condi-
tions for up to 14 days. When transferring from solid to solid media, 
a	loophole	of	yeast	was	suspended	in	1	ml	YPD	supplemented	with	
1 mmol L−1	 ammonium	 ferric	 citrate	 plus	 20%	 FBS	 and	 plated	 on	
YPD	agar.	A	cell	passage	every	2–3	weeks	was	performed	in	order	to	
maintain the infection. When it was desired to eliminate Wolbachia 

from yeast, tetracycline 30 μg/ml was added five consecutive times 
to	the	medium	as	passages	were	performed	(Dobson	et	al.,	2002).

2.6 | Wolbachia wAlbB infection of the C6C36 Aedes 
albopictus cell line

To determine whether Wolbachia cells retained its infective abil-
ity after all treatments, Wolbachia were isolated from S. cerevisiae 
grown	in	liquid	YPD	Fe	1%	FBS	and	they	were	tested	for	infection	
against a C6C36 insect cell line.

2.7 | Wolbachia surface protein (wsp) gene PCR 
identification

The Wolbachia wsp gene was amplified using the following prim-
ers: wsp	 81F	 (5′	 TGGTCCAATAAGTGATGAAGAAAC	 3′)	 and	 wsp 
691R	 (5′	 AAAAATTAAACGCTACTCCA	 3′)	 (Braig,	 Zhou,	 Dobson,	
& O’Neill, 1998) in a 25 μl reaction volume using recombinant Taq 
DNA	polymerase	(Thermo	Fisher	Scientific).	PCR	amplification	was	
performed as reported elsewhere (Braig et al., 1998; Xi, Khoo, & 
Dobson,	2006).	The	PCR	product	was	electrophoresed	on	a	1%	aga-
rose	gel	and	stained	with	ethidium	bromide.	PCR	product	was	puri-
fied	using	a	GeneJET	PCR	purification	Kit	(Thermo	Fisher	Scientific)	
and	 sequenced	 in	 the	 Molecular	 Biology	 Unit	 at	 the	 Institute	 of	
Cellular Physiology, UNAM.

2.8 | Fluorescence in- situ hybridization (FISH)

Wolbachia	16S	rDNA	oligonucleotide	probe	labeled	with	Quasar	670	
dye (λem647, λex670)	 W1,	 5′-	AATCCGGCCGARCCGACCC-	3′	 was	
used	 for	 FISH	 assays	 (Heddi,	 Grenier,	 Khatchadourian,	 Charles,	 &	
Nardon, 1999). One milliliter of the desired culture was centrifuged 
at 3,000g for Aa23, C6C36 and yeast, and 18,500g for purified 
Wolbachia for 5 min. Protocol was followed as reported elsewhere 
(Genty,	Bouchon,	Raimond,	&	Bertaux,	2014).	Samples	were	viewed	
in a FluoView FV- 1,000 Olympus confocal microscope, NA 1.4 
with	 a	100X	objective.	 Images	were	 analyzed	with	 the	FV-	Viewer	
Olympus software.

2.9 | Z- cut images for cell reconstruction

Fourteen day old infected and noninfected yeast samples were visu-
alized	with	a	Olympus-	FV1000	or	FV-	3000	microscopes.	Z-	cut	im-
ages	were	 reconstructed	using	 Imaris	 7.2.1	 and	 Image	 J	 software.	
Calcofluor- white (0.05 mmol L−1	 in	20%	DMSO-	20	mmol	L−1 Bicine 
Buffer) was used to stain fungus cell wall.

2.10 | Antibodies

Primary antibodies: Mouse monoclonal Anti- Wolbachia Surface 
Protein	 NR-	31029	 was	 from	 BEI	 Resources,	 NIAID,	 NIH.	 Mouse	
monoclonal	Anti-	VDAC	was	from	Abcam.	Secondary	antibody:	HRP	
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coupled	Anti-	mouse	antibody	from	Jackson	ImmunoResearch	(West	
Grove,	PA).

2.11 | Western blot

A loophole from yeast grown in solid media was suspended in 200 μl 
of water; otherwise, 200 μl from liquid culture samples were cen-
trifuged at 3,000g for 5 min and washed twice in water. The pellet 
was	solubilized	in	200	μl	RIPA	buffer	(25	mmol	L−1 Tris•HCl pH 7.6, 
150 mmol L−1	NaCl,	1%	NP-	40,	1%	sodium	deoxycholate,	0.1%	SDS)	
supplemented with protease inhibitors 1 mmol L−1 PMSF (Sigma- 
Aldrich)	 and	 Complete	 protease	 inhibitor	 cocktail	 (Roche-	CO-	RO)	
as recommended by the abcam protocol. Samples were lysed in a 
Sonics	VibraCell	sonicator	 (Sonics	&	materials,	 Inc.,	Newtown,	CT)	
at	80%	amplitude	for	10	s	and	left	under	agitation	in	a	Multi-	Vortex	
V-	32	(Biosan,	Riga,	Latvia)	for	30	min	at	4°C.	Samples	were	centri-
fuged at 15,160g for 5 min. The supernatant was recovered and pro-
tein concentration was measured by Bradford in a PolarStar Omega 
(BMG	labtech,	Ortenberg,	Germany)	[(Bradford,	1976)	#64].	Samples	
were diluted in a 4X buffer (500 mmol L−1	Tris,	pH	6.8,	10%	glycerol,	
10%	SDS,	0.05%	beta-	mercapto-	ethanol,	 and	0.01%	bromophenol	
blue)	and	boiled	for	5	min.	SDS/PAGE	was	performed	in	10%	poly-
acrylamide gels and electrotransferred to poly(vinylidenedifluoride) 
membranes	 as	 reported	 elsewhere	 (Chiquete-	Felix	 et	al.,	 2009).	
Membranes	were	blocked	with	5%	Blotto	nonfat	dry	milk	in	TBS-	T	
(50 mmol L−1 Tris, 104 mmol L−1	NaCl,	 pH	7.6,	 0.1%	Tween	20)	 for	
1 hr, and incubated overnight at 4°C with the primary antibody. 
Membranes were washed with TBS- T and incubated at 37°C for 
1 hr with secondary antibody. Membranes were washed again and 
the	 bands	 were	 developed	 by	 chemiluminescence	 using	 an	 ECL	
kit	 (Amersham	 Biosciences,	 GE,	 Healthcare)	 (Chiquete-	Felix	 et	al.,	
2009).	PVDF	membranes	were	stripped	as	indicated	by	abcam	pro-
tocol	using	a	mild-	stripping	buffer,	blocked	with	5%	Blotto	nonfat	dry	
milk in TBS- T and reprobed with a different antibody as indicated.

2.12 | Transmission electron 
microscopy of wScW303

Infection	was	assessed	by	transmission	electron	microscopy	(TEM)	
following a protocol from (Sun et al., 2015). Briefly, 500 μl of cells 
were harvested from 100 ml cultures of infected and uninfected 
Saccharomyces cerevisiae cultures form the first unintentional in-
fection (wSc) at 10 days and wScW303 of fourteen days. Yeast 
and Wolbachia samples were washed twice in distilled water at 
740 g for 5 min for yeast and 23400 g for 10 min for bacteria in an 
Eppendorff	Centrifuge	5415C.	Samples	were	fixed	 in	2%	KMnO4 
at	 4°C	 overnight.	 Next	 day,	 samples	 were	 washed	 for	 15	min	
with	 deionized	 water	 six	 times	 and	 dehydrated	 with	 sequential	
10-	minute	washes	with	 50%,	 70%,	 80%,	 90%	 ethanol	 and	 three	
washes	with	 100%	 ethanol.	 Samples	were	washed	with	 ethanol-	
propanone (1: 1) for 8 min, then with anhydrous propanone for 
5	min,	 then	with	 propanone-	EPON	821	 (3:	 1)	 for	 1	hr	 and	 left	 in	
propanone-	EPON	 821	 (1	 :	 3)	 overnight.	 Next	 day,	 samples	were	

concentrated	and	resuspended	in	propanone-	EPON	821	(1:	1)	for	
1 hr. Then, samples were concentrated again and left in resin for 
24 hr. Then they were incubated for 12 hr at 37°C and then further 
incubated	for	36	hr	at	60°C.	Resins	were	cut	into	70	nm	slices	on	
an	ultra-	microtome	(Ultracut	Reicheit-	jung)	and	observed	in	a	JEOL	
JEM-	1200	 EXII	 electron	microscope.	 Data	were	 processed	 using	
Gatan	Digital	Micrograph	Software.

2.13 | Mitochondrial (or Mitochondria/Wolbachia 
mixture) isolation

Yeast were centrifuged at 3,000g for 5 min, washed twice in water 
and	resuspended	in	MES-	mannitol	buffer	(5	mmol	L−1	MES,	0.6	mol	L−1 
mannitol,	0.1%	BSA	pH	6.8	adjusted	with	triethanolamine).	Yeast	were	
disrupted	using	a	Bead	Beater	 cell	 homogenizer	 (Biospec	Products,	
OK, USA, final volume 50 ml) with 0.425–0.6 mm glass beads dur-
ing three 20 s pulses separated by 40 s resting periods in ice (Uribe, 
Rangel,	Espínola,	&	Aguirre,	1990).	The	homogenate	was	differentially	
centrifuged to isolate mitochondria similar to described in (Peña, Piña, 
Escamilla,	&	Piña,	1977).	Briefly,	cells	were	centrifuged	at	1,100g for 
5 min. The supernatant was centrifuged at 9,798g for 10 min and the 
pellet	was	 resuspended	 in	MES-	mannitol	 buffer	 and	 centrifuged	 at	
3,000g for 5 min. Finally, the supernatant was centrifuged at 17,500g 
for 10 min. The resulting pellet was resuspended in minimal volume 
and	 protein	 concentration	 was	 measured	 by	 Biuret	 (Gornal,	 1957)	
using a Beckman Coulter spectrophotometer at 540 nm.

2.14 | Oxymetry

Mitochondrial high resolution respirometry was assessed in an 
Oroboros	 oxygraph	 (Oroboros	 Intrs	 Corp,	 Innsbruck,	 Austria)	
using 5 mmol L−1	MES,	0.6	mol	 L−1 mannitol pH 6.8, 10 mmol L−1 
KCl and 4 mmol L−1 Pi at 30°C. Final volume in the closed cham-
ber was 1.5 ml with a protein concentration of 0.5 mg prot/ml. 
Bacterial protein concentration of 0.5 mg prot/ml was used. The 
trace was started by the addition of 5 mmol L−1 of the indicated 
substrate:	 glycerol-	3-	phosphate,	 ethanol,	 NADH,	 pyruvate-	
malate,	succinate,	glutamine	or	glutamate.	For	Complex	IV	evalua-
tion, 5 mmol L−1 ascorbate (pH 7.6)-  0.05 mmol L−1	TMPD	was	used	
(Uribe,	Ramirez,	&	Peña,	1985).	Respiratory	control	was	measured	
using 0.5 μl/ml	ethanol	 to	 induce	state	 II	 respiration	and	1	mmol	
L−1	ADP	 to	 induce	 the	 phosphorylated	 state	 (Uribe	 et	al.,	 1985).	
Respiratory	chain	inhibitors	were	used	in	the	following	concentra-
tions: 0.1 μmol L−1 rotenone, 0.15 mmol L−1 flavone, 0.1 μmol L−1 
antimycin A, and 2 mmol L−1 cyanide (Uribe et al., 1985).0.5 μmol 
L−1	CCCP	was	added	as	an	uncoupler.	Data	were	analyzed	using	the	
Oroboros Lab software.

2.15 | Electrophoretic techniques and in- 
gel activities

Blue	native	gel	electrophoresis	(BN-	PAGE)	and	high-	resolution	clear	
native	electrophoresis	 (hrCN-	PAGE)	were	performed	as	 in	 (Wittig,	
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Braun, & Schägger,2006; Wittig, Karas, & Schägger, 2007). Whole 
cells	were	solubilized	with	2	mg	dodecylmaltoside/mg	protein	plus	
1 mmol L−1	PMSF	and	Complete	protease	inhibitor	cocktail	(Roche-	
CO-	RO)	and	shaken	for	30	min	at	4°C.	Membranes	were	centrifuged	
at 23,680g at 4°C for 1 hr. Protein concentration in the supernatants 
was determined by Bradford (1976). Between 0.1 and 0.15 mg of 
protein	were	loaded	in	5%–15%	polyacrylamide	gradient	gels.	When	
hr-	CN	PAGE	electrophoresis	was	performed	0.01%	Lauryl	maltoside	
and	0.05%	sodium	deoxycholate	were	added	to	the	cathode	buffer	
[(Wittig	et	al.,	2007)	#69].	Gels	were	run	for	about	an	hour	at	15	mA/
gel	in	a	Bio-	rad	electrophoresis	chamber.	In-	gel	NADH-	NBT	oxido-	
reductase (100 μg	protein),	succinate-	NBT	oxido-	reductase	(150	μg 
protein), cytochrome c	oxidase	 (100	μg protein), and in- gel ATPase 
(100 μg protein) activities were done as reported previously (Uribe- 
Alvarez	 et	al.,	 2016).	 20	μg	 protein	 of	 solubilized	 Bovine	 Heart	
Mitochondria (BHM) were loaded in each gel as controls.

2.16 | LC- MALDI- MS/MS

Indicated	 bands	 from	 hr-	CN	 PAGE	 or	 BN-	PAGE	 were	 enzymati-
cally	 digested,	 separated	 on	 a	HPLC	 EkspertnanoLC	 425	 (Eksigent,	
Redwood	 City	 CA)	 and	 analyzed	 in	 a	 MALDI-	TOF/TOF	 4800	 Plus	
mass	spectrometer	(ABSciex,	Framingham	MA)	(Shevchenko,	Tomas,	
Havli,	Olsen,	&	Mann,	2006)	in	the	Unidad	de	Genómica,	Proteómica	
y	Metabolómica,	CINVESTAV-	IPN.	Generated	MS/MS	spectra	were	
compared	using	Protein	Pilot	 software	v.	4.0	 (ABSciex,	Framingham	
MA) against the Saccharomyces cerevisiae ATCC 204508 database 
(downloaded of Uniprot, 6721 protein sequences) and Wolbachia 
genus database (downloaded of Uniprot, 47781 protein sequences) 
using Paragon algorithm.

3  | RESULTS

3.1 | At the expense of its own viability, the artificial 
host Saccharomyces cerevisiae W303 supports growth 
of Wolbachia wAlbB

To study Wolbachia (wAlbB) large biomass yields plus a host that is 
easy to manipulate are needed. After testing different alternatives 
(see Methods), it was discovered that different S. cerevisiae strains 
were susceptible to infection and supported active Wolbachia 
proliferation. At 14 days of infection, Wolbachia grew efficiently 
in S. cerevisiae strains W303 (ScW303) and NB40 (ScNB40), while 
strain BY (ScBY) supported only a weak infection (Figure 1a). After 
14	days	 the	 percentage	 of	 infected	 cells	 counted	 by	 FISH	 using	
probes against the Wolbachia	 16S	 rDNA	 was	 71.8%	±	8.7%	 for	
ScW303	and	52.3%	±	14.3%	for	ScNB40, while in ScBY less than 
20%	cells	were	positive	for	FISH	(Figure	1b).	Strain	ScW303 was 
chosen for further studies. ScW303	maintains	high	rate	of	oxida-
tive phosphorylation regardless of the carbon source, it is highly 
resistant	 to	 oxidative	 stress	 (Ocampo,	 Liu,	 Schroeder,	 Shadel,	&	
Barrientos, 2012) and it has a weak cell wall (Avrahami- Moyal 
et al., 2012). Strains used in this study are detailed in Table S1.

3.2 | Proliferation of Wolbachia in ScW303 was 
further confirmed using different independent 
methods as follows (Figure 2)

3.2.1 | PCR of the Wolbachia outer surface protein 
gene (wsp)

Both the Aa23 cell line (Figure 2a) and infected S. cerevisiae 
(wScW303)	 (Figure	2b)	 amplified	 650	bp	 fragments	 exhibiting	 se-
quences	100%	identical	to	the	surface	protein	of	the	Wolbachia en-
dosymbiont of Aedes albopictus	(NCBI	database:	KC242223.1)	(Table	
S2).	PCR	amplification	bands	were	not	observed	in	the	tetracycline-	
treated Aa23 cell line (Figure 2a, Aa23 Tet) and in the noninfected 
yeast (Figure 2b, ScW303). Tetracycline used continuously in cell 
cultures is reported to kill Wolbachia	(Dobson	et	al.,	2002).

3.2.2 | Western Blot analysis detected Wolbachia 
wsp in S. cerevisiae
In	the	Aa23	cell	line,	a	~37	kDa	protein	corresponding	to	the	Wolbachia 
Surface protein (wsp) was revealed with anti wsp antibodies (Bei re-
sources,	 NIH,	 MD)	 (Figure	2c,	 Aa23).	 This	 band	 disappeared	 after	
growth	 in	 the	 presence	 of	 tetracycline	 (Aa23	 Tet).	 VDAC	 (Voltage	
dependent	anionic	channel)	protein	was	used	as	a	loading	control.	In	
non–infected yeast wsp was not detected, (Figure 2c, ScW303), while 
in infected yeast the wsp western blot signal was first detected at 
day 3 and increased gradually up to day 10, remaining stable until day 
14 (Figure 2c, wScW303). (For images of original Western Blots, see 
Figure S1a). When tetracycline was added to the medium, the wsp sig-
nal decreased, disappearing by day 10 (Figure S1b, wScW303Tet).

3.2.3 | Normal growth and early death were 
observed in infected S. cerevisiae

During	 the	 first	 12	days	 of	 culture,	 growth	 curves	 of	 infected	
wScW303 were similar to the controls (Figure 3a). Then, begin-
ning at day 14, wScW303 absorbance decreased. Cell wall degra-
dation (Figure S2) and viability staining (Figure 3b) confirmed that 
wScW303 viability was rapidly lost during the late stages of the sta-
tionary phase, from 14 to 18 days of culture.

In	 addition,	 during	 growth	 the	 transcriptional	 activity	 of	
both S. cerevisiae	 18S	 rRNA	 and	 the	Wolbachia wsp were tested. 
Transcription was high in S. cerevisiae from the first day, decreased 
at day fourteen and became negligible at days 16 and 18 (Figure 3c). 
In	 contrast,	 transcription	 of	 the	wsp from Wolbachia became de-
tectable	 only	 after	 3	days,	 increased	 exponentially	 until	 day	 10	
and remained constant until day 14. Then, at days 16 and 18, tran-
scription decreased abruptly (Figure 3c). Transcription data in the 
Wolbachia/S. cerevisiae system indicated that Wolbachia activity 
grew later than S. cerevisiae,	reaching	a	maximum	at	10	days.	Later,	
beginning at 14 days both transcription activities decreased abruptly 
in parallel with the death of the host.
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3.2.4 | Yeast cell/endosymbiont images were 
observed by staining S. cerevisiae with Calcofluor 
white and wAlbB with Quasar 670

Both	 the	 western	 blot	 and	 the	 RT-	PCR	 experiments	 suggested	
that Wolbachia grew in the presence of S. cerevisiae becoming 
abundant	at	days	10–14.	In	order	to	determine	whether	Wolbachia 
was inside yeast, samples from infected and noninfected yeast 
cells	from	14-	day	old	cultures	were	hybridized	using	a	Wolbachia 
specific	16S	 rDNA	probe	 labeled	with	Quasar-	670	 (FISH).	Then,	
the yeast cell wall was stained with Calcofluor white (Figure 4, 
Movie S1, Movie S2), Staining of the S. cerevisiae cell wall allowed 
observation of labeled bacteria inside yeast. Figure 4 shows 
that	 the	Quasar-	670	 label	was	detectable	only	 in	wScW303 and 
not in ScW303.	Merge	 of	 the	Calcofluor,	Quasar-	670	 and	Clear	
field (Light) images show bacteria are inside the cell (Figure 4). 
Tridimensional	reconstructions	of	z-	cuts	performed	in	a	wScW303 
sample show the intracellular location of different bacteria (mov-
ies	S1	and	S2).	 In	 the	periphery	of	movies	S1	and	S2,	 few	 inde-
pendent bacterial labels were detected, which we speculate, may 
come from bacteria inside heavily deteriorated host cells whose 
cell wall was not stained by Calcofluor (movies S1 and S2).

3.2.5 | TEM images detected Wolbachia inside 
S. cerevisiae

Transmission electron microscopy images further suggested the 
intracellular location of Wolbachia. Cultures of 10 and 14 days of 
control and infected S. cerevisiae	were	analyzed.	In	 infected	yeast	
cells (Figure 5b–f, g), bacteria- like bodies (Figure 5, labeled *) that 
are not present in the uninfected yeast (Figure 5a and d) can be 

observed. At 10 days both infected and noninfected yeast present 
mitochondria, which can be identified by the presence of inner 
membrane	cristae	(Figure	5,	labeled	m).	In	contrast	14	day-	old	cul-
tures of ScW303 lost most mitochondrial structures, which suggest 
that these organelles are dysfunctional probably because cells are 
in	late	stationary	phase.	In	contrast,	14	days-	old	infected	wScW303 
show Wolbachia plus mitochondria where the typical cristae pat-
tern may be observed, suggesting abnormal preservation of mito-
chondria	in	infected	yeast	(Figure	5e–g).	In	wScW303 cultures, we 
can observe different cell images: most cells had an intact plasma 
membrane and contained mitochondria and bacteria- like bodies in-
side	(Figure	5e).	Other	cells	exhibited	damaged	membranes	but	the	
bacteria like structures were still present (Figure 5f). Among the 
whole population, we found some budding yeast, where bacteria- 
like bodies can be seem concentrated in the bud (Figure 5g). None 
of the latter populations was found in control ScW303 cultures.

3.2.6 | Wolbachia-infected yeast retained high 
mitochondrial oxidative phosphorylation activity for 
abnormally long periods

A	possible	mechanism	for	the	early	death	of	infected	yeast	was	ex-
plored in our infected ScW303/wAlbB	system.	This	system	exhibited	
an abnormal preservation of mitochondria (Figure 5), so it was logi-
cal	to	explore	aerobic	metabolic	activity.	The	relationship	between	
Wolbachia and aerobic metabolism in the host is a matter of con-
troversy. Some authors have proposed that these endo- cellular or-
ganisms possess an aerobic metabolism that contributes to overall 
activity (Strübing et al., 2010) while others suggest that Wolbachia 
optimizes	 aerobic	 metabolism	 by	 supplying	 heme	 groups	 for	 res-
piratory	complexes	(Darby	et	al.,	2012;	Fallon,	Baldridge,	Carroll,	&	

F IGURE  2 Detection	of	Wolbachia in Saccharomyces cerevisiae W303. (a) Agarose gel electrophoresis of the wsp	PCR	products	predicted	
as	a	~600	bp	band	in	the	Aa23	cell	line.	Lanes:	M,	Invitrogen	1	kb	plus	DNA	ladder;	Aa23,	infected	cell	line;	Aa23	Tet,	noninfected	cell	line.	
(b) Agarose gel electrophoresis of the wsp	PCR	products	for	S. cerevisiae.	Lanes:	M,	Invitrogen	1	kb	plus	DNA	ladder;	ScW303, uninfected 
original yeast; wScW303,	infected	yeast.	(c)	Western	blot	against	the	wsp	and	VDAC	proteins.	First	row,	first	lane	Aa23	infected	cell	line	and	
second	lane	Aa23∆w	tetracycline-	cured	cell	line.	Yeast	samples	were	taken	at	1,	3,	5,	7,	10,	and	14	days	postinfection.	A	positive	control	was	
taken	from	a	20	day	YPD-	2%	agar	culture	infected-	wScW303. Negative control was a noninfected sample ScW303

(a) (b) (c)
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Kurtz,	2014;	Foster	et	al.,	2005;	Heddi	et	al.,	1999;	Strübing	et	al.,	
2010).	Thus,	we	decided	to	evaluate	oxidative	phosphorylation	ac-
tivities in our system, which preserved mitochondrial structure be-
yond the stationary phase (Figure 5).

When isolation of Wolbachia was attempted, it was found that 
the bacterium and mitochondria migrated together (Baldridge et al., 

2014;	Uribe	 et	al.,	 1985).	 Thus,	 it	was	 decided	 to	 characterize	 ox-
idative phosphorylation activity in the mitochondria/Wolbachia 
mixture	 and	 then	determine	 the	 contribution	of	 each	 entity	 using	
different	bioenergetics	techniques.	The	rate	of	oxygen	consumption	
was measured using ethanol as a substrate (Table 1). We isolated 
the mitochondria/Wolbachia fraction from either one- day cultures 

F IGURE  4 Wolbachia in calcofluor- labeled S. cerevisiae.	Infected	(wScW303) and noninfected (ScW303) S. cerevisiae	cells	were	hybridized	
with	the	16S	rDNA	Wolbachia	probe	(Quasar	670,	pink).	Then,	the	yeast	cell	wall	was	stained	with	calcofluor-	white	(Calcofluor,	blue)	to	
confirm the endosymbiosis. Merge images are shown to evaluate the presence of Wolbachia inside yeast

F IGURE  3 S. cerevisiae growth, viability, and transcriptional activity in the absence and presence of Wolbachia.	(a)	Growth	curves	
of ScW303 and wScW303	grown	in	YPDS	at	30°C,	130	rpm	for	18	days.	(b)	Yeast	cell	viability	in	different	days	of	culture	quantified	by	
microscopy with the BacLight viability kit. (c) Amplification of the wsp gene of Wolbachia	and	the	18S	rRNA	gene	of	S. cerevisiae of samples 
taken at different days of culture

(a) (b)

(c)
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where there are very few Wolbachia cells or from 14- day cultures, 
where Wolbachia	numbers	were	high	(Table	1).	 In	one-	day	cultures	
from ScW303 and wScW303 respiratory activities were very sim-
ilar.	 However,	 at	 14	days	 the	 rates	 of	 oxygen	 consumption	 and	
respiratory	controls	 (RC)	were	widely	different	as	 follows:	 In	non-
infected	 yeast,	 both	 the	 rate	 of	 oxygen	 consumption	 and	 respira-
tory	 control	 decreased	 at	 the	 expense	 of	 state	 3	 inhibition,	while	
in contrast, wScW303	 retained	high	 rates	 of	 oxygen	 consumption	
plus high respiratory controls, i.e. in 14- day old Wolbachia- infected 
yeast	exhibited	high	oxidative	phosphorylation	activity,	 consistent	
with	the	presence	of	mitochondria	observed	by	TEM	in	the	infected	
cells (Table 1).

3.2.7 | In the presence of Wolbachia the 
activity of different mitochondrial respiratory 
complexes was preserved

In	 the	 isolated	mitochondria/Wolbachia	mixture,	we	 tested	spe-
cific	 substrates	 for	 each	 respiratory	 chain	 complex/enzyme	
(Table	S3).	 In	one-	day	cultures	the	rates	of	oxygen	consumption	
were similar in infected and noninfected S. cerevisiae	(Figure	6).	In	

aged	mitochondria	from	noninfected	yeast,	external	NADH	dehy-
drogenase	 (NDH2e,	Pyruvate-	Malate),	 succinate	dehydrogenase	
(Succinate)	 and	 Complex	 IV	 (Ascorbate-	TMPD)	 activities	 were	
strongly	diminished.	In	contrast,	 in	the	14	day-	old	mitochondrial	
fractions from Wolbachia- infected cells, respiratory activities 
in the presence of glycerol- 3- phosphate, pyruvate- malate, and 
succinate were increased in comparison to 1- day cultures. Since 
S. cerevisiae	 does	 not	 have	 complex	 I	 and	 pyruvate-	malate	 de-
pendent	 respiration	was	 insensitive	 to	 rotenone,	 redox	 activity	
was	most	 likely	 from	 the	mitochondrial	NDH2	and	not	a	bacte-
rial	 complex	 I.	 Succinate	 oxidation	was	 completely	 inhibited	 by	
antimycin	 A,	 indicating	 the	 absence	 of	 an	 alternative	 oxidase.	
Complex	 IV	 and	 NADH-	dependent	 oxygen	 consumption	 rates	
were still decreased as compared to mitochondria from one- day 
cultures (Figure 6). Other respiratory substrates, namely glu-
tamate	 and	 glutamine,	which	 are	 used	by	Rickettsia	 (Winkler	&	
Turco,	1988)	where	assayed	and	they	did	not	support	oxygen	con-
sumption. The respiratory activities measured indicate that the 
mitochondria/Wolbachia fractions from the infected and nonin-
fected yeast consume the same substrates and are inhibited by 
the same respiratory chain inhibitors.

F IGURE  5 Electron	microscopy	images	of	infected	and	noninfected	Saccharomyces cerevisiae at different times of incubation. 
Transmission electron microscopy images confirm the intracellular location of Wolbachia. 10- day images were taken with uninfected (a) 
Sc and infected (b–c) wSc; 14 day- old images were taken with (d) ScW303 and (e–g) wScW303.	Images	show	the	presence	of	bacteria-	like	
bodies (*) that are not present in uninfected yeast and mitochondria (m) whose cristae can be easily identified

(a)

(d) (e) (f) (g)

(b) (c)

State IV (natgO/min*mg 
prot)

State III (natgO/min*mg 
prot) RCIII/IV

1	Day	ScW303 25.2	±	3.1 52.5	±	6.8 2.1	±	0.15

1	Day	wScW303 27.4	±	4.6 65.4	±	9.0 2.4	±	0.2

14	Days	ScW303 22.6	±	5.1 29.0	±	6.3 1.3	±	0.2

14	Days	wScW303 34.2	±	5.1 73.3	±	11.1 2.1	±	0.1

Reaction	mixture:	0.6	mol	L−1 mannitol, 5 mmol L−1	MES,	pH	6.8,	4	mmol	L−1 Pi, 10 mmol L−1 KCl. As 
substrate, 5 mmol L−1	ethanol.	For	state	III,	1	mmol	L−1	ADP.

TABLE  1 Oxygen	consumption	rates	of	
mitochondrial fractions from 1 and 
14 day- old cultures of Wolbachia- infected 
(wScW303) and noninfected (ScW303) 
Saccharomyces cerevisiae cells
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3.2.8 | Under the experimental conditions tested, 
infected wScW303 oxygen consumption activity was 
mitochondrial

The	 experiments	 above	 suggested	 that	 either	 Wolbachia has 
the	 exact	 same	 electron	 transport	 chain	 as	 mitochondria	 or	
Wolbachia respiratory proteins may be damaged when the 
mitochondria/Wolbachia	 fraction	 is	 isolated	 and	 exposed	 to	
oxygen.

To	explore	this	possibility	further,	we	measured	in-	gel	activities	
in the mitochondria/bacterium fraction. As eukaryote and prokary-
ote	respiratory	complexes	 I,	 II,	 III,	and	 IV	have	different	molecular	
masses the contribution from each organism to a given activity 
would be easily detected by native gel electrophoresis. The in- gel 
activities	 for	 each	 complex	 from	 infected	 and	 noninfected	 yeast	
from	1	and	14	day-	old	cultures	were	analyzed	and,	 in	all	cases,	ac-
tivities were detected only at MWs corresponding to the mitochon-
drial	 enzymes	 (Table	 S3,	 Figure	7)	 suggesting	 that	 in	 the	 artificial	
ScW303/wAlbB system and under the specific conditions of growth 
reported here, Wolbachia	did	not	express	any	functional	respiratory	
chain proteins. The above results suggest that mitochondria were 
responsible	for	all	the	observed	oxygen	consumption	activity.	Still,	

one	NADH	dehydrogenase	 (Table	S4)	was	weakly	expressed	mak-
ing it impossible to conclude on whether different Wolbachia strains 
may be aerobic or not.

3.2.9 | F1F0- ATPase subunits from Wolbachia were 
detected in wScW303

In	 the	 in	 gel	 ATPase	 activity	 from	 the	 mitochondria/Wolbachia 
isolate	 no	 differential	 bands	were	 observed.	 This	was	 expected	
as	 the	proposed	MWs	are	 similar	 for	 of	 both	ATPases:	 543	kDa	
for the eukaryote S. cerevisiae	 and	 530	kDa	 for	 prokaryotes	
Escherichia coli and Paracoccus denitrificans	 (Bakhtiari,	Lai-	Zhang,	
Yao,	&	Mueller,	1999;	Jonckheere,	Smeitink,	&	Rodenburg,	2012;	
Morales-	Rios,	 Montgomery,	 Leslie,	 &	 Walker,	 2015;	 Robinson	
et al., 2013; Schagger, 2002). However, the ATPase activity band 
(Figure	7A1,	Table	S4)	sequence	exhibited	a	mixture	of	yeast	and	
Wolbachia	ATPase	proteins.	BN	and	hrCN-	PAGE	results	 indicate	
that if Wolbachia	expresses	any	electron	transport	chain	proteins	
(still	 a	 possibility),	 under	 our	 experimental	 conditions	 their	 con-
centration was negligible when compared to the mitochondrial 
proteins and to its own F1F0- ATPase.

F IGURE  6 Wolbachia–mediated	effects	on	the	oxygen	consumption	activity	of	isolated	yeast	mitochondria.	High-	resolution	
respirometry.	1	day-	old	cultures	of	noninfected	(1	Day	ScW303)	and	infected	(1	Day	wScW303) yeast and 14 day- old cultures of noninfected 
(14	Days	ScW303)	and	infected	(14	Days	wScW303) yeast. 5 mmol L−1 from each substrate was added as indicated: glycerol- 3- phosphate 
(G3P),	NADH,	pyruvate-	malate	(Pyr-	Mal),	succinate	(Succ),	and	ascorbate-	TMPD	(Asc/TMPD).	Where	indicated,	0.5	μmol L−1 CCCP, 
0.1 μmol L−1	rotenone	(Rot),	0.1	μmol L−1 antimycin A (Ant A), 1 mmol L−1 cyanide (CN- ), and 0.15 mmol L−1 flavone. 0.5 mg prot/ml of 
mitochondria	(M)	were	added.	Data	represent	mean	±	SEM.	T	test	*p < .005, **p < .001 for ScW303 versus wScW303 yeast on the same day. 
T test −/+p < .05 − −/++p < .001 (−, decrease; +, increase) for ScW303 in day one versus day 14 cultures or wScW303 in day one versus day 14 
cultures

F IGURE  7 Wolbachia–mediated	effects	on	the	activity	of	each	mitochondrial	respiratory	complex.	BN-	PAGE	Coomassie-	stained	gel	of	
ScW303 and wScW303	cells	harvested	at	one	and	14	days.	In	gel	NADH-	NBT	oxido-	reductase,	succinate	dehydrogenase,	cytochrome	c 
oxidase	and	ATPase	enzyme	activities	in	hrCN-	PAGE	or	BN-	PAGE,	from	14	day	old	culture	of	wScW303. Bands 1N, 2N, 1S, and 1A were 
sequenced (Table S4). Bovine heart mitochondria (BHM) were used as a control
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3.2.10 | Wolbachia remains infective against insect 
cell lines

After being cultured in a yeast cell, the question arose on whether 
Wolbachia remained viable and infective when isolated. To test this, 
we	extracted	Wolbachia from wScW303, incubated it in isolation for 
5 days and then infected a C6C36 insect cell line which was previ-
ously reported to support bacterial infection (Baldridge et al., 2014). 
Aged Wolbachia infection was successful as assessed by specific 
staining	using	FISH	(Figure	8	Movie	S3).

4  | DISCUSSION

Growing	 obligate	 endosymbionts	 in	 cell	 lines	 yields	 low	 biomass	
at high costs (Baldridge et al., 2014; Khoo et al., 2013). To circum-
vent this problem, we built a synthetic host–endosymbiont system 
by artificially infecting the commonly used yeast Saccharomyces 
cerevisiae strain W303 with Wolbachia wAlbB from A. albopictus 
(Figures 1–5, Movies S1–S2). Culturing Wolbachia in yeast allowed 
us	to	study	the	complex	relationship	between	the	host	and	the	bac-
terium. Using S. cerevisiae as an artificial host confers benefits such 
as	a	high	resistance	to	changing	environments	(Gasch,	2002;	Gasch	
&	Werner-	Washburne,	2002),	use	of	inexpensive	liquid	cultures	and	
most importantly, the ease of manipulating and genetically engi-
neering the host cell. Following our approach, it may be possible to 
construct other synthetic parasite- mutualistic systems for obligate 
endosymbionts. Our system requirements for a successful infec-
tion	 were:	 supplementing	 YPD	 with	 iron	 and	 bovine	 fetal	 serum,	
plus	 low	 speed	 agitation	 of	 the	 nonbaffled	 Erlenmeyer	 flask	 and	
keeping the temperature between 28 and 30°C. These adjustments 
resulted in successful yeast infection and considerable Wolbachia 
yields in 14 days as compared with available methods that need up 
to	100	days.	Even	if	the	Saccharomyces/Wolbachia system is only a 
model of the interactions that occur in a naturally infected eukaryote 

cell, its manageability is outstanding and it may yield results that are 
not possible in cell lines.

Since Wolbachia is an alpha- proteobacterium closely related to 
mitochondria, it seemed likely that the aerobic metabolic machin-
ery of Wolbachia might mimic, enhance, or supplement the respira-
tory activity from the host. (Strübing et al., 2010). However, under 
our conditions, Wolbachia respiratory chain proteins were not 
detectable, instead, we found an increase in host mitochondrial 
activity. Another obligate endosymbiont, the Sytophilus oryzae 
Principal	Endosymbiont	(SOPE),	has	also	been	reported	to	increase	
the mitochondrial activity in the host, probably by providing nu-
trients such as riboflavin (Heddi, Lefebvre, & Nardon, 1993; Heddi 
et al., 1999). Several authors suggest that Wolbachia provides ri-
boflavin or heme groups to their arthropod and nematode hosts 
(Brownlie	et	al.,	2009;	Darby	et	al.,	2012;	Foster	et	al.,	2005;	Wu	
et al., 2009). This may vary with strains as Wolbachia from Brugia 
malayi (wBm) contains complete sets of riboflavin, heme and nucle-
otide	biosynthesis	genes	the	filarial	host	lacks	(Darby	et	al.,	2012;	
Foster	et	al.,	2005;	Klasson	et	al.,	2008;	Wu	et	al.,	2004).	In	return,	
the host provides amino acid, proteins and a safe, stable environ-
ment	(Brownlie	et	al.,	2009;	Darby	et	al.,	2012;	Foster	et	al.,	2005;	
Wu et al., 2009). The possibility that Wolbachia,	behaves	as	SOPE,	
donating	riboflavin	or	heme	groups	to	 the	host	may	be	explored	
in	auxotrophic	yeast	mutants.	S. cerevisiae libraries have a mutant 
for	 almost	 every	 enzyme	 on	 the	 riboflavin	 and	 heme	 synthesis	
pathways e.g. S. cerevisiae genome database (https://www.yeast-
genome.org/).

Under	the	conditions	tested	here,	expression	of	Wolbachia elec-
tron transport proteins was not detected. The reported Wolbachia 
pipientis wAlbB genome (Mavingui et al., 2012) shows that some 
respiratory	 complex	 subunits	 are	missing,	 e.g.	nuoC and nuoD	 for	
a	 functional	 complex	 I	 (Sazanov,	 2015);	 yet	 other	Wolbachia se-
quenced genomes contain all the genes necessary for a functional 
electron transport chain (Klasson et al., 2008), so maybe under 
different growth conditions, hosts and Wolbachia strains, bacterial 
respiratory	 proteins	 may	 be	 detected.	 It	 is	 suggested	 that	 other	
Wolbachia strains should be tested in order to determine whether 
some	consume	oxygen.

In	our	hands,	Wolbachia infection resulted in activation of mi-
tochondria	beyond	the	stationary	growth	phase.	It	may	be	specu-
lated that such activation constitutes an advantage for Wolbachia 
either	due	to	quenching	of	oxygen	in	the	cytoplasm	(Rosas-	Lemus	
et al., 2016) or because Wolbachia needs high ATP that an active 
mitochondria provides (Potter, Badder, Hoade, Johnston, & Morten, 
2016).	It	has	already	been	suggested	by	experiments	using	paraquat	
that Wolbachia sensitivity to free radicals is higher than that of the 
host (Fallon et al., 2013) and it cannot survive outside a host cell 
unless	it	is	kept	in	a	5%	CO2	atmosphere	(Rasgon	et	al.,	2006).	Also,	
high	agitation	speeds,	which	would	increase	oxygen	concentrations,	
lead to loss of the Wolbachia	infection	(Result	not	shown).	Thus,	it	is	
possible that Wolbachia enters the cytoplasm to hide from high at-
mospheric	oxygen	and	then	it	optimizes	cell	metabolism	to	both,	use	
host	metabolites	and	find	low	cytoplasmic	oxygen	concentrations.	

F IGURE  8 Wolbachia remains infective after being cultured in 
S. cerevisiae.	FISH	(Quasar	670-	pink)	of	the	wC6C36 cell line. Light/
Quasar	images	show	hybridization	only	inside	the	infected	cell	line.	
The noninfected cell line C6C36 does not have any of the pink 
hybridization	mark	identified	as	Wolbachia

https://www.yeastgenome.org/
https://www.yeastgenome.org/
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Avoidance,	 i.e.	hiding	 from	oxygen,	 is	a	common	behavior	 in	oxy-
conformers	 (Rosas-	Lemus	 et	al.,	 2016).	 In	 air,	 oxygen	 saturation	
concentration	 is	 ~21%	 (200	μmol L−1)	 while	 intracellular	 oxygen	
concentration	ranges	between	13.2%	and	14%	(126–133	μmol L−1) 
for	rhabdomyosarcoma	(RD)	cells	(Potter	et	al.,	2016)	or	HEK293T	
cells	(Abcam,	2016).	When	cells	are	exposed	to	lower	ambient	oxy-
gen,	intracellular	oxygen	concentration	is	also	decreased:	HEK293T	
cells	exposed	to	6%	oxygen	(50	μmol L−1)	have	an	intracellular	oxy-
gen	concentration	below	2%	(19	μmol L−1)	(Abcam,	2016);	RD	cells	
exposed	 to	 10%	 or	 5%	 ambient	 oxygen	 reduce	 their	 intracellular	
oxygen	concentration	to	5.4%	and	2.1%	respectively	(Potter	et	al.,	
2016).	 In	addition,	 there	 is	an	 intracellular	oxygen	gradient	 in	 the	
area surrounding the mitochondria in rat heart and hepatocytes, 
where	 oxygen	 concentration	 ranges	 between	 3	 (Gnaiger,	 2003)	
and 6 μmol L−1 (Jones & Kennedy, 1982; Tamura, Oshino, Chance, 
& Silver, 1978). Thus, a mitochondrion- containing host such as cell 
lines and yeast would probably provide the endosymbiont with a 
microaerobic environment. The mechanism for the increase in host 
mitochondrial activity needs to be defined.

In	 conclusion,	 we	 describe	 the	 infection	 of	 S. cerevisiae strain 
W303 by Wolbachia wAlbB.	Infection	led	to	premature	death	of	the	
host	and	to	an	abnormal	pattern	of	oxygen	consumption.	Further	ex-
periments using other yeast and other Wolbachia strains are needed 
to	 further	explore	oxidative	phosphorylation	patterns	 in	 the	host/
endosymbiont relationship. This system holds a large potential for 
different evaluations of biochemical and genetical processes in 
Wolbachia. Large biofermentors may be used to yield large amounts 
of biomass as required for different genomics and proteomics studies.
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Autónoma de México, Circuito Exterior s/n, Ciudad Universitaria, Ciudad de México, México,
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Abstract

The impact of performing exercise on the immune system presents contrasting effects on

health when performed at different intensities. In addition, the consequences of performing

chronic exercise have not been sufficiently studied in contrast to the effects of acute bouts

of exercise. The porpoise of this work was to determine the effect that a popular exercise

regimen (chronic/moderate/aerobic exercise) has on the proportion of different immune cell

subsets, their function and if it affects the cannabinoid system with potentially functional

implications on the immune system. A marked increase in several immune cell subsets and

their expression of cannabinoid receptors was expected, as well as an enhanced prolifer-

ative and cytotoxic activity by total splenocytes in exercised animals. For this study male

Wistar rats performed treadmill running 5 times a week for a period of 10 weeks, at moder-

ate intensity. Our results showed a significant decrease in lymphocyte subpopulations

(CD4+, Tγδ, and CD45 RA+ cells) and an increase in the cannabinoid receptors expression

in those same cell. Although functional assays did not reveal any variation in total immuno-

globulin production or NK cells cytotoxic activity, proliferative capability of total splenocytes

increased in trained rats. Our results further support the notion that exercise affects the

immunological system and extends the description of underlying mechanisms mediating

such effects. Altogether, our results contribute to the understanding of the benefits of exer-

cise on the practitioner´s general health.
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Introduction

The beneficial impact of exercise on the practitioner’s general health is a well-known fact [1–

3]. Studies suggesting a connection between physical activity and the improvement of health

have generated information that ranges from describing adipose tissue loss to changes in

genetic expression [4,5]. It is well known that the proper composition of the immune system

(IS) and its correct function will allow it to actively overcome challenges that otherwise would

compromise the organism’s health, such as infections, autoimmune diseases, cancer, etc. It is

worth mentioning that the acknowledgment of those benefits conferred by the regular practice

of exercise has led to its implementation as an alternative/complementary therapy against met-

abolic diseases [6,7], and in recent works even for the treatment of cancer [8].

Nonetheless, data regarding the changes induced by exercise in cell subpopulations of the

IS and their function seems to be controversial [9–11]. This may be partly explained by the use of

different exercise paradigms. Along with this, a classic idea has been established about such

changes promoted by exercise, being those models of moderate/chronic exercise the promoters of

an enhanced IS, while acute/high intensity models the responsible of hindering it. Finally, evi-

dence suggesting a beneficial effect of the performance of exercise, on modalities previously

described as detrimental, has been gathered and old data reinterpreted as in Campbell and Tur-

ner’s review [12], so nowadays evidence debunking the previous conception of high intensity/

long duration or chronic exercise evoked immune suppression increases, at least for several

aspects of the immune function. On the same line, many studies document the immediate

changes on the IS induced by a single bout of exercise, as opposed to the effects of its chronic per-

formance, which suggest different outcomes and in some cases opposite effects over the IS

[11,13,14]. Less attention has been paid to such studies and to the long-term alterations that it

may produce on the IS. For instance, macrophages extracted from mice trained for 12 weeks

exhibited increased phagocytic activity, superoxide anion production and glucose consumption

when compared to macrophages obtained from sedentary mice [11]. Consistently other studies

have shown that chronic exercise alters the function of T cells, affecting their production of pro-

and anti-inflammatory cytokines, including the up-regulation of IL-2, an important cytokine

related to proliferation and activation [14]. Likewise, trained rats presented increased glucose con-

sumption, IL-2 production and IL-2R expression by their lymphocytic subpopulations. Further-

more, those changes obtained in trained animals seem to last days after the last exercise bout [14].

Many molecular pathways that are affected by exercise possess an immunoregulatory

potential, ranging from variations in the energy substrates [15,16] to the activation of signaling

pathways with direct immune-regulatory relevance, such as: the release of IL 6 by skeletal mus-

cle [4,13], release of stress hormones, catecholamines [4,17] and neurotransmitters by the sym-

pathetic and para-sympathetic system, among others. Hence, in order to contribute to the

further understanding of these effects we decided to evaluate the cannabinergic system (CBS).

Regarding this system, some studies have reported a subtle increase of anandamide, a widely

studied molecule that acts as a CB1 and CB2 receptor agonist, after short bouts of aerobic exer-

cise. Such increase was sustained up to several minutes after the conclusion of the physical

activity [18–20]. Furthermore, both receptors are widely distributed in the immune cells and

IS structures [21–23] and when activated, together or independently, produce changes in the

function of several immune cells, suggesting that their activation is able to modulate the IS

function. These modulatory actions have been explored in vitro [24,25] and in vivo [23]. Like-

wise, the expression of cannabinergic receptors (CBR) on the surface of immune cells, varies

according to their activation and inflammatory status. Given that new data suggests its rele-

vance as an immune-modulatory system, the expression of these receptors provides us with

interesting and relevant information about the IS status.
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Altogether, the objective of our study is to explore the long-term changes that chronic exer-

cise (CE) produces in the proportion of splenocytes from the adaptive and innate immunity,

and to assess the effects that it has on their function (by performing proliferation tests and

cytotoxicity test with total splenocytes in vitro), and finally to determine if the expression of

CBR in these cells is affected by this model of exercise. Furthermore, coherently with previous

works on this topic, we expect that the changes evoked by CE will alter the composition of sev-

eral of the immune cell subsets studied, mainly those from lymphoid origin. CE will also boost

their cytotoxic activity and proliferative capacity. In terms of the cannabinoid receptor expres-

sion, we anticipate that CE will increase their expression in the entire cell subsets studied.

Finally, this study provide relevant information about those changes elicited on the IS by a

way of exercising chosen by a big proportion of the society nowadays. Besides, our results fur-

ther support the notion that exercise affects the IS and extends the description of underlying

mechanisms mediating such effects.

Materials and methods

Ethic statement

Animal care and experimental practices were conducted at the Animal Facilities of the Insti-

tuto de Fisiologı́a Celular (IFC), Universidad Nacional Autónoma de México (UNAM). All

procedures in the experimental animals were approved by the Institutional Care and Animal

Use Committee (CICUAL), adhering to Mexican regulation (NOM-062-ZOO-1999), in accor-

dance with the recommendations from the National Institute of Health (NIH) of the United

States of America (Guide for the Care and Use of Laboratory Animals). Euthanasia of experi-

mental animals was performed in a humanitarian way.

Animals

For this study, male Wistar rats ranging between 250 to 300 g were used, proceeding from our

own breeding at the animal facilities of IFC, UNAM. The animals were housed at IFC with

controlled temperature (22˚C) and 12h light-dark cycles, with water and Purina LabDiet 5015

chow ad libitum (Purina, St. Louis MO). Sacrifice of those animals used exclusively for flow

cytometry or samples extraction for cellular culture, was carried out by cervical dislocation

after pentobarbital sodium (Pisabental1, México) anaesthesia. Animals that also were used for

the extraction of the brain were sacrificed by an overdose of pentobarbital sodium (Purina,

St. Louis MO). All procedures were carried out in a humanitarian way ensuring the maximisa-

tion of efforts in order to alleviate suffering.

Exercise protocol

Animals were set in one of three experimental groups: Exercised (EXE), Treadmill control

(TC) and sedentary group (SED). Animals in the exercised group performed treadmill running

5 times a week for a period of 10 weeks, for which a previous habituation of one week was

completed. During the habituation week, animals were placed inside the treadmill and then it

was turned on at minimum capacity (4m/min) for 5 minutes per day. Once the habituation

period was completed, animals started training. On the first day of training, rats ran at 7.5 m/

min for 10 minutes, then speed and duration of exercise was escalated gradually each consecu-

tive day, in order to achieve a daily exercise bout of 40 minutes at 15 m/min by the third week.

Remaining weeks of training were kept constant in speed and duration until the sacrifice of

the animals. It is noteworthy, that this training protocol equals to moderate chronic exercise,

as it has been demonstrated in the works by Pilis and Carvalho [26,27] through the calculation
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of the velocity at the lactate threshold. No electrical stimulus was used to incentive animals to

run inside the treadmill.

Animals sited in the TC group were placed inside the treadmill at minimum capacity (4m/

min) for 10 minutes, 5 times per week, for the same period of time than the exercised group

(10 weeks). While being inside the treadmill, animals from TC group were exposed to the

same context than animals from the EXE group without being exercised, reflecting any effect

in the results prompted by sources other than exercise itself. Animals conforming the SED

group were kept alive in standard conditions for the same amount of time than the other two

groups.

At the end of the training period animals from every group were allowed to rest for one day

in order to eliminate any possible effect of acute exercising. Afterwards, animals were sacri-

ficed either by an overdose of pentobarbital sodium or by anesthesia with the same product

followed by cervical dislocation (Pisabental1, México), afterwards the samples were taken.

Flow cytometry

Spleens were manually disaggregated using a 50μm nylon mesh, and cells resuspended in PBS.

Erythrocytes in the solution were lysed using ACK buffer (150 mM NH4Cl, 10mM KHCO3,

0.1mM Na2EDTA, pH 7.3) for 10 minutes and washed three times with PBS, then cells were

resuspended in FACS buffer (PBS, FBS, 0.02% NaN3).

Approximately 1x106 cells were incubated with the following antibodies in order to charac-

terize spleen immune subpopulations: Alexa Fluor1 488-conjugated- anti rat CD3 (IF4,

Biolegend), PE Cy5-conjugated- anti rat CD4 (biolegend), PE-conjugated anti rat CD8a

(Biolegend), PE-conjugated -anti rat CD45RA (Biolegend), Alexa Fluor1 647-conjugated-

anti rat CD161 (biolegend), biotin-conjugated- anti rat CD11b (OX-42, Bioloegend), PE-

conjugated anti rat TCR (V65, Biolengend). For the determination of macrophages, addi-

tionally to the use of anti CD11b antibody, a different gating was used, corresponding to

bigger and more complex cells, in order to exclude other cells from the myeloid linage.

Staining of the cell subpopulations was made by duplicate in order to additionally mark on

each set one of the cannabinoid receptors.

For the staining of cannabinoid receptors, the polyclonal primary antibodies used were:

rabbit anti Cannabinoid receptor I (abcam1) and rabbit anti Cannabinoid receptor II

(abcam1), followed by the Secondary antibodies: AlexaFluor1 488- conjugated goat anti rab-

bit IgG (ThermoFisher Scientific) and DyLight1 649- conjugated- anti rabbit IgG (Vector

laboratories).

In order to assess proliferation, a Cell Trace™ CFSE cell proliferation kit was used (Invitro-

gen™). Propidium iodide was used to determine viability of cells during cytotoxic assays.

Attune Cytometer (life technologies) was used to obtain data which was further analyzed with

FlowJo software (Treestar Inc.).

Proliferation assays

Total splenocytes were obtained as previously described and quantified on a Neubauer cham-

ber. Subsequently, splenocytes were marked with CFSE cell tracer, which was used according

to the manufacturer’s protocol. Finally, cells were resuspended in RPMI-1640 medium

(ATCC1 30 2001™). Splenocytes were cultivated in RPMI-1640 medium plus Ionomicyn (SIG-

MA-ALDRICH1 10634™) and PMA (SIGMA-ALDRICH1 P8139-1MG™) at concentra-

tions100 nm and and 25ng/ml for 72 hours. Proliferation was assessed using an Attune

cytometer (Life Technologies) with blue and red lasers, obtained data was further analyzed

with FlowJo software (Treestar Inc.).
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Cell culture

Yac 1 cell line (ATCC1 - TIB 160™) was cultivated in RPMI 1640 medium (ATCC1 30–

2001™) supplemented with 10% Fetal bovine serum (FBS, ATCC1 30–2020™) and kept with

air, 95%; carbon dioxide (CO2), 5% at 37ºC. Yac 1 cells were expanded for a week then counted

on a Neubauer chamber and finally stained with CFSE kit for further use in cytotoxic assays.

In vitro cytotoxic assay

Yac 1 cells were stained with cell trace™ CFSE kit according to the manufacturer’s protocol and

used as target cells for the assay. A single cell splenocyte suspension was obtained from rats in

the different experimental conditions as previously described, they were counted and used as

the effector cells in the assay. Finally both, effector and target cells were co-cultivated in RPMI

medium supplemented with 10% FBS for 4 hours, into 96 round well plates. Thereafter co-cul-

tures were removed from the incubator and stained with Propidium Iodide and washed with

Facs buffer. Acquisition was performed in an Attune Cytometer (life technologies) and data

further analyzed with FlowJo software (Treestar Inc.).

Corticosterone and IgG levels assesssment

Animals were anesthetized and sacrificed one day after concluding their experimental condi-

tion, at the same time that they had been set for exercising (14:00–16:00 hr.). Cardiac puncture

was performed in order to extract blood, which was immediately centrifuged at 4000rpm to

collect the blood serum. Subsequently, blood serum was divided into two aliquots and stored

at -70ºC for later use. Corticosterone levels were assessed with a Corticosterone ELISA kit

(Abcam1 ab-108821) and procedures underwent according to manufacturer’s protocol.

Assessment of the levels of IgG in serum were carried out on a 96 flat bottom well plate. The

plate was previously sensitized with a dilution of blood serum (1:1000), washed and blocked

with a 1% albumin solution. Subsequently, the plate was incubated for 2 hours antibodies α
IgG rat HRP were incubated, and once incubation finished, several washes were performed,

chromogen was added to the wells, the reaction was stopped and the reading of the plate was

carried out on a Stat Fax 4200 microplate reader (Awarness Technology).

Statistical analysis

For data regarding the changes of every cell subpopulation, a one-way ANOVA (α = 0.05) was per-

formed followed by a Tukey post-hoc test. Differences were considered significant when p< 0.05,

with the actual p value and n being stated in each figure legend. Before the selection of the

ANOVA test the normal distribution of the data was assessed via Shapiro-Wilk test. A similar pro-

cess was carried out for the statistical analysis of the data regarding the proliferation and cytotoxic-

ity tests, as well as for the data concerning the levels of corticosterone and IgG in serum. For the

assessment of the expression of CBR, a two-way ANOVA (α = 0.05) was performed, because of the

consideration of two independent variables (group and CBR), followed by a Bonferroni post-hoc

test with the same significant difference criterion. Data from all the experiments were charted as

mean ± standard error, and analysed with Prism 5 software for Mac (GraphPad Software Inc.)

Results

Chronic-moderate exercise affects body composition parameters but not

total ingestion of food or water

After ten weeks of rats being exposed to each experimental condition, animals were weighted,

and results showed a significant gain of weight on those animals corresponding to both control
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groups (SED, 490.8g; TC, 495.8g) against those from the EXE group (452g). ANOVA,

p = 0.0007, n = 6, P<0.05. Accordingly, when samples were extracted, an observable difference

in fat accumulation was perceived among the experimental groups, being those animals that

performed the physical activity the ones with the lower amount of visceral fat. Interestingly

water and food ingestion per week did not change among animals from the different experi-

mental groups (p = 0.3309, n = 6, P<0.05, and p = 0.3312, n = 6, P<0.05 respectively).

Chronic-moderate exercise alters the composition of splenocyte

subpopulations

Distribution of immune cells is a parameter that provides information about deficiencies or

alterations from the IS, therefore we decided to evaluate several cell subpopulations from the

innate and adaptive immune system in the spleen of rats that underwent different experimen-

tal conditions (S1 Fig). The immune cell subpopulations from the innate immune response

that were analyzed corresponded to: NK cells (CD161+) and macrophages (CD11b+) for

which flow cytometry analysis did not reflect a significant difference among groups (Fig 1).

Analyzed cells from the adaptive immune response were: total T lymphocytes (CD3+), T

helper lymphocytes (CD4+), cytotoxic T lymphocytes, Tγδ lymphocytes (Tγδ+) and B lym-

phocytes (CD45 RA+). For those cells studied, flow cytometry analysis reflected a decrease in

the proportion of T helper lymphocytes (Fig 2) and in B lymphocytes (Fig 3) from the EXE

group when compared to both control groups, SED and TC (Fig 2 and Fig 3), therefore consid-

ering such changes an effect of CE. On the other hand Tγδ lymphocytes showed an increase in

the EXE group when compared to SED and TC groups (Fig 2), once more reflecting a change

attributable to training. On the other hand, T cytotoxic cells decreased in TC and EXE groups

in contrast to SED control group, reflecting an effect non attributable to exercise, but to the

exposure to the treadmill (Fig 2). Total T lymphocytes (CD3+), did not show changes among

the experimental groups (Fig 2).
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Fig 1. Changes in the composition of splenocyte populations related to the innate immune response. (A)

Representative dot plot of the cytometric analysis of the subpopulation percentages. (B) Determination of splenocyte

subpopulations from the innate immune response one day after being exposed to each condition in the different

groups: SED, TC and EXE; data from 4 independent experiments are expressed as mean ± SE. No subpopulation

showed statistically significant changes: Natural killer cells (ANOVA, p = 0.0683, n = 10), and Macrophages (ANOVA,

p = 0.0273, n = 10).

https://doi.org/10.1371/journal.pone.0220542.g001
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Modulation of CBR Expression in splenocytes after chronic exercise

CBR are widely distributed among immune cell subpopulations and structures from the IS.

The expression of CBR on immune cells has been demonstrated to vary depending on activa-

tion or inflammatory profile, among other parameters. Thus, we decided to evaluate if CE

would promote changes in the expression of CBR on splenocytes.

From the innate immune system, NK cells (CD161+) and macrophages were analyzed. NK

cells from EXE and TC groups showed a decrease in CB2 expression, compared to SED, while

no change was observed in CB1 expression. Macrophages (CD11b+) did not present changes

in the expression of any CBR among groups (Fig 4). From the adaptive immune response, T

helper lymphocytes (CD4+ cells) presented an increase in the expression of CB1 in animals

from EXE group when compared to both control groups SED and TC, while no statistically
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Fig 2. Changes in the composition of splenocyte populations related to the adaptive immune response. (A)

Representative dot plot of the cytometric analysis of the subpopulation percentages. (B) Determination of splenocyte

populations from the adaptive immune response in the different groups: SED, TC and EXE; data from 4 independent

experiments are expressed as mean ± SE. Subpopulation that showed statistically significant changes were: T helper

lymphocytes (ANOVA, p = 0.0008, n = 5) and Tγδ lymphocytes (ANOVA, p = 0.0002, n = 10). T lymphocytes

(ANOVA, p = 0.3739, n = 12), cytotoxic T lymphocytes (ANOVA, p = 0.0016, n = 12). � Means statistically different

from the two other groups, P<0.05.

https://doi.org/10.1371/journal.pone.0220542.g002
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significant difference was observed regarding CB2 expression. A similar phenomenon was

observed in Tγδ subpopulation from EXE animals, which showed a higher expression of CB1

when compared to SED and TC groups (Fig 5), with no change in the expression of CB2. The

expression of CBR did not vary in the subpopulations of T lymphocytes (CD3+) and cytotoxic

T lymphocytes when experimental groups were compared (Fig 5).

On the other hand, B lymphocytes from the spleen of EXE animals showed a significant

increase in CB2 expression, compared to those from SED and TC groups, whilst no change

was reflected between groups in the expression of CB1 (Fig 6).

Immunoglobulin G levels are not altered by chronic exercising

Immunoglobulin G (IgG) is the most abundant type of immunoglobulins and a reliable

parameter to assess the function of plasmatic cells. A change in the amount of IgG could repre-

sent an ongoing infectious process or an alteration on the normal function of plasmatic cells

when observed in intact animals. We decided to assess if the total production of IgG would

vary among our experimental groups. To do so, we performed a direct semi-quantitative

ELISA. When data was analyzed statistically (ANOVA, n = 6, p = 0.0676) results did not show
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Fig 3. Changes in the composition of B-lymphocytes from spleen. (A) Representative dot plot of the cytometric

analysis of the subpopulation percentages. (B) Determination of B-lymphocytes of spleen of rats in the different groups:

SED, TC and EXE; data from 4 independent experiments are expressed as mean ± SE. B lymphocytes showed a

statistically significant change (ANOVA, p = 0.3601, n = 10). � Means statistically different from the two other groups,

P<0.05.

https://doi.org/10.1371/journal.pone.0220542.g003
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Fig 4. Expression of CBR in splenocyte populations related to the innate immune response. Analysis of the expression of CB1 and CB2

CBR in splenocyte populations from the innate immune response (NK’s and macrophages) among experimental groups: SED (shaded bar),

TC (white bar) and EXE (Solid bar); data from 4 independent experiments are expressed as mean ± SE. Lines connecting bars represent

comparison among groups, � p<0.05. Two way ANOVA and Bonferroni post-test, n = 9.

https://doi.org/10.1371/journal.pone.0220542.g004
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any significant difference among the experimental groups: SED (optic density 2.731),TC and

EXE (OD 2.973 and 2.871 respectively, S2 Fig).

Chronic exercise enhances proliferative capacity but not cytotoxic activity

of total splenocytes

Proliferative capacity and cytotoxic activity have been tested before in order to assess the

degree of competence of a subject’s immune system. In order to observe if chronic exercise has

any effect on both features we performed in vitro tests. For the proliferation assay we obtained

total splenocytes and cultivated them on complete RPMI medium plus PMA and ionomycin

for 72 hours. Data analyzed reflected no difference among groups in their proliferation index

(Fig 7B). Nevertheless, total splenocytes from EXE group showed a higher proportion of divid-

ing cells when compared to SED and TC groups (Fig 7C). Furthermore, we decided to test the

proliferative capacity of the immune cell subpopulations and we found that B lymphocytes

and NK cells from the EXE group exhibited a higher proportion of dividing cells than both

SED and TC groups (Fig 7D).

Fig 5. Expression of CBR in splenocyte populations related to the adaptive immune response. Analysis of the expression of CB1 and CB2 CBR in

splenocyte populations from the adaptive immune response (T lymphocytes; n = 10, T helper lymphocytes; n = 8, cytotoxic T Lymphocytes; n = 10

and Tγδ n = 8) among experimental groups: SED (shaded bar), TC (white bar) and EXE (Solid bar); data from 4 independent experiments are

expressed as mean ± SE. Lines connecting bars represent comparison among groups, � p<0.05. Two way ANOVA and Bonferroni post-test.

https://doi.org/10.1371/journal.pone.0220542.g005
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In order to measure the cytotoxic capacity of splenocytes from the different groups, we per-

formed a cytotoxicity test utilizing Yac1 cells as target cells and cultivating them with total sple-

nocytes from animals of the different groups. Yac1 cells were previously marked with CFSE,

and at the end of the test dead cells were dyed with propidium iodide, so double positive cells

represented the target cells killed. The assay was carried out at three different effector/target

ratios: 10:1, 50:1 and 100:1 and none showed any significant difference among treatments after

the statistical analysis (Fig 8).

Corticosterone level is not altered by chronic exercise

Corticosterone level is considered a reliable stress marker in animals. In order to further com-

prehend the data obtained, we decided to analyze if corticosterone levels of blood serum differ

among groups, reflecting a possible long-term effect of stress in exercised animals. When data

was statistically analyzed (ANOVA, n = 6, p = 0.0473, Tukey’s) results show a significant differ-

ence among the experimental groups. Nonetheless, The post hoc analysis did not show any sig-

nificant interaction among the experimental groups. Means of the groups: TC and EXE (102.6

and 96.5 ng/ml respectively) were notoriously higher than that of the SED group (46.8 ng/ml,

S3 Fig).

Discussion

Although widely studied, the consequences of physical activity over the IS remain as a promis-

ing field not only to expand our comprehension on basic physiology, but also on physiopathol-

ogy and the different processes that take part on the orchestration of the immune response. At

first instance, our investigation tries to emulate in rats a popular paradigm of exercising in

modern times across the global population, which involves the chronic performance of

medium intensity aerobic exercise. Such particularities in our model have led us to asses its

raw impact over the IS composition and its function. Notwithstanding, the vast majority of

studies have focused in the effects of short bouts of exercise over the immediate changes in

composition and function of the IS [1,11,28,29], and neglecting those focused on the effect of

CE and its long lasting effects over the IS [13,30]. In this study we observed that components
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Fig 6. Expression of CBR in B lymphocytes from spleen. Analysis of the expression of CB1 and CB2 CBR in B

lymphocytes from spleen among experimental groups: SED (shaded bar), TC (white bar) and EXE (Solid bar); data

from 4 independent experiments are expressed as mean ± SE. Lines connecting bars represent comparison among

groups, � p<0.05. Two way ANOVA and Bonferroni post-test, n = 10.

https://doi.org/10.1371/journal.pone.0220542.g006
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from the innate immune response were not affected by chronic-moderate exercise, while ele-

ments from the adaptive immune response did change in those animals that underwent physi-

cal training. T helper lymphocytes and B lymphocytes were decreased in trained animals,

contrary to what would be expected according to the popular statement of moderate exercise

enhancing a pro-inflammatory state [31,32]. On the other hand, Tγδ lymphocytes increased in

animals from the EXE group, increase that could reflect an intensification in surveillance and

protection of the upper respiratory tracts (URT) and mucosa tissue, idea that would be in

accordance with the strengthened resistance against URT infections due to moderate exercis-

ing and opposite to the supposed effect of higher susceptibility to these infections in high per-

formance athletes [29,33–37]. Nonetheless, the reduction of T helper and B lymphocyte

populations was unexpected, since these cells play a major role at recognizing antigens and
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Fig 7. Effect of chronic exercise on splenocyte proliferation. (A) Representative histograms of cytometric analysis of dividing cells. Two

parameters were considered to assess the proliferative capacity of splenocytes: (B) the proliferation index, which did not change due to chronic

exercise and (C) the proportion of dividing cells, where we observed an increase in the exercised group when compared to both control groups

(ANOVA, p = 0.0092, n = 5). (D) Analysis of proliferative capacity of specific splenocyte subpopulations: T helper lymphocytes (ANOVA,

p = 0.4543, n = 5) and cytotoxic T lymphocytes (ANOVA, p = 0.5248, n = 6) did not show any change between groups; B lymphocytes

(ANOVA, p = 0.0006, n = 6) and Natural killers (ANOVA, p = 0.0191, n = 6) from EXE did show an in increase in the proportion of dividing
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therefore at orchestrating immune responses against new and already known threats and once

activated they can polarize towards a pro-inflammatory or anti inflammatory state which mod-

ulates the activity of several other components from the innate and adaptive immune response.

Consequently, the decrease of T helper lymphocytes as well as that of B lymphocytes made us

wonder if it could be translated into a deficient immune response of animals of the EXE

group.

Once we determined that our exercising paradigm did affect the composition of immune

cells subpopulations, our next goal became to assess if those changes would be translated into

functional alterations. To accomplish our purpose, we determined total IgG in serum among

experimental groups and we also performed proliferation and cytotoxicity test in vitro. On the

proliferation test, two parameters were evaluated: the proliferation index and the percentage of

dividing cells. The first represents the mean of divisions that dividing cells underwent during

the assay, which showed no difference among groups. In turn, the percentage of dividing cells

among groups during the experiment showed statistical differences, being higher in spleno-

cytes from the EXE group. Altogether, this data suggests that cells from EXE group are not

more efficient at dividing once they have been activated but that more cells in proportion from

EXE group are prone to proliferate once they have been exposed to PMA and ionomycine.

These results made us wonder if this trend would be persistent in basal conditions, so we com-

pared the percentage of proliferation in splenocytes among the experimental groups without

activation by PMA and ionomycine and the statistical analysis showed no difference among

them, reflecting a response produced by activation and not an anomaly that could reflect an

inflammatory state that in turn could favor an autoimmune response. Thereafter, we evaluated

the percentage of dividing cells from specific subpopulations, T helper cells, cytotoxic T cells,

B lymphocytes and NK cells, showing an increase in the percentage of dividing cells in the last

two subpopulations by effect of exercise. On the other hand, statistical analysis from the cyto-

toxicity test did not show variation among the experimental groups in any of the target/effector

cell ratios tested, so data provided from this experiment does not suggest a higher cytotoxic

activity from NK cells as a consequence from exercise. Nonetheless, exercise enhances the

amount of NK cells that proliferate, which may indicate a higher immune-surveillance against

transformed and virally infected cells in chronically exercised subjects.

Even though we found a decrease in major lymphocyte subpopulations (CD4+ and CD45

RA+ cells), which has been reported before for other immune cells in long term exercised indi-

viduals [32,38–40], we also determined that a bigger proportion of splenocytes is prone to
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https://doi.org/10.1371/journal.pone.0220542.g008
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activate when stimulated, plus other functions of splenocytes from the EXE animals were not

impaired. Given the fact that long-term exercised subjects do not report any kind of immune

suppression, we have come to hypothesize that the decrease in the composition of some cell

subpopulations may represent a more efficient IS, which requires less elements but presents a

stronger reaction when needed. This idea is also supported by the results shown by the ELISA

test, which showed that levels of IgG did not change among the groups, even though the sub-

population of B lymphocytes is decreased in EXE animals.

Finally, recent works have denominated the endocannabinoid system (ECS) as an immuno-

modulatory system; inhibiting the function of highly reactive and pro-inflammatory cells

[25,41,42]. The ECS exerts its functions through the activation of its receptors, which expres-

sion vary greatly depending on cell subpopulation, activation or inflammatory status

[24,41,43,44], being increased in the surface of more reactive cells. In this work we demon-

strated that CE promotes changes in the expression of both CBR’s in splenocytes, through the

staining of each receptor on different cell suspension aliquots and due to the shared epitope

for the secondary antibody. Our findings concur with previous works showing that during

moderate exercise bouts there is an increase of circulating ECS agonists [18,19]. We must

emphasize that changes in CBR’s expression remained after one skipped day of training, which

suggests that subjects exercising on a daily basis or in intervals of every two days might be

maintaining this alterations. Our methodology allowed us to determine differences in the

expression of CBR among cell subpopulations even between control groups. These differences

might be explained by the intrinsic variability among cell subpopulations [21,45]. We also

assessed an increased expression of CB1 receptor in the subpopulations of T helper and Tγδ
lymphocytes and an increase in the expression of CB2 receptor in B lymphocytes of exercised

animals. Therefore enhanced expression of CB1 in T helper, Tγδ, and CB2 in B lymphocytes

could represent a mechanism to down regulate the activity of these probable high metabolic

cells from EXE animals, as reflected by the proliferation tests. Some of these data differ from

anterior reports concerning expression of CBR, nonetheless most of those reports used differ-

ent techniques and did not measure the protein conforming CBR’s but mostly mRNA

[21,46,47], which highlights the novelty of the data presented in this work, by showing a direct

measure of the expressed protein in question under this particularly conditions of exercise. On

the same line, the increased expression of CBR in splenocytes, particularly in lymphocytes

from the EXE group, concurs with previous data reporting changes in the expression of the

protein through the assessment by different techniques, like western blot and immunofluores-

cense [21,48,49], adding validity to our results.

We would like to address those changes presented on this work that can not be attributable

to CE, like the composition of cytotoxic T cells for which TC and EXE groups differ when

compared against SED group, reflecting an effect relying probably on the stress produced by

the placement of the animals inside the treadmill, being that, the one thing that those groups

had in common. The same explanation seems plausible for the expression of CBR in NK and

cytotoxic T cells. Nevertheless analysis of corticosterone did not showed significant difference

among the experimental groups, different sensitivity to several molecules has been reported

for the wide variety of cells from the IS, leaving the possibility of other molecular interactions

that escaped our control and awareness.

Supporting information

S1 Fig. Gating strategy for the flow cytometric analysis of rat spleen subpopulations and

their expression of CB1 and CB2 receptors. Single cell suspension was prepared and stained

with fluorochrome-conjugated antibodies to separate splenocyte subpopulations and to mark

Chronic exercise is affected by cannabinoids

PLOS ONE | https://doi.org/10.1371/journal.pone.0220542 November 18, 2019 13 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0220542.s001
https://doi.org/10.1371/journal.pone.0220542


cannabinoid receptors (CB1 and CB2). Data was analyzed with FlowJo software 8.7 for Mac.

Lymphocytes were identified by their scatter properties (FSC-A x SSC-A plot). Splenocyte sub-

populations were characterized by surface staining and gated for their quantity assessment.

Subsequently each cellular subpopulation was analyzed for their expression of both cannabi-

noid receptors in their surface.

(TIFF)

S2 Fig. Levels of IgG are not affected by chronic exercise. The analysis of total IgG was

assessed for every experimental group with the use of a direct semi-quantitative ELISA. Statis-

tical analysis did not show any significant difference among the experimental groups: SED

(shaded bar), TC (white bar) and EXE (Solid bar). P>0.05. ANOVA, p = 0.0676, n = 6.

(TIF)

S3 Fig. Serum corticosterone concentration one day after the last exercising bout. Data is

shown as mean (ng/ml) +- SE for each group. There was no significant difference among

group values in concentration of serum corticosterone. Groups analyzed: SED (shaded bar),

TC (white bar) and EXE (Solid bar). When data was statistically analyzed (ANOVA, n = 6,

p = 0.0473, Tukey’s) results show a significant difference among the experimental groups.

Nonetheless, The post hoc analysis did not show any significant interaction among the experi-

mental groups. Means of the groups: TC and EXE (102.6 and 96.5 ng/ml respectively) were

notoriously higher than that of the SED group (46.8 ng/ml).

(TIF)
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During midbrain development, dopamine neuron differentiation occurs before birth.
Epigenetic processes such as DNA methylation and demethylation as well as post-
translational modification of histones occur during neurogenesis. Here, we administered
histamine (HA) into the brain of E12 embryos in vivo and observed significant lower
immunoreactivity of Lmx1a+ and Tyrosine Hydroxylase (TH)+ cells, with parallel
decreases in the expression of early (Lmx1a, Msx1) and late (Th) midbrain dopaminergic
(mDA) genes. With MeDIP assays we found that HA decreases the percentage
of 5-methylcytosine of Pitx3 and Th, without changes in 5-hydroxymethylcytosine.
Additionally, HA treatment caused a significant increase in the repressive epigenetic
modifications H3K9me3 in Pitx3 and Th, and also more H3K27me3 marks in Th.
Furthermore, HA has a long-term effect on the formation of the nigrostriatal and
mesolimbic/mesocortical pathways, since it causes a significant decrease in midbrain
TH immunoreactivity, as well as alterations in dopaminergic neuronal fibers, and
significant lower TH-positive area in the forebrain in whole-mount stainings. These
findings suggest that HA diminishes dopaminergic gene transcription by altering several
epigenetic components related to DNA and histone modifications, which affects mDA
neuron progression during development.

Keywords: midbrain development, dopamine neuron differentiation, epigenetic modifications, neuroepigenetics,
ultrasound-guided injection in utero

INTRODUCTION

Midbrain dopaminergic (mDA) neurons are essential for motor function control as well as for the
regulation of reward and emotions (van Heesbeen et al., 2013). Development of mDA neurons
can be divided into three stages: neural plate regionalization, midbrain cell fate determination and
terminal differentiation to mDA neurons (Gale and Li, 2008). Each step presents activation of
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different cascades of transcriptional factors triggered by extrinsic
signals (Ang, 2006; Abeliovich and Hammond, 2007; Huang
et al., 2015). During the specification stage, dopaminergic neural
progenitors express specific genes such as Lmx1a/b, Foxa2,
Msx1/2, and Ngn2 (Ang, 2006; Gale and Li, 2008; Nakatani et al.,
2010; Yan et al., 2011). At this stage neural progenitors acquire
mDA neuronal fate and start the last stage to become post-mitotic
neurons (Yi et al., 2014). The activation of Nurr1 and Pitx3 allows
the expression of late-differentiation genes associated to the
dopaminergic neuron phenotype, as they regulate the expression
of enzymes such as Tyrosine Hydroxylase (TH), the rate limiting
enzyme in the production of dopamine (Gale and Li, 2008; Jacobs
et al., 2009; Kadkhodaei et al., 2009). Terminally differentiated
mDA neurons extend their axons to reach the striatum (ST) and
release dopamine to regulate motor function in the basal ganglia
(Hegarty et al., 2013).

Histamine (HA) is a neurotransmitter/neuromodulator that
participates in the sleep/awake cycle, motor activity, cognition,
feeding and energy balance in the adult brain (Panula and
Nuutinen, 2013). During rat embryonic development, the
cerebral concentration of HA reaches higher levels than those
observed in the adult; its highest concentration is found at
embryonic days (E) 14–16 (Vanhala et al., 1994; Nissinen and
Panula, 1995; Molina-Hernández et al., 2012). This amine has a
cell proliferation and neuronal differentiation effect on cortical
neural stem/progenitor cell (NSPC) cultures, through multiple
effects, including: elevation of intracellular Ca2+, up-regulation
of FGF receptors and increased expression of proneural genes
(Molina-Hernández and Velasco, 2008; Rodríguez-Martínez
et al., 2012; Molina-Hernández et al., 2013). Similar effects of
HA, have been observed on adult NSPC at the subventricular
zone (Bernardino et al., 2012). In addition, the in vivo
effects of HA injected at E12 include a decrease in NSPC
proliferation in the ventricular zone and also a decrease in TH
staining in the midbrain, without affecting serotoninergic nor
GABAergic neurons; co-injection of HA with the H1R antagonist
chlorpheniramine prevented the decrease on TH induced by HA
(Escobedo-Avila et al., 2014).

Recent studies describe different pathways to regulate
neural stem cell differentiation via regulation of epigenetic
modifications, which result in changes on gene expression.
DNA demethylation has been related to the brain development
control (Hahn et al., 2013; Wheldon et al., 2014). Particularly,
the increase of 5-hydroxymethylcytosine (5hmC) along gene
bodies has been associated with transcriptional activation
during neuronal differentiation (Hahn et al., 2013; Kim et al.,
2014). Furthermore, abundance of 5-methylcytosine (5mC) on
gene body regions has been related to up-regulation of pre-
mRNA splicing (Shukla et al., 2011; Guo et al., 2014; Yearim
et al., 2015). These and other epigenetic modifications can
be induced by environmental stimuli (Aguilera et al., 2010;
van Heesbeen et al., 2013). For example, long-term exposure
of cultured ventral midbrain (VM) NSPC to depolarizing
potassium concentrations promotes mDA neuron differentiation,
increasing binding of Nurr1 to the regulatory regions, and
higher transcriptional activity, of Th and Dat genes, with parallel
increases in H3K4me3 and decreased H3K9me3/H3K27me3,

although the latter changes observed only in the Th promoter
(He et al., 2011). Furthermore, VM NSPC treated with
the neuropeptide urocortin increases mDA differentiation by
inhibition of Histone Deacetylase 1 (HDAC1), resulting in
hyperacetylation of histone H3, which allows the binding of
Nurr1 to the upstream Th regulatory regions (Huang et al.,
2015). This suggests that post-translational histone modifications
participate in the regulation of the expression of genes involved
in brain development.

In this work, we aimed to evaluate the effect of HA on several
epigenetic marks on intragenic regions that regulate expression
of genes involved in mDA development in utero, as well as its
long-term effects in vivo before birth. We found an enrichment
of repressive histone marks, H3K9me3 and H3K27me3, together
with a decrease of 5mC at intergenic regulatory regions. Such
modifications were associated to significantly lower mRNA levels
of genes related to midbrain DA neuron fate specification.
Injection of HA at E12 caused a decrease in the number of mDA
neurons and modified the trajectory of its axons to the ST at late
stages of midbrain development.

MATERIALS AND METHODS

Ultrasound-Guided Injections
All animal procedures were approved by the Institute of Cellular
Physiology’s Animal Care and Use Committee and conformed to
National guidelines (Norma Oficial Mexicana NOM-062-ZOO-
1999). We used timed-pregnant Wistar rats with embryos at
gestational age E12 to perform ultrasound-guided injections
as previously reported (Escobedo-Avila et al., 2014). Control
(vehicle-injected) or experimental (HA-injected) conditions were
performed by triplicate or quadruplicate in different embryos
from the same rat, and repeated with six different pregnant
dams. Each group was evaluated in a single uterine horn. Rats
were deeply anesthetized in a chamber and then maintained
with a facemask to administer inhaled sevoflurane (5% for
induction and 1% for maintenance). We performed a midline
laparotomy, the uterine horns were carefully exposed and the
number of embryos was recorded. To visualize the embryos, we
used an MHF-1 Ultraview UltraSound System (E-Technologies)
with a focal distance of 7 mm. Intraventricular injections were
performed through the uterine wall using pulled microcapillaries
(borosilicate glass, Sutter Instruments). The glass needles were
visualized in the ultrasound imaging system and when in
the lateral ventricles, the injection of 2 µl was verified by
observing the liquid going out of the needle with the aid
of an automatic injector (Quintessential injector, Stoelting).
Control embryos received injectable water and experimental
embryos were injected with 50 µg of HA dihydrochloride
(Sigma-Aldrich), a dose previously determined to decrease TH
in the MB (Escobedo-Avila et al., 2014). The osmolarity of
this HA solution was 348 mOsm, and HA decreased 0.6 pH
units in relation to the vehicle. We have showed (Escobedo-
Avila et al., 2014) that the injection of vehicle, or HA at this
concentration, did not cause morphological abnormalities in
the MB, ruing out damage caused by the osmolarity or pH.
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After injection, the uterus was repositioned in its physiological
site. The incisions of the abdominal muscle and skin were
stitched with separate sutures. Finally, we applied Buprenorphine
as analgesic (0.1 mg/kg, Pisa Laboratories) and animals were
monitored and left to recover. Two or 6 days after the injections,
pregnant rats were euthanized by an overdose of sodium
pentobarbital (Pfizer), and identified embryos were recovered
for analysis. We performed the following number of successfully
injected E12 embryos: vehicle: 53; HA: 59. The number of
dams used was 22.

Immunohistochemistry
Embryos were removed and transferred to PBS. Subsequently
fixed by immersion in 4% paraformaldehyde solution in PBS
at 4◦C, overnight (for E14 embryos) and for 6 days (for
E18 embryos). Afterward, tissues were cryoprotected overnight
in 30% (v/v) sucrose, embedded in Tissue Freezing Medium
(Tissue-Tek, Zakura Finetek) and frozen at −80◦C. Coronal
and sagittal sections of 20 µm were obtained on a cryostat
(Leica). For immunohistochemistry, slides were rehydrated in
PBS. Tissue sections were treated with immuno-retriever for
30 min at 65◦C and subsequently, permeabilized and blocked
for 1 1/2 h at room temperature with 0.3% Triton X-100 and
5% horse serum in PBS. Slides were incubated overnight at
4◦C with the following primary antibodies diluted in PBS
containing 5% horse serum: rabbit polyclonal anti-TH (1:1000,
Pel-freez), rabbit polyclonal anti-Lmx1a (1:1500, Millipore),
mouse monoclonal anti-β-III Tubulin (1:500, Babco Covance).
Then, the sections were washed three times for 5 min in PBS
and incubated with the secondary antibodies Alexa-Fluor 488
anti-rabbit IgG and Alexa-Fluor 568 anti-mouse IgG (1:500;
Molecular Probes) in PBS containing 5% horse serum for
2 h. Nuclei were stained with Hoechst 33258 (1 ng/mL).
After three further washes in PBS, the sections were mounted
in Aqua Poly/Mount (Polysciences, Inc.) Immunostainings
were analyzed with an epifluorescence microscope (Nikon,
Eclipse TE2000-U) and photographed with a Nikon digital
camera (DMX1200 F). Some images were acquired with a
FV1000 Olympus confocal microscope. Negative controls were
performed in the absence of primary antibodies and showed no
unspecific staining.

Immunohistochemistry of Whole-Mount
Brains From Embryos
We perform immunohistochemistry of whole-mount brain as
previously reported (Joyner and Wall, 2008). Embryos at E18
stage were incubated in 20% dimethyl sulfoxide (DMSO):
80% methanol (fixative solution) for 24 h at 4◦C. Then, the
embryos were transferred to 10% hydrogen peroxide diluted
in fixative and incubated overnight at room temperature. This
treatment effectively bleached the pigment of the embryo
and blocked endogenous peroxidase activity. After bleaching,
embryos were incubated in 100% methanol at −20◦C for
4 h. For staining, bleached embryos were washed twice for
1 h with 2% skim milk and 0.5% Triton X-100 in PBS
(PBSMT). Embryos were incubated overnight at 4◦C with

rabbit polyclonal anti-TH (1:1000, Pel-freez) in PBSMT. After
this incubation, the embryos were washed seven times in
PBSMT; each wash lasted 1 h. The embryos were then
incubated overnight at 4◦C with affinity-purified goat anti-rabbit
immunoglobulin antibody conjugated to horseradish peroxidase
(1:500, Santa Cruz) in PBSMT. The seven washes were repeated.
Bound peroxidase-conjugated antibody was visualized using
the DAB Substrate Kit for Peroxidase (VECTOR laboratories);
reactions were carried out for 10 min at room temperature.
Embryos were post-fixed in 4% paraformaldehyde in PBS at
4◦C overnight and dehydrated in 50, 80, and 100% methanol
(1 h each). Embryos were cleared by placing them in a 1:2
mixture of benzyl alcohol:benzyl benzoate. Immunostainings
were visualized with a stereomicroscope (Nikon, SMZ1500)
and photographed with a Nikon digital camera (Coolpix
S10). This preparation allows to visualize the nigro-striatal
as well as the mesolimbic and mesocortical pathways. We
measured the area of TH+ staining with ImageJ software
in: (a) the midbrain (including the substantia nigra pars
compacta and the Ventral Tegmental Area); (b) the Medial
Forebrain Bundle (MFB); and (c) the forebrain (striatum/cortex,
including the Nucleus Accumbens). The average of four embryos
was determined per treatment. Analysis is presented as the
mean± standard error of the mean (SEM) and statistical analysis
by multiple t-test. Since the immunostaining with positive TH
was tridimensional, the area of positive label was the preferred
parameter to measure.

Quantitative RT-PCR (RT-qPCR) Analysis
Total RNA was extracted with TRIzol (Invitrogen) according
to the manufacturer’s specifications. The mRNA levels were
determined by RT-qPCR performed with cDNA generated
from 2 µg of total RNA using the Kit GeneAmp RNA
PCR KIT (Applied Biosystems). Primers were synthetized
based on the UCSC Genome Browse database from Rattus
norvegicus (Gibbs et al., 2004; Havlak et al., 2004). Gene
expression levels were determined using the following primers
(all listed in 5′to 3′ orientation; Sense, S; Antisense, AS):
Lmx1a, S: GCACGGAAGCTAGACTCAA; AS: GCTCTGCC
CAGCAAAGAG; 143 bp. Msx1, S: CTGTTGGGGGACTCC
TCAA; AS: GCCGCCTGGCTGGGGG; 119 bp. Foxa2, S:
CAGAAAAAGGCCTGAGGTG; AS: CAGCATACTTTAACTC
GCTG; 137 bp. Nurr1, S: GTCACAGAGAGACACGGG;
AS: GGTAGTTGGGTCGGTTCAA; 121 bp. Pitx3, S:
CTCGAAGCCCTGCGCTGT; AS: GCCTTCTCCGAGTC
ACTGT; 100 bp. Th, S: CCACTGGAGGCTGTGGTATT;
AS: CCGGGTCTCTAAGTGGTGAA; 145 bp. H1 receptor,
S: CTTCTACCTCCCCACTTTGCT; AS: TTCCCTTTCCC
CCTCTTG; 292 bp. H2 receptor S: TTCTTGGACTCCT
GGTGCTGC; AS: CATGCCCCCTCTGGTCCC; 309 bp. Gapdh,
S: GTGGACCTCATGGCCTACAT; AS: GGATGGAATT
GTGAGGGAGA; 160 bp. Gapdh was used as an internal
control. The qPCR reactions for 96-well plate format were
performed using 50 ng of cDNA and the Thermo Maxima SYBR
Green/ROX 1 PCR Master Mix (Thermo Fisher Scientific) with
a StepOnePlus Real-Time PCR System (Applied Biosystems).
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The fold change was calculated by the 2−11Ct method
(Livak and Schmittgen, 2001).

Sodium Bisulfite Sequencing
Genomic DNA was isolated by phenol:chloroform:isoamyl
alcohol (Sigma-Aldrich) extraction technique as reported
(Clark et al., 2006). One microgram of genomic DNA
was modified by sodium bisulfite using the EZ DNA
methylation kit (ZYMO Research). For sequencing, modified
DNA was amplified by PCR using the following primers
recognizing Th, S: GTAGGTGTTTGTGATAGTGGATG; AS:
AAAACCACTCCAACCCTAAATA, with a length of 439 bp.
These primers were synthetized based on the UCSC Genome
Browse database from R. norvegicus (Gibbs et al., 2004; Havlak
et al., 2004). The PCR products were purified and cloned
using the pGEM-T Easy Vector system (Promega). Eight
clones were randomly chosen and sequenced individually. The
percentage of modified cytosines was calculated for vehicle- and
HA-treated embryos.

Methylated and Hydroxymethylated DNA
Immunoprecipitation Assay
(MeDIP and hMeDIP)
Genomic DNA was isolated as described above and processed
by ultrasonic pulses (GENEQ, GEX500; Cole-Parmer). Initial
experiments were set up to obtain fragments of an average
size of 300 bp. Such conditions included 3 rounds of pulses
of 30 s, with sequences of pulse-on for 5 s and pulse-off for
3 s at 35% amplitude. DNA was immunoprecipitated using a
MeDIP/hMeDIP kit (Diagenode). Briefly, 1 µg of fragmented
DNA was denatured for 3 min at 95◦C and incubated with
2.5 µg of the company-validated mouse monoclonal anti-5
hmC (Diagenode) or 2 µg of mouse monoclonal anti-5mC
(Diagenode). The antibody-bound DNA was recovered by
immunoabsorption with anti-mouse IgG-coated magnetic beads
(Diagenode) for 16 h at 4◦C. The immunoprecipitated DNA
was amplified by 30 cycles of PCR. Primers were designed from
the sequences obtained in the UCSC Genome Browse database
from R. norvegicus (Gibbs et al., 2004; Havlak et al., 2004). For
the mDA differentiation genes, oligonucleotides were designed
in exons, which represent regulatory regions for neurogenesis.
Exons were chosen based on their higher percentage of
CpG content or within a CpG island. Primers used are as
follows: Lmx1a, exon 2, S: GGGTCATCTCGGATAGGTTT;
AS: CAGGCACTTACTTCTCGTAG; 156 bp. Msx1, exon 1,
S: CGAAACCCATGATCCAGGG; AS: GTCCTCCACTTTGA
CACCG; 112 bp. Foxa2, exon 3, S: CGCTCATCACCAT
GGCCAT; AS: GCCGGTAGAAAGGGAAGAG; 96 bp.
Nurr1, exon 2, S: CAGTCCGAGGAGATGATGC; AS: GGAAG
TTGTGAAGGGAGCC; 133 bp. Pitx3, exon 4, S: CTTAG
TCCCTGCCAGTACG; AS: GCACCCCTTTTCAGACCCT;
149 bp. Th, exon1, S: GAGACAGAACTCGGGACC; AS:
CGGGTGACAGCATATCCTC; 145 bp. The efficiency of MeDIP
or hMeDIP products of a particular genomic locus was calculated
from qPCR by a fast optical 96-well q PCR reaction plate
(Applied Biosystems). The qPCR reaction was performed using

Thermo Maxima SYBR Green/ROX 1 PCR Master Mix (Thermo
Fisher Scientific) with a StepOnePlus Real-Time PCR System
(Applied Biosystems). According to the manufacturer inset, data
for each sample is reported as recovery of starting material: %
MeDIP or hMeDIP/INPUT.

Chromatin Immunoprecipitation to
Detect H3K9me3 and H3K27me3
Ventral midbrains were dissected and pooled from 7 embryos
treated with HA or vehicle. Tissue was maintained in ice-cold PBS
before crosslinking, which was carried out for 10 min, with 1%
of formaldehyde. The crosslink reaction was stopped for 5 min
with 125 mM glycine and the crosslinked tissue was washed three
times with ice-cold PBS for 5 min. After the last wash, tissue
was lysed with 500 µL of lysis buffer. Chromatin was sonicated
using an Ultrasonic Processor (GENEQ, GEX500; SOVC505-00).
After sonication, DNA was extracted and its length evaluated.
Quantitation of chromatin was made by the Lowry reaction
and 100 µg of material was used per IP. Immunoselection was
performed according to the protocol of the OneDay ChIP kit
(Diagenode, Kch-oned IP- 180), with anti-H3K9me3 or anti-
H3K27me3 (Diagenode). Immunoprecipitation was performed
by incubating 20 µL of magnetic beds (16-663 | Magna ChIPTM

Protein A+G Magnetic Beads), with the antibody-chromatin
complexes for 3 h in a rotating wheel; then the beads-antibody-
chromatin complexes were washed three times with ice-cold
ChIP buffer 1×. Finally, the DNA was decrosslinked overnight
and purified employing the MinElute Reaction Cleanup Kit
(Cat No./ID: 28204) following the manufacturer’s instructions.
ChIP assays were performed by qPCR in a fast optical 96-well
qPCR reaction plate (Applied Biosystems) with the same primers
used for MeDIP/hMeDIP for Pitx3 and Th. The qPCR reaction
was performed using Thermo Maxima SYBR Green/ROX1 PCR
Master Mix (Thermo Fisher Scientific) with a StepOnePlus
Real-Time PCR System (Applied Biosystems), according to the
manufacturer’s instructions.

Dopamine Quantification by
High-Performance Liquid
Chromatography (HPLC)
E18 embryos were recovered after vehicle or HA injection at
E12. The striatum was dissected and individually homogenized
with a mixture of 0.1 M perchloric acid (Baker), 4 mM
Na2S2O3 (Sigma), 0.1 mM EDTA (Sigma). The homogenate
was centrifuged (12,600 rpm, 20 min at 4◦C). Subsequently,
the supernatant was filtered with 0.45 µm filters (Millex-
HV) and 20 µl were mixed with 7.5 µL of antioxidant
solution (0.1 N perchloric acid; 0.02% EDTA and 1% EtOH)
and injected into the solvent stream of a HPLC system,
using a reversed-phase column (C18, 3 µm; 2.1 × 50 mm;
Atlantis, Waters) coupled to a pre-column (Nova-Pack, Waters)
with a mobile phase solution containing 0.054 mM EDTA,
50 mM citric acid, and 0.1 mM octansulfonic acid, dissolved
in milli-Q water and mixed with methanol in a proportion
of 97:3, respectively. The pH was 2.9 and the flow rate
0.35 mL/min. Dopamine detection was performed by a
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single-channel electrochemical amperometric detector (Waters
model 2465) at 450 mV at a temperature of 30◦C, and
quantified by peak height measurements against standard
solutions with know dopamine concentration, as described
(Rocha et al., 2012).

Statistical Analysis
Data from four to six independent experiments are expressed as
the mean ± SEM. The differences between groups were analyzed
using the unpaired Student’s t-test comparing the HA- with the
vehicle-treated rat embryos. Differences between groups were
considered statistically significant when p < 0.05.

RESULTS

Intrauterine Administration of HA
Decreases TH and Lmx1a
Immunoreactivity in the VM
We performed in utero microinjections of HA or vehicle, into
the ventricular lumen close to the MB of E12 rat embryos,
allowing them to develop to E14. Because it was previously
reported that intrauterine injection of HA at E12 precludes
mDA differentiation at E14 (Escobedo-Avila et al., 2014), we
quantified the immunoreactivity of TH and Lmx1a in vehicle-
or HA-injected embryos, confirming a significant decrease in TH
(Figure 1A). We also assessed the effect of HA on VM dopamine
progenitors positive to Lmx1a (Nakatani et al., 2010; Yan et al.,
2011). We found that HA down-regulates Lmx1a reactivity,
without altering β-III Tubulin, in contrast to the vehicle-treated
embryos (Figure 1B).

Administration of HA Down-Regulates
the Expression of Specification and
Differentiation Dopaminergic Genes
Based on the Lmx1a-positive domain, we performed dissections
selecting the VM of injected embryos 2 days after surgery.
Subsequently, we analyzed the expression of DA specification
(Lmx1a, Msx1, and Foxa2) and differentiation (Nurr1, Pitx3, and
Th) genes by RT-qPCR. After normalization with Gapdh, we
found that HA significantly decreases the expression of Lmx1a,
Msx1, and Th compared to vehicle-injected embryos (Figure 1C).
H1 and H2 receptors are expressed in the VM; we did not
find significant changes in these receptors’ expression after HA
injection (data not shown).

HA Reduces 5mC at the Exons Regions
of Genes Associated With DA
Differentiation
Next, we asked if HA affected epigenetic modifications
associated to DNA. By bisulfite sequencing, we evaluated
the DNA methylation patterns in HA-treated embryos, after MB
dissections (Figure 2A). We did not observe overall changes
in the percentage of modified cytosines on Th gene, including
exon 1, on HA-treated embryos, compared to vehicle-treated

embryos, i.e., the percentages of modified bases were very
similar (Figure 2B).

One limitation of bisulfite sequencing is that it does not
allow discriminating between 5mC and 5hmC. Therefore, in
order to evaluate both DNA modifications, we perform a MeDIP
and hMeDIP, followed by qPCR in dissected VM (Figure 2A).
Particularly, we focused on the intragenic regulatory regions
of specification (Lmx1a, Msx1, and Foxa2) and differentiation
(Nurr1, Pitx3, and Th) genes. We found that HA-injected
embryos showed a significant decrease in 5mC at the exonic
regions of the differentiation genes Pitx3 and Th, compared
to vehicle-treated embryos (Figure 2C). The 5hmC did not
show significant changes on specification or differentiation genes
neither in HA- nor in vehicle-treated embryos (Figure 2D).

HA Treatment Is Associated With an
Increase in the H3K9me3 and H3K27me3
Histone Modifications
Due to the histone post-translational modifications may
also participate in the modulation of gene expression, we
decided to study two particular histone modifications the
H3K9 trimethylation (H3K9me3) and H327 trimethylation
(H3K27me3). In order to evaluate the effect of HA treatment
in the histone modifications H3K9me3 and H3K27me3 we
performed a chromatin immunoprecipitation assay (ChIP)
after the HA or vehicle treatment, and then evaluate the
immunoprecipitated DNA by qPCR analyzing the above-
mentioned regions of Pitx3 (Figure 2E) and Th (Figure 2F)
genes. We found that HA-injected embryos showed a significant
increase of H3K9me3 and H3K27me3, in contrast with vehicle-
treated embryos (Figures 2E,F).

HA Injection Has a Long-Term Effect
During the Formation of Midbrain
Dopaminergic Pathways
We set out to investigate if the effect of HA on mDA 2-days
after its injection has a long-term consequence, affecting the
formation of nigrostriatal pathway. In utero injections of E12
embryos with either HA or vehicle were made, and the embryos
were collected after 6 days, when normal development of the
nigrostriatal pathway has reached the striatum. TH staining
in sagittal sections or whole-mount immunohistochemistry
was analyzed in E18 brains. A single injection of HA at early
stages was enough to alter the formation of the nigrostriatal
pathway; in vehicle-injected embryos, the MFB is apparently
normal, whereas after HA administration a decrease in this
bundle is observed and aberrant axons innervating the thalamus
appeared (solid rectangles in Figure 3A). To comprehensively
analyze the mesencephalic dopaminergic pathways, TH
immunohistochemistry was performed in whole-brain mounts.
Image analysis was used to quantify the indicated areas positive
for TH within the dotted rectangles shown in Figure 3B. HA
caused a significant reduction in the TH-positive area in the
midbrain and the striatum/nucleus accumbens/cortex when
compared to vehicle-injected embryos (Figure 3C). Also, the
quantification of dopamine by HPLC assay in the striatal area
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FIGURE 1 | HA decreases TH and Lmx1a immunoreactivity and down-regulates dopaminergic genes in the ventral midbrain (VM) after in utero injection. Rat
embryos were injected at E12 and analyzed 2 days later. (A) Immunohistochemistry showing a significant decrease, caused by HA, in the DA marker TH, in sagittal
sections. The neuronal marker β-III Tubulin was unaffected by HA, and was used to normalize TH immunoreactivity. Nuclei were detected with Hoechst. The white
square in the merge image is expanded on the right. Scale bar: 150 µm in the low-magnification and 10 µm in the amplification. (B) HA significantly reduces the area
positive for the dopaminergic progenitor marker Lmx1a, without affecting β-III Tubulin. The quantification of Lmx1a intensity was normalized by the Hoechst signal.
The area of Lmx1a-positive DA progenitor cells is delimited by the dotted lines and was dissected to perform RT-qPCR. Scale bar: 200 µm. (C) Expression of genes
involved in DA differentiation after intrauterine HA or vehicle administration, analyzed at day E14. Data was normalized by Gapdh expression. Vehicle-treated
embryos were used as the reference for the 2ˆ–11Ct analysis. Graphs represent the mean values with SEM from 3 (A,B) to 5 (C) independent experiments.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001.

shows a 19% non-significant reduction in HA injected animal
compared to vehicle (Figure 3D). Together our data suggest that
HA injection leads to a decrease in TH staining in the forebrain,
which might result in lower dopamine release.

DISCUSSION

Brain development is initiated by formation of defined patterns
in the neural ectoderm. As development proceeds, stem
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FIGURE 2 | Epigenetic modifications caused by HA in utero. (A) Scheme of the experimental design to dissect the midbrain and its ventral portion delimited by
Lmx1a-positive cells, for the indicated analyses. (B) No changes were detected on modified cytosines, using sodium bisulfite and sequencing after HA
administration in the MB, 2 days after intrauterine injection. Black circles represent modified CpGs, and white circles represent unmodified CpGs. (C,D) Enrichment
analysis of 5-methylcytosine and 5-hydroxymethylcytosine in different genes involved in DA differentiation. qPCR analysis on DNA after immuno-precipitation with
anti-5mC (C, MeDIP) and anti-5hmC (D, hMeDIP) antibodies in HA- or vehicle-injected embryos. Internal negative and positive controls were performed according to
the manufacturer’s specifications (Diagenode; mc-magme-048). Data was normalized against 10% INPUT. Chromatin immunoprecipitation analysis of H3K9me3 and
H3K27me3 levels in Pitx3 (E) and Th (F) genes. The box plots represent the qPCR amplifications of the fourth exon of Pitx3 and the first exon Th, using the DNA
obtained from the ChIP assay employing anti-H3K9me3 and anti-H3K27me3 antibodies, in tissue treated with either vehicle or HA. As a negative control, we used
the IgG antibody included in the OneDay ChIP kit (Diagenode, NJ, United States, Kch-onedIP-180). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 compared to the
vehicle-treated tissue from 3 (B) to 4 (C–F) independent experiments.
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FIGURE 3 | Analysis of the midbrain dopaminergic projection pathways at E18, after injection of HA at E12. (A) Immunohistochemistry for the limiting enzyme in DA
synthesis, TH, analyzed together with β-III Tubulin, in sagittal brain sections 6 days after injection of vehicle or HA. Regions with differences between the two
experimental conditions in the nigrostriatal pathway are marked with the white rectangles. ST, striatum; SN, substantia nigra. Scale bar: 500 µm. (B) Ventral views of
the whole-mount TH immunostainings of E18 brains from embryos injected with vehicle or HA. The midbrain area within the dotted purple lines, the Medial Forebrain
Bundle (MFB) area within the dotted blue lines and the Striatum/Cortex area within the dotted orange lines, are amplified in the intermediate panels, and were used
to measure the area of TH staining in 4 independent experiments. Scale bar: 1 mm. (C) Quantification of TH staining area of Midbrain, MFB and Striatum/Cortex (this
region also includes the Nucleus Accumbens). ∗p < 0.05 and ∗∗∗p < 0.005. (D) Dopamine content quantification in the striatum of vehicle- or HA-injected embryos
by HPLC. The dissection of this area was performed at E18 making sure to remove the cerebral cortex and the basal part of the brain. Solid and empty bars apply to
panels C,D.

cell differentiation to neurons is defined by the action of
morphogenic gradients and transcription factors, expressed
in a temporal and sequential order (Gale and Li, 2008). In
cultured cortical NSPC, HA has a neuronal-promoting action,

involving up-regulation of proneural genes (Molina-Hernández
and Velasco, 2008; Rodríguez-Martínez et al., 2012). However,
HA administration in vivo diminishes proliferation of midbrain
NSPC, down-regulating Th mRNA levels and the content of
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FIGURE 4 | Proposed mechanism of HA action on the regulation of late mDA differentiation genes. Intrauterine administration of HA into the MB of E12 rat embryos,
decreases the expression of specification and differentiation dopaminergic genes, such as Lmx1a, Msx1, and Th. The decrease in Th expression induced by HA was
correlated with the gain of histone repressive marks, H3K27me3 and H3K9me3, together with the loss of 5mC at intergenic regulatory regions. The down-regulation
of these key dopaminergic differentiation genes, particularly Th, resulted on the alteration of the midbrain dopaminergic projection development at E18.

TH, Lmx1a, and Lmx1b assessed by western blot, 2 days after
injection (Escobedo-Avila et al., 2014), but the mechanisms for
these actions are just emerging (Molina-Hernández et al., 2013).
In the current work, we administered embryos with either HA
or vehicle, on a stage previous to the major production of
DA neurons (Götz and Huttner, 2005), by ultrasound guided-
injections. Injection of HA diminishes the presence of TH as well
as the transcription factor Lmx1a in the VM.

Recently, studies about the influence of environment on
epigenetics and its importance with regards to the expression
of transcription factors during cell commitment have emerged.
Regulation of the deposition of 5hmC in intragenic regions
during progression of embryonic stem cells to NSPC is crucial
for the development of mDA neurons (Kim et al., 2014). In
dopaminergic neurons, methylation in one specific CpG site on
the first exon of human TH gene down-regulates its transcription,
allowing the binding of repressive transcription factors such as
KAISO and NcoR and recruitment of HDACs, which might act as
an additional modulator of Th expression (Arányi et al., 2005; van
Heesbeen et al., 2013). We found that HA injection significantly
decreased expression of early-differentiation genes (Lmx1a and
Msx1) as well as in Th, a late canonical mDA differentiation gene.

Presence of 5mC and 5hmC within the exonic regions have
been associated with up-regulation of gene expression, through

different mechanisms (Hahn et al., 2013; Guo et al., 2014;
Kim et al., 2014). Our findings reveal that injection of HA at
early stages significantly diminish the percentage of enrichment
of 5mC, but only on the differentiation genes Pitx3 and Th.
Although DNA methylation has been related to transcriptional
repression, in recent years, some reports showed that 5mC
within the gene body, specifically in exons, is associated to
regulation of pre-mRNA splicing (Lev Maor et al., 2015).
Other studies associated the gain of 5hmC at intergenic regions
with transcriptional activation of neuronal differentiation genes
(Hahn et al., 2013; Guo et al., 2014). We did not observe changes
on 5hmC levels, indicating that HA induced gene repression
independent of 5hmC, and suggesting that other epigenetic
mechanisms participate in mDA gene regulation. Interestingly,
many genes associated with neuronal differentiation can be
negatively regulated by decreasing 5mC and a gain in histone
repressive modifications, such as H3K27me3, at their regulatory
regions (Hahn et al., 2013).

During mDA differentiation, epigenetic changes occur in
cultured VM NSCP: Nurr1-controlled dopaminergic gene
expression was precluded by the interaction of Nurr1 with
CoREST and HDAC1, a complex that caused deacetylation
of these promoters. Forced expression of Foxa2 allowed
the formation of Nurr1-Foxa2 complexes with concomitant
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acetylation of H3, associated to open chromatin, in Th
and Dat promoters (Yi et al., 2014). In vitro expansion
of VM NSCP caused decreased dopaminergic differentiation,
which was associated with hypoacetylation on H3 and H4
and increased H3K27me3 in the Foxa2 promoter, as well
as globally. Inhibition of HDAC activity up-regulates Foxa2
transcripts, caused H3 acetylation, decreased methylation of
H3K27 and restored dopaminergic induction (Bang et al.,
2015). We observed significant increases in the repressive marks
H3K27me3 and H3K9me3 in Pitx3 and Th genes, although
significant down-regulation was observed only in Th. Similar
observations were recently reported by Hong et al. (2019),
where they manipulated in vitro the levels of H3K27me3 in
the promoter region of Th: treatment with EPZ005687, an
inhibitor of histone methylase EZH2 reduces the levels of
H3K27me3 and leads to an increase in TH levels; conversely,
addition of GSK-J1, which affects the demethylase activity
of Jmjd3, augmented H3K27me3 and decreased TH protein
levels (Hong et al., 2019). Our data points that not only
the H3K27me3 is involved in the regulation of Th, but also
H3K9me3 participate.

We studied the long-term consequence of deregulation
of such genes, in the formation of the MFB, and found
that injection of HA caused disrupted and miss-oriented
dopaminergic fibers in sagittal sections. Further, a significant
reduction in TH-positive staining was found in the MB
and the striatum/cortex after HA treatment, in whole-brain
mounts. However, we did not observe a complete deterioration
of the nigro-striatal, mesolimbic and mesocortical pathways,
probably due to the plasticity of the developing brain;
accordingly, dopamine level in the striatum were not reduced
by HA. In newborn rats injected with 6-hydroxydopamine to
degenerate mDA neurons, there is an increase in serotonergic
projections (Snyder et al., 1986) and lesioned animals were
hyperactive (Miller et al., 1981; Zhang et al., 2001; Avale
et al., 2004). It will be of interest to analyze if embryos
injected with HA at E12 show changes in locomotor activity at
postnatal stages.

The precise mechanisms that link HA and the epigenetic
changes reported here deserve further investigation. In cultured
VM-NSPC, it has been shown that membrane depolarization
and calcium influx is correlated with higher acetylation of
Histone 3, trimethylation of K4 of H3 with reductions in
the H3K9me3 and H3K27me3 marks (He et al., 2011). HA
triggers intracellular calcium increases after receptor activation
in VM-NSPC, through production of IP3 and Diacylglycerol
by Phospholipase C, but the effects reported here are in the
opposite direction: addition of the transcriptional repressive
H3K9me3 and H3K27me3; additional signaling transduction
mechanism to explore include Phospholipase A2/arachidonic
acid production and nitric oxide production/cGMP increases
(Molina-Hernández et al., 2012). On the other hand, the
participation of the transient population of histaminergic
neurons of the raphe nucleus or in the hypothalamus (Vanhala
et al., 1994), and the activation of microglia after HA
administration, as observed in adult mice (Rocha et al.,
2016), cannot be ruled out in our experiments; therefore,

it will be interesting to determine their roles in future
experiments by ablating HA-producing neurons or microglial
cells, respectively. All together, the data reported here describe
molecular effects of HA on dopaminergic midbrain development.
The reduction in expression of dopaminergic genes correlates
with gain of the repressive modifications H3K9me3 and
H3K27me3 and the loss of DNA methylation at intergenic
regions in Th. Moreover, HA induced long-term alterations
on mDA neurons, as shown in Figure 4. Our results
suggest that HA promotes an epigenetic change related
to significant reductions in the expression of important
dopaminergic genes. Such alterations result in anatomical
dysregulation and decreased TH staining in the dopaminergic
neurons targets.

In conclusion, this study contributes to the understanding
of the molecular actions of HA on mDA development, as
well as chromatin structure regulation mediated by extracellular
stimuli, during NPSC commitment in the midbrain; such
knowledge may contribute to establish different roles of HA
during brain development.
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A B S T R A C T

Liver slices from starved rats and incubated without other substrates oxidized ethanol at a rate of 4.1 µmols • h−1

• g−1. Addition of 10mmols • L−1 lactate increased this rate 2-fold. 4-methylpyrazole (4-MP), an alcohol de-
hydrogenase (ADH) inhibitor, drastically decreased the rate of ethanol oxidation, but did not inhibit the sti-
mulation due to lactate. In the same context, liver acetaldehyde production, as the main by-product of ethanol
oxidation, appeared to be much less inhibited by 4-MP in the presence of lactate. Aminotriazole (a catalase
inhibitor), however, completely inhibited the stimulation. Furthermore, 2-hydroxybut-3-ynoate, an alpha-hy-
droxy acid oxidase inhibitor, completely abolished the stimulated ethanol oxidation promoted by lactate.
Moreover, to determine the origin of the H2O2 produced, we did liver subcellular fractionation and then ana-
lyzed their content in peroxisomes, mitochondria and catalase. We observed that cytoplasm and peroxisomes
appears to be the main producers of H2O2, and that the acceleration of ethanol oxidation by lactate is completely
dependent on catalase. In conclusion, the H2O2 necessary to boost the catalase-dependent oxidation of ethanol
appears to come from cytoplasm and peroxisomes, and is produced by the enzyme lactate oxidase.

1. Introduction

Most of the oxidation of ethanol to acetaldehyde in the liver is
catalyzed by the cytoplasmic enzyme alcohol dehydrogenase (ADH),
with the concomitant reduction of NAD± to NADH [1,2]. It is well
known that the dissociation of the ADH-NADH complex is the rate-
limiting step in this reaction [1,3-5]. This has suggested that the rate of
oxidation of NADH, mostly through the respiratory chain, is what de-
termines the overall rate of ethanol metabolism [1].

In emergency medicine, in ethanol-intoxicated trauma the onset of
metabolic acidosis is often attributed to serum ethanol. Despite etha-
nol intoxication being associated with acidosis, this event does not ne-
cessarily correlate with the rate of lactic acidosis [6]. During hemor-
rhage, ethanol blunts the respiratory and metabolic compensation
resulting in a more severe lactic acidosis, and administration of addi-
tional lactate during intoxication and hypovolemia for hemodynamic
stabilization may exacerbate a metabolic stress [7].

In turn, lactate has been known to increase the oxidation of ethanol
both in vivo and in vitro [8,9]. However, the oxidation of lactate to
pyruvate through lactate dehydrogenase (LDH) generates NADH, so it
should be expected to slow the metabolism of ethanol, since the NADH
produced would inhibit ADH [8]. This paradox has readily prompted

two hypotheses to explain the lactate stimulation of ethanol oxidation:

i Lactate increases the concentration of the components of the malate-
aspartate shuttle, which increases the rate of transport of reducing
equivalents to the mitochondrial matrix [8,9], and

ii Lactate increases the ATP demand through gluconeogenesis, which
increases the rate of oxidation of NADH in the respiratory chain
[10,11].

In addition, we have demonstrated that an increased rate of hepatic
ethanol metabolism resulting from purines administration is due to a
coupled oxidation-reduction reaction between H2O2 and alcohol, where
catalase activity plays a relevant role oxidizing ethanol by reducing
hydrogen peroxide [12].

Indeed, our present results indicate that neither increased ATP de-
mand nor increased malate-aspartate shuttle activity play a role on the
lactate stimulation of ethanol oxidation in the liver. We instead found
that lactate increases the oxidation of ethanol through catalase, coupled
to a putative activity of a hepatic lactate oxidase (LOx).

https://doi.org/10.1016/j.bcp.2019.04.012
Received 24 February 2019; Accepted 10 April 2019

⁎ Corresponding author at: Departamento de Biología Celular y Desarrollo, Instituto de Fisiología Celular, Universidad Nacional Autónoma de México (UNAM).
Apdo. Postal 70-243, 04510 CdMx, Mexico.

E-mail address: rhernand@correo.ifc.unam.mx (R. Hernández-Muñoz).

Biochemical Pharmacology 164 (2019) 283–288

Available online 11 April 2019
0006-2952/ © 2019 Published by Elsevier Inc.

T

http://www.sciencedirect.com/science/journal/00062952
https://www.elsevier.com/locate/biochempharm
https://doi.org/10.1016/j.bcp.2019.04.012
https://doi.org/10.1016/j.bcp.2019.04.012
mailto:rhernand@correo.ifc.unam.mx
https://doi.org/10.1016/j.bcp.2019.04.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bcp.2019.04.012&domain=pdf


2. Materials and methods

2.1. Substrates and inhibitors

Ethanol was used at a final concentration of 10mM Aminotriazole
was used at final concentration of 10 and 20mM. 4-methylpyrazole (4-
MP) was used at 1mM. Lactate was used at concentrations between 5
and 20mM in slices and at 20mM in homogenate fractions and 2-hy-
droxybut-3-ynoate (2H3) was used at 1mM. All chemicals were pur-
chased from Sigma (Sigma-Aldrich México), except for 2-hydroxybut-3-
ynoate, which was purchased from Enamine LLC (Monmouth, NJ).

2.2. Animals, incubation technique and determinations

Male Wistar rats (250–270 g) fed ad libitum were used for all ex-
periments. Rats were anesthetized with sodium pentobarbital and the
heart was perfused with cold Krebs buffer to remove the blood from the
liver. The liver was then removed and sliced with a chopper, and about
500mg of liver slices were placed in a 25ml Erlenmeyer flask con-
taining 5ml of cold Krebs buffer, pH 7.4, to which ethanol was added to
a final concentration of 10mM. The flasks were placed in a shaking
bath at 37 °C. After a pre-incubation period of 30min, L-lactate was
added to a final concentration of 5, 10 or 20mM and the slices were
incubated for a further 3 h. Samples of 160 µl were taken from each
flask every hour. Perchloric acid at 16% was used to deproteinize the
sample, which was later used for the enzymatic determination of
ethanol and lactate. All procedures were performed according to the
Federal Regulations for Animals Care and Experimentation (Ministry of
Agriculture, SAGARPA).

2.3. Subcellular fractionation of liver

The homogenization buffer consisted of 250mM sucrose, 5 mM
MOPS and 1mM EDTA. We homogenized and fractionated the liver into
4 fractions: A, B, C and P. Fraction A was the supernatant resulting from
centrifuging the homogenate at 2,000 g to eliminate nuclei and cellular
debris [13]; fraction B was the supernatant resulting from centrifuging
fraction A at 25,000 g to eliminate peroxisomes [14]; fraction C was the
supernatant resulting from centrifuging fraction B at 100,000 g to
eliminate the rest of the mitochondria as well as microsomes, leaving
only the cytosol [14,15]. The pellet resulting from the centrifugation at
25,000 g is called the crude peroxisomal fraction (CPF), and was used to
isolate peroxisomes in an iodixanol gradient (fraction P), according to a
manufacturer’s indications of a Peroxisome isolation kit (Sigma Che-
mical Co.). In addition, we also used a hypotonic buffer with sucrose
25mM to homogenize the liver with the intent of breaking organelle
membranes, and it was centrifuged at 2000g to eliminate debris (the
same as fraction A). The supernatant therefore represents 100% of the
total activity of adenylate kinase [16]. For the incubation with ethanol
and lactate (20mM), fractions A, B and C were diluted in a 1:1 ratio
with homogenization buffer, while fraction P was diluted to a final
protein concentration of 1.3mg/ml.

2.4. Enzymatic assays

The uricase activity was measured by incubating the respective
fraction diluted in homogenization buffer in the presence of 1mM po-
tassium urate for 10min at 37 °C. Samples were taken every 2min and
the remaining urate was measured with a kit. That of succinate dehy-
drogenase (SDH) was measured at room temperature in 1.25ml of
75mM potassium phosphate buffer, pH 7.4; succinate 48mM; KCN
2mM; dichlorophenolindophenol 0.06mM and phenazine methosulfate
1.08mM. The reaction was started by adding 5 µl of the respective
fraction and lasted 5min, and followed through DCPIP reduction at
600 nm [17]. The catalase activity was measured at room temperature
by incubating the respective fraction in 1ml of 75mM potassium

phosphate buffer, pH 7.4. The reaction was started by adding 30mM
H2O2. The incubation lasted 2min. The reaction follows H2O2 dis-
appearance at 240 nm [18]. In addition, adenylate kinase (AK) activity
was measured at room temperature by incubating homogenate (5 µl) in
1ml of 100mM TEA buffer, pH 7.5; 130mM KCl; 6.2mM MgSO4;
1.7 mM glucose; 0.2mM NADP± ; 5 U of hexokinase, and 4 U of G6PD.
The reaction was started by adding 1.3 mM ADP. The incubation lasted
5min. The reaction follows NADP± reduction at 340 nm [19].

2.5. Quantification of ethanol, lactate, and lipid peroxidation by-products

Lactate was measured enzymatically. Briefly, 20 µl of NAD±

(100mM) and 2 µl of rabbit LDH (9.3KU/ml) were added to 980 µl of
hydrazine buffer (final volume of 1ml; pH 9.5). After 60min incuba-
tion, absorbance was read at 340 nm [20]. Ethanol was measured en-
zymatically with a spectrophotometer. Briefly, 20 µl of NAD±

(100mM), 100 µl of thiosemicarbazide (100mM) and 20 µl of yeast
alcohol dehydrogenase (ADH; 988 units/ml) were added to 860ml of
glycine buffer (final volume of 1ml; pH 9.0). After 10min incubation,
absorbance was read at 340 nm [21].

2.6. Statistical analysis

All data were analyzed by the Program GraphPad Prism, by using an
ordinary one-way ANOVA and by a post hoc Newman-Keuls analysis,
considering p < 0.01 as significant.

3. Results

3.1. Effect of lactate on liver ethanol oxidation

As expected, lactate increased the oxidation of ethanol in liver
slices. The relation between lactate concentration and ethanol oxida-
tion is shown in the Fig. 1A. The mean peak increase in ethanol me-
tabolism in the presence of 10 mmols • L−1 lactate was of 4.28 µmols •
h−1 • g−1 of liver in the fasted state. In the fed state the lactate sti-
mulation was somewhat weaker, an observation that has already been
reported [10], and it was not abolished by 4-MP (1mmol • L−1 [22]),
an ADH inhibitor (Fig. 1B). This suggests that the lactate stimulation is
completely independent of ADH and NADH. Moreover, as shown in
Fig. 1C, the concentration of acetaldehyde increases when the oxidation
of ethanol is increased with lactate even in the presence of 4-MP. These
results suggest that the lactate stimulation is completely independent of
ADH and by extension, independent of NAD+.

3.2. Effect of 3-aminotriazole on lactate-stimulated ethanol metabolism by
liver slices from fasted rats

We next used 3-aminotriazole (3AT), an irreversible catalase in-
hibitor (20 mmols • L−1 [23]). As seen in the Fig. 2A, 3AT completely
inhibited the stimulation by lactate. This points out to a mechanism
mediated by catalase, which also suggests that lactate is somehow
causing the production of H2O2. The concentration of lactate was also
determined in the incubation with lactate 5 mmols • L−1 (Fig. 2B).
During the 3 h of incubation, the concentration of lactate did not
change. Since lactate seems to stimulate the ethanol oxidation by H2O2

production, this could suggest that a lactate oxidase (LOx) may be
catalyzing the oxidation of lactate to pyruvate, reducing O2 to H2O2.
Two lactate oxidases have been reported in the liver: a peroxisomal L-
alpha-hydroxy acid oxidase capable of oxidizing lactate to pyruvate,
generating H2O2, was reported by de Duve & Baudhuin [24]; also, de
Bari et al. has reported the existence of a mitochondrial L-lactate oxi-
dase localized in the mitochondrial intermembrane space [25]. Since to
our knowledge these two enzymes are the only known capable of
producing H2O2 from lactate, our attention focused on these two or-
ganelles.
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3.3. Ethanol oxidation by liver subcellular fractions

To determine the origin of the H2O2 produced, we homogenized and
fractionated the liver into 4 fractions: A, B, C and P. Every fraction was
incubated in the presence of ethanol (10 mmols • L−1), with or without
lactate (20 mmols • L−1). All fractions were analyzed for their content
in peroxisomes, mitochondria, while fractions A, B, and C were ana-
lyzed for their catalase content, while fractions A and C were also
analyzed for their content in adenylate kinase (Fig. 3A). Uricase was
used as the marker of the peroxisomal fraction, succinate dehy-
drogenase was used as the mitochondrial marker, while adenylate ki-
nase was used as the mitochondrial intermembrane space marker. We
considered the enzyme activities of fraction A as 100% of the total.
Interestingly, fraction B was very poor in peroxisome content compared
to fraction A, though both fractions had similar content of mitochondria
(Fig. 3A). Despite this, fraction B still showed a large stimulation in
ethanol metabolism albeit smaller than that of fraction A (Fig. 3B). This
suggests that peroxisomes are not the main producers of H2O2, and it
also shows they are not needed for the stimulation (Fig. 3B). However,
we wanted to know whether peroxisomes are able to oxidize ethanol by

themselves in the presence of lactate.

3.4. Rate of ethanol oxidation in purified peroxisomes (P)

From the CPF, peroxisomes were isolated using an iodixanol gra-
dient. Purified peroxisomes (fraction P) were incubated with ethanol
(10 mmols • L−1) and lactate (20 mmols • L−1) at a final concentration
of 1.3 mg • ml−1 (at this concentration, the amount of peroxisomes is
very similar to that of fraction A, as determined by the activity of uri-
case). As shown in Fig. 3B, peroxisomes by themselves showed a poor
increase in ethanol metabolism in the presence of lactate. Even though
the concentration of peroxisomes was much greater than in fraction B,
and almost the same as fraction A (Fig. 3A), the lactate-induced in-
crease in ethanol metabolism with purified peroxisomes was less than
half that of fraction B. Once more, these results suggest that peroxi-
somes are not the main producers of H2O2, but it also shows that they,
by themselves, can contribute somehow to the lactate stimulation of
ethanol oxidation.

Fraction C showed negligible SDH and uricase activities, but it
showed ample catalase activity (Fig. 3A). Strangely, this fraction also
showed a stimulation of ethanol oxidation in the presence of lactate as
large as fraction B (Fig. 3B). The putative mitochondrial LOx is loca-
lized in the intermembrane space [25], and because SDH is exclusively
an internal membrane marker, it says nothing about the integrity of the
outer membrane. Therefore, there existed the possibility that the outer
membrane was broken during the fractionation, liberating the LOx into
the cytosol [26]. To test this, we used AK as a marker of the inter-
membrane space. We used a hypotonic homogenizing buffer with a
sucrose concentration of 25 mmols • L−1 to homogenize the liver and
break the outer mitochondrial membrane [19]. The homogenate was
centrifuged at 2000g (the same as A). As this fraction contains ruptured
organelles, its content of AK is considered as 100% of the total. As

Fig. 1. Rates of ethanol oxidation in rat liver slices. Results are the mean ± SE
of 4 individual observations per experimental group. In panel A, the time-curve
for ethanol oxidation by liver slices from fasted rats in the presence of in-
creasing concentrations of lactate. In panel B, the effect of 1mmol • L−1 4-
methylpyrazole (4-MP) on ethanol metabolism by liver slices from fed rats in
the presence or absence of lactate (20 mmols • L−1); in panel C, the con-
centration of acetaldehyde produced from the slices is depicted. Experimental
groups are designated by symbols at the upper of each panel. Statistical sig-
nificance: *p < 0.05 vs. control group (no additions), and **p < 0.05 against
the group with lactate.

Fig. 2. Effects of lactate and aminotriazole on ethanol metabolism in liver slices
from fasted rats. Results are the mean ± SE of 4 individual observations per
experimental group in the presence of lactate (10 mmols • L−1) and of 20 mmols
• L−1 3-aminotriazole (3-AT; panel A). In panel B, it is shown the lactate con-
centration from supernatant of liver slices from fasted rats in the presence or
absence of lactate (5 mmols • L−1). Abbreviations: 3-AT=3-aminotriazole.
Experimental groups are designated by symbols at the upper of each panel.
Statistical significance as indicated in Fig. 1.
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shown in Fig. 3A, the activity of AK from fraction C is 27.7% that of
fraction A. Since around 20% of the total AK activity is localized in the
cytoplasm and around 70% is located in mitochondria [19], our value
of 28% is just above the expected level. Therefore we can conclude that
the cytosolic fraction is largely uncontaminated with contents from the
mitochondrial intermembrane space.

Since 3AT is not a specific inhibitor of catalase [27], we needed to
rule out the possibility that it was inhibiting CYP450. We took ad-
vantage of the ability of ethanol to protect catalase from inhibition
[28]. Fraction B was incubated in the presence of 20 mmols • L−1 of
lactate and 10 mmols • L−1 3AT for 20min to eliminate all catalase
present, after which 10 mmols • L−1 ethanol was added. Freshly pre-
pared bovine catalase was then added to a final concentration of 4mg •
ml−1 (8–20 KU • ml−1). Because there is ethanol present, it now pre-
vents the inhibition of the bovine catalase. As seen in Fig. 4, the ad-
dition of catalase completely restored the lactate stimulation; while in
the absence of lactate, catalase did not modify the rate of ethanol oxi-
dation. Moreover, adding more catalase in the absence of 3AT does not
cause a larger increase in the presence of lactate.

Finally, to show that the enzyme responsible for the lactate stimu-
lation is indeed lactate oxidase, we used 2-hydroxybut-3-ynoate (2H3),
a specific and potent irreversible inhibitor that only targets flavin-de-
pendent α-hydroxy acid oxidases, including lactate oxidase [29-31].
Fraction B was incubated in the presence of 1mM of 2H3 for 15min to
inhibit lactate oxidase, after which lactate and ethanol were added to a
final concentrations of 20 and 10mM, respectively. As seen in Fig. 5,
the addition of 2H3 completely inhibited the lactate stimulation; while
in the absence of lactate, 2H3 did not modify the rate of ethanol oxi-
dation.

4. Discussion

The addition of lactate doubled the oxidation of ethanol at 10
mmols • L−1 in slices from fasted liver. We found that the inhibition of
ADH by 4-MP does not abolish the lactate stimulation. Therefore it can
be concluded that the lactate stimulation is completely independent
from ADH. On the other hand, 3AT did inhibit the lactate effect, sug-
gesting that the effect is dependent on catalase.

3AT also inhibited the effect during the incubation of fraction B;
however, the effect was completely restored when 8–20 KU • ml−1 of
bovine catalase were added. The addition of catalase by itself (in the
absence of 3AT) did not cause an increase in ethanol metabolism in
both the absence or presence of lactate, showing that catalase is not
rate-limiting. This confirms that catalase is the only ethanol-oxidizing

Fig. 3. Ethanol oxidation by liver subcellular frac-
tions identified by “marker enzyme” activities.
Results are the mean ± SE of 4 individual observa-
tions per experimental group. In panel A, there are
shown enzyme activities (adenylate kinase, catalase,
succinic dehydrogenase, and uricase) expressed in IU
• g−1 of liver tissue, where an international unit is
defined as the rate corresponding to catalysis of 1.0
μmole of substrate per min. Enzyme activities were to
test purity of liver fractions: A) whole homogenate,
B) Post-peroxisomes fraction, C) Cytosol, and P)
Peroxisomal fraction. Panel B depicts ethanol meta-
bolism by liver fraction B (Post-peroxisomes fraction)
in the presence (red) or absence (black) of lactate (20
mmoles • L−1). n.d.= non-determined. Experimental
groups are designated by symbols at the upper of
each panel. Statistical significance: *p < 0.05 vs.
control group (no additions). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Rate of ethanol oxidation by the liver post-peroxisomes fraction (B).
Results are the mean ± SE of 4 individual observations per experimental
group, indicated at the top of the Figure. The additions were: lactate (20
mmoles • L−1), 3-aminotriazole (10 mmoles • L−1), as well as of catalase (4mg •
ml−1). Abbreviations: C=Control, Lac= lactate, CAT= catalase, and 3-
AT=3-aminotriazole. Statistical significance: *p < 0.05 vs. control group (no
additions), and **p < 0.05 against the group with lactate.
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enzyme involved in the lactate-stimulated ethanol oxidation and that
aminotriazole is not interfering with any other part of the mechanism.
Most importantly, the addition of 2H3 also inhibited the lactate sti-
mulation during incubation of fraction B. 2H3 specifically inhibits
flavin-containing α-hydroxy acid oxidases, meaning that this inhibitor
can’t target the NADH-requiring LDH [32]. This leaves lactate oxidase
and membrane-attached lactate dehydrogenase as the only flavin-de-
pendent enzymes capable of oxidizing lactate. However the latter is
found only in mitochondria and can only oxidize D-lactate [33]. Since
2H3 by itself does not modify the rate of ethanol metabolism, this
conclusively shows that lactate oxidase is responsible for the lactate
stimulation observed in this study.

Peroxisomes were not able to oxidize ethanol by themselves, but in
the presence of lactate they were able to, presumably due to the pu-
tative peroxisomal LOx. However, as evidenced by fraction B, which is
almost free of peroxisomes, they are not required to stimulate the
oxidation of ethanol. The difference in stimulation between fractions A
and B can be attributed to the presence of peroxisomes in fraction A,
since the sum of the effects from fractions B and P is very close to that of
fraction A. Therefore, peroxisomes significantly contribute to the in-
creased oxidation of ethanol by lactate; furthermore, as shown by
fraction C, mitochondria are also not required for the stimulation.
Therefore, the cytoplasm appears to produce the bulk of the H2O2

generated by lactate while peroxisomes may contribute around 30% of
the total stimulation. These results potentially suggest the existence of a
cytoplasmic lactate oxidase with a much higher activity than the ones
found in both peroxisomes and mitochondria.

The apparent lack of lactate consumption implies that lactate is
being replenished as fast as it disappears. Since LDH is the only known
enzyme capable of producing lactate, this suggests the possibility that
the pyruvate produced by LOx is being reduced back to lactate. The
metabolism of ethanol inhibits the Krebs cycle as well as the enzyme
pyruvate dehydrogenase [1]; therefore, the metabolism of pyruvate
becomes limited to its reduction to lactate and gluconeogenesis. The
high NADH concentration due to ethanol metabolism would enhance
the already favorable reduction of pyruvate to lactate [1], constantly
replenishing the oxidized lactate.

That lactate can increase the oxidation of ethanol is an old albeit
largely ignored idea [8,34]. However, the fact that it can do so through
catalase is unexpected. The normal concentration of lactate in blood is
around 0.5–2 mmols • L−1 [33,35] and it increases considerably when
there is alcohol in the body [36], reaching up to 15 mmols • L−1 during
a condition known as alcohol-associated lactic acidosis [37], and may
reach up to 25 mmols • L−1 during exercise [38]. Crow et al. [8] have
shown that 1mmol • L−1 of lactate is enough to significantly increase
the oxidation of ethanol in isolated hepatocytes.

It has been shown that exercise can increase the rate of ethanol

elimination in humans [1,39]; then, given the large increase in blood
lactate due to exercise, it’s possible that the increase in metabolism is
due to an increase in H2O2 production. Since H2O2 is a reactive mole-
cule and it is presumed to be deleterious to cells [40,41], one has to ask
why the liver has an enzyme whose task is to produce it from such an
abundant substrate. It is assumed that the main purpose of catalase is to
eliminate H2O2 and keep it from building up [40]. However knockout
mice and acatalasemic humans seem to develop normally and it is not
clear whether they have increased sensitivity to oxidative stress
[40,41]. It is known that H2O2 can function as a second messenger,
including roles in insulin signaling and regeneration [42]; therefore
lactate oxidase could be important for insulin signaling during exercise
when the concentration of lactate is elevated or during hepatic re-
generation. It is also known that besides eliminating H2O2, catalase also
metabolizes various molecules, mainly xenobiotics, in a reaction de-
pendent on H2O2, called the peroxidatic reaction [43,44]. Therefore, it
is possible that the main role of catalase is to function as part of the
metabolism of xenobiotics in the liver.
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A B S T R A C T

FFA4 (Free Fatty Acid receptor 4, previously known as GPR120) is a G protein-coupled receptor that acts as a
sensor of long-chain fatty acids, modulates metabolism, and whose dysfunction participates in endocrine dis-
turbances. FFA4 is known to be phosphorylated and internalized in response to agonists and protein kinase C
activation. In this paper report the modulation of this fatty acid receptor by activation of receptor tyrosine
kinases. Cell-activation with growth factors (insulin, epidermal growth factor, insulin-like growth factor-I, and
platelet-derived growth factor) increases FFA4 phosphorylation in a time- and concentration-dependent fashion.
This effect was blocked by inhibitors of protein kinase C and phosphoinositide 3-kinase, suggesting the in-
volvement of these kinases in it. FFA4 phosphorylation did not alter agonist-induced FFA4 calcium signaling, but
was associated with decreased ERK 1/2 phosphorylation. In addition, insulin, insulin-like growth factor-I, epi-
dermal growth factor, and to a lesser extent, platelet-derived growth factor, induce receptor internalization. This
action of insulin, insulin-like growth factor I, and epidermal growth factor was blocked by inhibitors of protein
kinase C and phosphoinositide 3-kinase. Additionally, cell treatment with these growth factors induced FFA4-β-
arrestin coimmunoprecipitation. Our results evidenced cross-talk between receptor tyrosine kinases and FFA4
and suggest roles of protein kinase C and phosphoinositide 3-kinase in such a functional interaction.

1. Introduction

G Protein-Coupled Receptors (GPCR) and Receptor Tyrosine Kinases
(RTK) participate in the normal function of organisms and are also
involved in the pathogenesis of multiple diseases. Interestingly, there is
intense cross-talk among these receptor families, involving both posi-
tive and negative modulations. The molecular mechanisms of such
cross-talks include the following: GPCR-induced shedding of RTK li-
gands from the plasma membrane, triggering RTK activation; RTK ac-
tivation through intracellular GPCR-associated signaling cascades; the
formation of GPCR-RTK complexes with subsequent joint receptor sig-
naling, and GPCR signaling attenuation involving direct tyrosine
phosphorylation by RTK; GPCR serine/threonine phosphorylation cat-
alyzed by different protein kinases (see (Chen et al., 2008; Doronin
et al., 2002b; García-Sáinz et al., 2010; García-Sáinz et al., 2008; Gavi
et al., 2006; Gschwind et al., 2001; Medina et al., 2000; Pyne et al.,
2007; Sun et al., 2018; Vázquez-Prado et al., 2003) and references
therein).

Free Fatty Acid receptor 4 (FFA4, previously known as GPR120), is

a GPCR that functions as a free fatty acid sensor that increases incretin
secretion by intestinal cells; this modulates insulin release, contributing
to glycemic control (Hirasawa et al., 2005). FFA4-deficient mice de-
velop glucose intolerance, obesity, and fatty liver (Ichimura et al.,
2012); expression of a dysfunctional variant of this receptor (R270H) is
associated with obesity and other metabolic disturbances in humans
(Ichimura et al., 2012). FFA4 activation exerts insulin-sensitizing and
anti-inflammatory effects on cells (adipocytes and macrophages, re-
spectively) and mice. All these data point to FFA4 as an attractive target
for the development of drugs with potential therapeutic action for these
metabolic disturbances (obesity, metabolic syndrome, diabetes mel-
litus) (Liu et al., 2015; Milligan et al., 2015; Sparks et al., 2014; Sun
et al., 2010).

Human FFA4 receptors couples with Gαq/11 and activates phos-
pholipase C, leading to the hydrolysis of phosphatidylinositol 4, 5-bi-
sphosphate, generating inositol trisphosphate and diacylglycerol
(Hirasawa et al., 2005). Inositol trisphosphate triggers calcium release
from intracellular stores, whereas diacylglycerol, together with cal-
cium, activates protein kinase C. There is also evidence that the
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activation of FFA4 receptor induces extracellular signal-regulated ki-
nases (ERK 1/2) activation. ERK 1/2 can be activated by a variety of
signaling pathways, including those triggered by GPCR and RTK. The
mitogen-activated protein kinase pathway is a master regulator that
connects signals generated at the plasma membrane with the cell's
nucleus, where cardinal events, such as differentiation and proliferation
are controlled (Kolch, 2000). The FFA4 receptor interacts with β-ar-
restin (Watson et al., 2012), which participates in receptor desensiti-
zation and internalization.

Agonist stimulation and activation of protein kinase C induce FFA4
receptor phosphorylation and internalization (Burns and Moniri, 2010;
Burns et al., 2014; Butcher et al., 2014; Sánchez-Reyes et al., 2014;
Villegas-Comonfort et al., 2017). To the best of our knowledge, RTK-
mediated modulation of the FFA4 phosphorylation state, cellular loca-
lization, and function has not been reported. In the present work, such a
possibility was explored, and our data indicated that RTK-activation
induces time- and concentration-dependent FFA4 phosphorylation and
internalization and also affects its ability to induce ERK 1/2 activation.

2. Materials and methods

2.1. Materials

Docosahexaenoic acid, phorbol 12-myristate 13-acetate, insulin,

insulin-like growth factor-I (IGF-I), wortmannin, and protease in-
hibitors were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phosphate-free Dulbecco's modified Eagle's medium, fetal bovine
serum, trypsin, antibiotics, and other reagents used for cell culture were
from Life Technologies (Thermo Fisher Scientific; Carlsbad, CA, USA).
Fura-2 AM and Dulbecco's Modified Eagle's Medium, were purchased
from Invitrogen (Thermo Fisher Scientific; Carlsbad, CA, USA) and
agarose-coupled protein A was from Upstate Biotechnology (Lake
Placid, NY, USA). Bisindolylmaleimide I, Gö 6976, and LY294002 were
obtained from Calbiochem (Merck-Millipore; Darmstadt, Germany) and
platelet-derived growth factor (PDGF) and EGF were obtained from
PreproTech (Rocky Hill, NJ, USA). [32P]Pi (8,500–9,120 Ci/mmol) was
obtained from PerkinElmer Life Sciences (Boston, MA, USA). Rabbit
antisera against the Green Fluorescent Protein (GFP) were generated at
our laboratory and have been previously characterized (Avendaño-
Vázquez et al., 2005; Sánchez-Reyes et al., 2014). Rabbit polyclonal
antibodies against total Extracellular signal-Regulated Kinases (ERK) 1/
2 and phospho-ERK 1/2 were from Cell Signaling Technology (Danvers,
MA, USA); anti β-arrestin 1/2 mouse monoclonal antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibodies
were purchased from Zymed (Thermo Fisher Scientific; Carlsbad, CA,
USA) or Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Chemiluminescence kits were from Millipore Corporation (Merck-Mil-
lipore; Darmstadt, Germany). Other materials were from previously

Fig. 1. Growth factor-induced FFA4 phosphorylation time-courses. Cells expressing GFP-tagged FFA4 receptors were incubated for the times indicated in the
presence of 100 ng/ml of insulin (INS, panel A; n= 3), EGF (panel B; n=4), IGF-I (panel C; n= 3) or PDGF (panel D; n= 3). Cells were lysed and receptor
phosphorylation determined as indicated (section 2.4). In all cases the means are plotted with vertical lines indicating the S.E.M. of the indicated number (n) of
independent experiments using different cell preparations. Representative autoradiographs (32P) and Western blots (anti-GFP) are presented above each graph.
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published sources (Sánchez-Reyes et al., 2014; Villegas-Comonfort
et al., 2017).

2.2. Cell lines

HEK 293-derived Flp-In T-Rex 293 cells were used to develop an
inducible cell line expressing GFP-tagged human FFA4, as described
previously (Hara et al., 2009; Hirasawa et al., 2005; Sánchez-Reyes
et al., 2014; Villegas-Comonfort et al., 2017); receptor expression was
induced by adding 1 μg/ml of doxycycline hyclate, 12–18 h before the
experiments were performed. Cells were maintained in Dulbecco's
modified Eagle's medium supplemented with fetal bovine serum and
antibiotics, as described (Sánchez-Reyes et al., 2014; Villegas-
Comonfort et al., 2017).

2.3. Intracellular free calcium concentration

This was determined fluorometrically as described previously
(Sánchez-Reyes et al., 2014; Villegas-Comonfort et al., 2017). Briefly,
cells were loaded with 2.5 μM Fura-2 AM in Krebs–Ringer–Hepes

containing 0.05% fatty acid-free bovine serum albumin (pH 7.4) and
then washed to eliminate unincorporated indicator with buffer without
albumin. Determinations were carried out in an AMINCO-Bowman
Series 2 luminescence spectrometer, employing 340- and 380-nm ex-
citation wavelengths and an emission wavelength of 510 nm; the
chopper interval was 0.5 s. The intracellular calcium concentration was
calculated as described by Grynkiewicz et al. (1985).

2.4. FFA4 phosphorylation

The previously described procedure was used (Sánchez-Reyes et al.,
2014; Villegas-Comonfort et al., 2017). In brief, cells were incubated in
phosphate-free DMEM containing 50 μCi/ml [32P]Pi for 3 h at 37 °C.
Labeled cells were stimulated as described and then washed twice with
ice-cold phosphate buffered saline solution and solubilized in de-
tergent- and protease and phosphatase inhibitor-containing buffer
(Sánchez-Reyes et al., 2014; Villegas-Comonfort et al., 2017). Lysates
were incubated overnight with protein A-agarose and anti-GFP serum,
with constant agitation at 4 °C. Samples were washed and the pellets
were solubilized in Laemmli's sample buffer containing 130mM

Fig. 2. Growth factor-induced FFA4 phosphorylation concentration-response curves. Cells expressing GFP-tagged FFA4 receptors were incubated for 30min in the
presence of the indicated concentration of insulin (INS, panel A; n= 3), EGF (panel B; n=4), IGF-I (panel C; n=3) or PDGF (panel D; n= 3). Cells were lysed and
receptor phosphorylation determined as indicated (section 2.4). In all cases the means are plotted with vertical lines indicating the S.E.M. of the indicated number (n)
of independent experiments using different cell preparations. Representative autoradiographs (32P) and Western blots (anti-GFP) are presented above each graph.
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dithiothreitol. Proteins were separated employing 10% SDS-PAGE and
the gels were dried. Receptor phosphorylation was analyzed with a
Molecular Dynamics Typhoon PhosphorImager and the ImageJ soft-
ware. Parallel samples were processed for detection of the receptor
(employing anti-GFP antibodies) by Western blotting.

2.5. ERK 1/2 phosphorylation

Cells were incubated as indicated and cellular extracts were ob-
tained by lysing the cells in detergent-, protease inhibitors-, and phos-
phatase inhibitors-containing buffer (Meizoso-Huesca et al., 2018). Cell
extracts were subject to 10% SDS-PAGE and transferred onto ni-
trocellulose membranes. Samples obtained in parallel were incubated
overnight at 4 °C, with anti-phospho-ERK 1/2 or anti-ERK 1/2. The
following day, membranes were washed and incubated for 1 h at room
temperature with a horseradish peroxidase-conjugated secondary an-
tibody for enhanced chemiluminiscence detection. Densitometric ana-
lysis was performed using ImageJ software (http://rsb.info.nih.gov/ij/
).

2.6. Confocal microscopy

Cells were seeded onto glass-bottomed Petri dishes and cultured
overnight at 37 °C, and receptor expression was induced with

doxycycline (1 μg/ml); the next day, cells were washed with medium
without serum and further incubated for 3 h. Cells were treated as in-
dicated and were washed with phosphate buffered saline and fixed with
4% paraformaldehyde in 0.1 M phosphate buffer for 20min at room
temperature; samples were then washed three additional times with
phosphate buffered saline. Fluorescent images were acquired with an
Olympus Fluoview FV10i confocal microscope with a water-immersion
objective (60X). To determine receptor internalization, the plasma
membrane was delineated utilizing differential interference contrast
imaging and fluorescence within this region was excluded for quanti-
fication; the fluorescence present in intracellular structures was de-
termined employing ImageJ software (http://rsb.info.nih.gov/ij/)
(Collins, 2007; Hartig, 2013; Rasband, 1997–2004) as recommended
(employing TFCC, total corrected cellular fluorescence (McCloy et al.,
2014) and see also: (https://sciencetechblog.wordpress.com/2011/05/
24/measuring-cell-fluorescence-using-imagej/)). At least five images of
each of the four different cell cultures employed were taken for each
condition. Data were normalized to baseline fluorescence (100%).

2.7. FFA4-β-arrestin coimmunoprecipitation

Experiments were carried out essentially as described previously
(Villegas-Comonfort et al., 2017). In brief, cells were incubated in the
absence or presence of 30 μM DHA for 15min (Villegas-Comonfort

Fig. 3. Effect of protein kinase C and phosphoinositide 3-
kinase inhibitors on growth factor-induced FFA4 phos-
phorylation. Cells expressing GFP-tagged FFA4 receptors
were preincubated for 30min in the absence or presence of
1 μM bisindolylmaleimide I (BIM), 1 μMGö 6976 (Gö),
100 nM wortmannin (WOR) or 10 μM LY294002 (LY) and
then challenged for an additional 30min with 100 ng/ml of
insulin (INS, panel A), EGF (panel B), IGF-I (panel C) or
PDGF (panel D). Cells were lysed and receptor phosphor-
ylation determined as indicated (section 2.4). In all cases the
means are plotted with vertical lines indicating the S.E.M. of
three independent experiments using different cell pre-
parations. In all cases: ∗P < 0.005 vs. baseline, and
∗∗P < 0.005 vs. preincubation in the absence of inhibitor
and presence of the growth factor. Representative auto-
radiographs (32P) and Western blots (anti-GFP) are pre-
sented above each graph.
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et al., 2017) or for 30min in the presence of 100 ng/ml of the growth
factors. After incubation, cells were washed with ice-cold phosphate
buffered saline solution and solubilized in detergent containing buffer,
as described for studying FFA4 phosphorylation. Lysates were in-
cubated overnight with protein G-agarose and anti-β-arrestin 1/2
monoclonal antibody (1 μg/sample), with constant agitation at 4 °C.
Samples were washed, solubilized, subjected to SDS-PAGE, and elec-
trotransferred onto nitrocellulose membranes; Western blotting was
performed using anti-β-arrestin 1/2 and anti-GFP antibodies.

2.8. Statistics

Statistical comparison between groups was performed using ana-
lysis of variance with the Bonferroni post-test using the software in-
cluded in the GraphPad Prism 6 software program. A P value of< 0.05
was considered statistically significant.

3. Results

Cell incubation with 100 ng/ml of insulin (Fig. 1A), EGF (Fig. 1B),
IGF-I (Fig. 1C), or PDGF (Fig. 1D) increased, in a time-dependent
fashion, the phosphorylation state of FFA4; the time-course and mag-
nitude of these FFA4 phosphorylations was very similar, i. e., these
growth factors progressively increased receptor phosphorylation,
reaching a maximum (∼60% increase over baseline) in 30min and
decreasing at 60min. Similarly, concentration-response analysis, uti-
lizing 30min incubation, indicated that the EC50 values for these
growth factors were very similar (∼0.2–0.5 ng/ml) (Fig. 2, panels
A–D). Experiments comparing the FFA4 phosphorylation induced by
the agonist DHA (30 μM) (Sánchez-Reyes et al., 2014; Villegas-
Comonfort et al., 2017) and activation of the RTK receptors (growth
factors were employed at a concentration of 100 ng/ml) were per-
formed and are presented in Supplementary Fig. S1). As can be ob-
served, DHA-induced FFA4 phosphorylation was of greater magnitude
(2-fold) than those elicited by the growth factors (50–60% increase over

baseline).
In order to investigate the signaling pathway(s) involved in RTK-

induced FFA4 phosphorylation, the effect of protein kinase C (bi-
sindolylmaleimide I (1 μM) and Gö 6976 (1 μM)) and phosphatidyli-
nositol 3-kinase (wortmannin (100 nM) and LY294002 (10 μM)) in-
hibitors were tested. Cells were incubated with the inhibitors for 30min
and the peptide growth factors (100 ng/ml) were added (30min in-
cubation). As shown in Fig. 3, the FFA4-phosphorylations induced by
insulin (panel A), EGF (panel B), IGF-I (panel C), and PDGF (panel D)
were blocked by these inhibitors; the inhibitors by themselves did not
alter baseline receptor phosphorylation at the concentrations tested
(data not shown). It is noteworthy, that previous experiments have
shown that protein kinase C inhibitors are unable to block agonist-sti-
mulated FFA4 phosphorylation (Sánchez-Reyes et al., 2014).

The functional repercussion of incubation for 60min with the
peptide growth factors was explored next. None of the RTK agonists
altered intracellular calcium (data not shown) or the effect of doc-
osahexaenoic acid (30 μM) (Supplementary Fig. S2). The effect of the
growth factors on ERK 1/2 phosphorylation was also examined. As
depicted in Supplementary Fig. S3, the growth factor peptides by
themselves increased ERK 1/2 phosphorylation; EGF was the most ef-
ficacious, followed by insulin and then by IGF-I and PDGF. In all cases,
the effect of these growth factors was rapid, reaching their maximum at
2–5min, and decreasing slowly afterward. A clear effect was still con-
sistently observed after 15min incubation with these agents but this
effect further decreased at 30min and had essentially vanished at
60min. For this reason, the cells were incubated in parallel in the ab-
sence or presence of 100 ng/ml of these peptides for 60min and then
challenged with 30 μM DHA, in order to study whether RTK stimulation
altered the response to FFA4 activation, and data were normalized to
the maximal response observed (in all cases in cells preincubated
without any agent and challenged for 2min with the fatty acid, DHA
(Fig. 4)). In cells preincubated in the absence of any growth factor, DHA
induced marked ERK 1/2 phosphorylation that was maximal at 2min
and that decreased afterward (Fig. 4, first set of bars in each panel). As

Fig. 4. Effect of preincubation with growth factors on doc-
osahexaenoic acid-induced ERK 1/2 phosphorylation. Cells
expressing GFP-tagged FFA4 receptors were incubated for
60min in the absence (NONE) or in the presence of 100 ng/
ml insulin (INS, panel A), EGF (panel B), IGF-I (panel C) or
PDGF (panel D), and then were challenged for the times
indicated with 30 μM docosahexaenoic acid. Cells were
lysed and ERK 1/2 phosphorylation was determined as in-
dicated (section 2.5). Data are presented as percentages of
the maximal effect observed (preincubation without growth
factor and challenged for 2min with docosahexaenoic acid).
In all cases the means are plotted with vertical lines in-
dicating the S.E.M. of three independent experiments using
different cell preparations. ∗P < 0.001 vs. time 0 (base-
line), ∗∗P < 0.05 vs. time 0 (baseline), & P < 0.001 vs.
same time, preincubation without growth factor, and &&

P < 0.05 vs. same time, preincubation without growth
factor. Representative Western blots (anti-p(phospho)ERK
1/2 and anti-total ERK 1/2) are presented above each graph.
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can be observed, preincubation with any of the growth factors clearly
decreased DHA-induced ERK 1/2 phosphorylation (Fig. 4A-D), PDGF
being the least effective in this regard (Fig. 4D).

We next examined the possibility that activation of RTK could lead
to FFA4 internalization. As illustrated in Fig. 5, the natural FFA4 ago-
nist, docosahexaenoic acid, employed as a positive control, induced
marked FFA4 internalization (30min incubation) as previously re-
ported (Sánchez-Reyes et al., 2014) (Fig. 5). Insulin, IGF-I, and EGF also
increased FFA4 internalization after a 30min incubation; PDGF also
was able to induce FFA4 internalization, although the effect was
smaller. The possibility that protein kinase C and PI3K could be in-
volved in the internalization processes was tested by employing the
inhibitors, bisindolylmaleimide I (1 μM) and wortmannin (100 nM).
FFA4 internalization in response to insulin (Fig. 6A), EGF (Fig. 6B), and
IGF-I (Fig. 6C) was blocked by the inhibitors. As indicated previously,
PDGF-induced FFA4 internalization was of a smaller magnitude and the
inhibitor's action was statistically insignificant (Fig. 6D). DHA-induced
FFA4 internalization was clearly decreased by bisindolylmaleimide I
but was only marginally decreased by wortmannin (Fig. 6E). The in-
hibitors by themselves did not alter FFA4 localization (Fig. 6F); re-
presentative images are presented in Supplementary Fig. S4.

β-Arrestin is known to associate with phosphorylated GPCR and to
participate in receptor internalization (Alvarez-Curto et al., 2016;
Butcher et al., 2014; DeFea et al., 2000; Kang et al., 2014; Shenoy and
Lefkowitz, 2011). Therefore, the possibility that RTK activation might
induce FFA4-β-arrestin interaction was hypothesized and experimen-
tally explored through coimmunoprecipitation experiments. As shown
in Fig. 7, the data indicated that FFA4 activation by DHA and also

growth factor stimulation of endogenous RTK induced FFA4-β-arrestin
coimmunoprecipitation.

4. Discussion

The present work shows that the activation of RTK, such as those of
insulin, EGF, IGF-I, and PDGF, induced FFA4 phosphorylation in a time-
and concentration-dependent fashion. This is consistent with what has
been previously observed for other GPCR, including, but not limited to,
the following: β2-adrenoceptors (Doronin et al., 2002a, 2002b); α1B-
(Medina et al., 2000) and α1D-adrenoceptors (Rodríguez-Pérez et al.,
2009); δ-opioid receptors (Chen et al., 2008); dopamine D1 receptors
(Banday et al., 2007), and angiotensin II AT1 receptors (García-
Caballero et al., 2001); reviewed in (García-Sáinz et al., 2008, 2010;
Gavi et al., 2006; Vázquez-Prado et al., 2003).

The ability of protein kinase C and PI3K inhibitors to block RTK-
mediated FFA4 phosphorylation indicates that both enzymes are likely
involved in such an effect. It is well-known that RTK auto-phosphor-
ylation might lead to their association with the PI3K regulatory subunit,
p85, resulting in activation of the catalytic subunit (Blume-Jensen and
Hunter, 2001; Manning et al., 2002). Activation of protein kinase C
could occur through a similar mechanism, i. e., the association with
phospholipase C, triggering phosphatidylinositol 4,5-bisphosphate hy-
drolysis, generating diacylglycerol, or through other steps in the RTK-
associated signaling pathways (Blume-Jensen and Hunter, 2001;
García-Sáinz et al., 2010; Medina et al., 2000; Vázquez-Prado et al.,
2003).

Roles of protein kinase C and phosphoinositide 3-kinases have been
observed in RTK-induced phosphorylation and desensitization of other
GPCR, such as α1B and α1D-adrenoceptors (Medina et al., 2000;
Rodríguez-Pérez et al., 2009), angiotensin II AT1 receptors (García-
Caballero et al., 2001) and D1 dopamine receptors (Banday et al.,
2007). Other mechanisms involve direct RTK tyrosine phosphorylation
of GPCR (for example, the β2-adrenoceptor by insulin and insulin-like I
receptors) (Doronin et al., 2002b; Gavi et al., 2006, 2007; Shumay
et al., 2004) and EGF receptor-triggered tyrosine phosphorylation of
GRK2, which phosphorylates and desensitizes δ-opioid receptors (Chen
et al., 2008). Interestingly, a new mechanism for RTK desensitization of
GPCR was recently proposed (Sun et al., 2018). In this study, EGF-in-
duced D3 dopamine receptor desensitization and down-regulation, in-
volved the Src/Gβγ-dependent tyrosine phosphorylation of GRK2 and
its binding to the T142 receptor's residue, which resulted in D3 dopa-
mine receptor uncoupling from G proteins, endocytosis, and lysosomal
receptor degradation (Sun et al., 2018).

FFA4 phosphorylation sites have been identified by several groups
(Alfonzo-Méndez et al., 2017; Burns et al., 2014; Butcher et al., 2014;
Prihandoko et al., 2016). Five residues at the Ctail (Thr347, Thr349,
Ser350, Ser357, and Ser360) were identified as the main agonist-in-
duced phosphorylation sites of the human FFA4 receptor, employing
mass spectrometry, mutagenesis, and phosphospecific antibodies
(Butcher et al., 2014). Serine-to-alanine substitution of these receptors
prevented FFA4 phosphorylation but did not alter ERK 1/2 activation,
which appears to be associated with G protein activation (Prihandoko
et al., 2016). Interestingly, the latter two serines seem to be particularly
relevant for receptor internalization (Prihandoko et al., 2016). Muta-
genesis of these five residues markedly reduced, but did not abolish, β-
arrestin recruitment; further work by this group (Butcher et al., 2014)
allowed identification of acidic residues in proximity to these sites, as
structural elements relevant for FFA4-β-arrestin interaction. Mutagen-
esis/functional analysis have also shown that residues Thr347 and
Ser350, are phosphorylation sites that are important for the recruitment
of β-arrestin (Burns et al., 2014). We identified phosphorylated Thr242,
Ser350, Ser357, and S360 in the FFA4 receptor using mass spectrometry
(Alfonzo-Méndez et al., 2017). The sites phosphorylated in the FFA4
receptor in response to RTK activation remain to be determined.

The possibility that FFA4 receptor phosphorylation could entail

Fig. 5. Effect of growth factors and docosahexaenoic acid on FFA4 inter-
nalization (intracellular fluorescence). Cells expressing GFP-tagged FFA4 re-
ceptors were incubated for 30min in the absence of any agent (B, baseline) or
the presence of 100 ng/ml insulin (INS; n=6), EGF (n=10), IGF-I (n= 3),
PDGF (n= 3), or 30 μM docosahexaenoic acid (DHA; n=6) and then were
fixed for observation with a confocal microscope as indicated (section 2.6).
Data are presented as percentages of baseline intracellular fluorescence. In all
cases the means are plotted with vertical lines indicating the S.E.M. of the in-
dicated number (n) of independent experiments using different cell prepara-
tions; in each experiment five cells were analyzed per condition. ∗P < 0.001 vs.
baseline. Representative images are presented below the graph. Bar 10 μm.
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functional consequences was studied. It was observed that treatment
with the different growth factors did not alter the ability of a near-
maximal concentration of DHA (30 μM) to increase intracellular cal-
cium. These data indicate that receptor phosphorylation did not exert a
direct impact on G protein-mediated signaling. A similar observation
was made previously using phorbol myristate acetate to activate protein
kinase C directly; i. e. phorbol 12-myristate 13-acetate induced FFA4
receptor phosphorylation without altering its ability to increase in-
tracellular calcium upon agonist-activation (Sánchez-Reyes et al.,
2014). RTK-induced FFA4 phosphorylation appears to involve protein
kinase C which is consistent with the idea that this protein kinase does
not regulate the immediate signaling of this free fatty acid receptor.
Data from our laboratory have shown that DHA-induced FFA4 phos-
phorylation is not diminished by inhibitors of protein kinase C
(Sánchez-Reyes et al., 2014). It is well-known that GPCR phosphor-
ylation favors association with β-arrestin and internalization. (Alvarez-
Curto et al., 2016; Butcher et al., 2014; DeFea et al., 2000; Kang et al.,
2014; Shenoy and Lefkowitz, 2011). RTK activation induced FFA4
phosphorylation, interaction with β-arrestin and internalization; how-
ever, the causal relationship among these processes remains to be ex-
perimentally determined.

The possibility that other FFA4-triggered downstream processes

could be altered by pretreatment with the growth factor evidenced a
decrease in the magnitude of the ERK 1/2 phosphorylation response to
DHA and an increase in agonist-independent FFA4 internalization. This
is also interesting; particularly considering that calcium signaling was
not altered. Both processes, that is, ERK 1/2 phosphorylation/activa-
tion and receptor internalization, were studied at relatively late times
(60 or 30min after RTK activation, respectively). The latter was studied
in this manner, due to the fact that RTK activation induced ERK acti-
vation by itself, in the first case and, in the second case, because in-
ternalization is a rather complex cellular process that requires time to
develop. It should be also borne in mind that ERK activation is a central
process in cell physiology, as eloquently stated by Kolch: “… at the
heart of signaling networks that govern proliferation, differentiation
and cell survival” (Kolch, 2000). Consequently, it is not surprising that
multiple pathways, modulated by a large variety of different receptor-
activated and metabolic conditions, also involving a diversity of protein
interactions, could participate in regulating its function (Kolch, 2000).
Due to this time scale and the complexity involved, it is difficult to
establish the direct relationship between RTK-induced FFA4 receptor
phosphorylation and the effect of growth factors on FFA4-triggered ERK
1/2 phosphorylation. Although fatty acid receptor phosphorylation
continues to be considered as a possible causal element, interaction of

Fig. 6. Effect of bisindolylmaleimide I and wortmannin on
growth factor- and docosahexaenoic acid-induced FFA4 in-
ternalization (intracellular fluorescence). Cells expressing
GFP-tagged FFA4 receptors were preincubated for 30 min in
the absence of any agent or in the presence of 1 μM bi-
sindolylmaleimide (+BIM) or 100 nM wortmannin
(+WOR) and then challenged with vehicle (B, baseline) or
100 ng/ml insulin (INS, panel A), EGF (panel B), IGF-I
(panel C), PDGF (panel D), or 30 μM docosahexaenoic acid
(DHA, panel E) (n = 5 in all cases) and then were fixed for
observation with a confocal microscope as indicated (sec-
tion 2.6). Absence of growth factor (panel F)(n= 5). Data
are presented as percentages of baseline intracellular
fluorescence. In all cases the means are plotted with vertical
lines indicating the S.E.M. of the five independent experi-
ments using different cell preparations; in each experiment
five cells were analyzed per condition. ∗P < 0.001 vs.
baseline, & P < 0.005 vs. growth factor alone, and &&

P < 0.05 vs. growth factor alone.
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the signaling pathways modulated by RTK and the GPCR at down-
stream levels should also be considered. In the case of receptor inter-
nalization, there is already evidence indicating that the pharmacolo-
gical activation of protein kinase C plays a role in the FFA4
internalization associated with receptor phosphorylation (Sánchez-
Reyes et al., 2014). Therefore, it appears likely that the protein kinase C
activation that participates in growth factor-triggered FFA4 phosphor-
ylation might also lead to the internalization of the free fatty acid re-
ceptor.

The present experiments were performed in a cell model transfected
with the FFA4 receptor and by stimulating a variety of endogenously
expressed growth factor receptors. Although there is general consensus
considering the overall response elicited by growth factors, there are
many similarities among their actions, but also some differences. This
could result of variances in the RTK themselves (specific tyrosine
phosphorylation sites), the repertoire of associated signaling elements
that are available in specific cells and other elements (Gschwind et al.,
2004; Hubbard and Miller, 2007; Schlessinger, 2000). In other words, it
is very cell-context-dependent. The expression of RTK varies among
cells, tissues, and organs and in response to processes such as devel-
opment or malignant transformation, and it is difficult to imagine cells
devoid of such receptors. FFA4 expression appears to have a much more
limited expression (Hirasawa et al., 2005; Miyauchi et al., 2009).
Therefore, it is likely that cells expressing this free fatty acid receptor
might also express some types of RTK. We hope our findings will pro-
mote exploration of this receptor cross-talk in physiological systems,
particularly considering the many functions in which FFA4 appears to
be involved and its therapeutic potential (Liu et al., 2015; Milligan
et al., 2015).
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A B S T R A C T

Catalases are biotechnologically relevant enzymes because of their applications in food technology, bior-
emediation, and biomedicine. The dismutation of hydrogen peroxide occurs in two steps; in the first one, the
enzyme forms an oxidized compound I (Cpd I) and in the second one, the enzyme is reduced to the ferric state. In
this research work, we analyzed the reduction of Cpd I by X-ray radiation damage during diffraction experiments
in crystals of CAT-3, a Large-Size Subunit Catalase (LSC) from Neurospora crassa. A Multi-Crystal Data collection
Strategy was applied in order to obtain the Cpd I structure at a resolution of 2.2 Å; this intermediate was highly
sensitive to X-ray and was easily reduced at very low deposited radiation dose, causing breakage of the Fe=O
bond. The comparison of the structures showed reduced intermediates and also evidenced the differential
sensitivity per monomer. The resting ferric state was reduced to the ferrous state, an intermediate without a
previous report in LSC. The chemically obtained Cpd I and the X-ray reduced intermediates were identified by
UV-visible microspectrometry coupled to data collection. The differential sensitivity and the formation of a
ferrous state are discussed, emphasizing the importance of the correct interpretation in the oxidation state of the
iron heme.

1. Introduction

Heme-dependent catalases are ubiquitous enzymes present in most
living organisms that play a fundamental role in response to oxidative
stress. Catalases have multiple applications in the food industry [1–4],
medicine [5,6] and fabrication of biosensors [7–9]. The origin of cat-
alases is monophyletic and, they are grouped in three clades, clade 1 is
distributed in bacteria, green algae and plants; clade 2 in bacteria, fungi
and some archaea; and clade 3 in bacteria, fungi, animals and some
archaea [10–12].

Large-Size Subunit Catalases (LSC) are enzymes with a MW ranging
from 75 to 86 kDa and are grouped in clade 2 of the monofunctional
heme-dependant catalases [13]. These enzymes dismutate hydrogen
peroxide to molecular oxygen and two water molecules in two con-
secutive reactions. In the first reaction, the iron heme center in the
ferric resting state is oxidized by a hydrogen peroxide molecule

releasing a water molecule and forming the compound I (Cpd I) (re-
action 1), an oxoferryl group associated to a cation-π radical of por-
phyrin. In the next reaction, a second hydrogen peroxide molecule acts
as an electron donor reducing the oxoferryl group and restoring the
resting ferric state (reaction 2). This set of reactions is named the cat-
alatic pathway [14]. The Small-Size Subunit Catalases (SSC) are heme
depending catalases which have subunits ranging between 50 and
55 kDa and are distributed in clades 1 and 3. The SSC can experience,
added to the catalatic pathway, different reactions known as the per-
oxidant pathway. At low H2O2 flux, Cpd I can be reduced by a single
electron donor resulting in the formation of compound II (Cpd II) [15],
an oxoferryl without the cation-π porphyrin radical. This intermediate
can restore the ferric state after a second single electron reduction
(reaction 4) [16]. The Cpd II can also be further oxidized by H2O2 and
form inactive compound III [17].

Catalatic pathway
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E−FeIII + H2O2 → E[π+˙]−FeIV=O + H2O (1)

E[π+˙]−FeIV=O + H2O2 → E−FeIII + H2O + O2 (2)

Peroxidant pathway

E[π+˙]−FeIV=O + AH → E−FeIV=O + A˙ + H+ (3)

E-FeIV=O + AH + H+ → E-FeIII + A + H2O (4)

Determination of structures through X-ray crystallography is pivotal
to an understanding of enzyme function and characterization of mole-
cular mechanisms. The preservation of the structural information, or
the changes occurring while X-rays interact with the protein crystal, are
critical for the correct interpretation of the three-dimensional struc-
tures. Nevertheless, during the data collection of diffraction patterns
from protein crystals, the accumulation of high radiation doses affects
several crystal parameters such as the unit cell dimensions, resolution,
mosaicity and intensity of reflection spots as a direct consequence of the
disorder in the structure [18]. At a molecular level, X-ray radiation
damage occurs due to the photoelectric effect and inelastic scattering
which cause the breakage of S-H, O-H, N-H, and C-H bonds as well as
the production of solvated electrons (e-aq), ∙OH, and ∙H radicals
[19–21]. The presence of the radiolytic species lead to the breakage of
other bonds in the protein, including disulfide bridges but also the re-
duction of metal centers, which are particularly sensitive to ionizing
radiation [22].

X-ray radiation damage causes loss of information of the initial state
of the crystal, but has also been used as a tool to determine structures of
reduced catalytic intermediates that cannot be obtained through che-
mical procedures [23]. When crystals are reduced at low X-ray doses,
the combination of composite datasets and spectroscopic techniques as
UV-visible micro spectrometry, XAS and Raman [24–26] allow ob-
taining information of the reduction process. There are few studies
showing crystal structures of oligomeric proteins with a different oxi-
dation state in their monomers in which it has been suggested that these
differences are due to the reduction of the initial state [27–29]. Until
now we have no knowledge of any reports concerning structural studies
that correlate the behaviour of a multimeric metalloenzyme with X-ray
dosage.

Most LSC crystal structures deposited in PDB were determined for
the ferric state [13,30–32]. There is only one crystal structure for the
Cpd I intermediate of a LSC; the catalase from Penicillium vitale (PVC,
PDB entry 2IUF) for which the prosthetic group is heme d [33]. The
structures of Cpd I solved for catalases harboring a heme b only belong
to SSC [16,33,34]. In this work, crystals of the homotetrameric LSC
Catalase-3 from N. crassa (CAT-3), which harbors a heme b prosthetic
group, were chemically oxidized to Cpd I and exposed to X-rays during
data collection. We report the crystal structures obtained from crystals
of CAT-3 describing the differential reduction of the active sites in re-
sponse to the accumulation of radiation dose. Furthermore, the spec-
trophotometric analysis of the irradiated crystals reveals the existence
of the ferrous state, described for the first time for LSC.

2. Materials and methods

2.1. Protein purification

Protein expression and purification was performed as described in
Zarate-Romero et al. 2013 [35]. Briefly, a 5 L culture of E. coli BL21 DE3
(pLyss) in LB medium was grown to an OD600 of 0.5, supplemented with
30 μM hemin, and induced with 100 μM IPTG. The culture was in-
cubated at 16 °C for 24 h. Cells were recovered by centrifugation at
3,500×g for 15min. The cell pellet was resuspended in 50mM sodium
phosphate buffer pH 8.0 containing 300mM NaCl, and 15mM imida-
zole, and lysed by sonication. The sonicated suspension was centrifuged
for 40min at 13,000×g, and the supernatant was purified by Ni2+

affinity chromatography with a HisTrap column (GE Healthcare). The

enzyme was eluted with the previous buffer but increasing imidazole
concentration to 300mM. The eluted protein was dialyzed against
20mM Tris pH 8.0 at 4 °C employing a 12 kDa cut-off membrane. An-
ionic exchange chromatography was performed in a High-Q BioRad
column using a 0–500mM NaCl in 20mM Tris pH 8.0 gradient. CAT-3
was eluted at ∼200mM NaCl. Gel filtration chromatography was per-
formed in a Hi-Load 26/600 Superdex 200 pg column (GE Healthcare)
using 20mM Tris pH 8.0 and 100mM NaCl at 3mL/min and 0.1MPa
pressure in an AKTA prime liquid chromatography system (GE
Healthcare). Fractions with a Soret's peak were analyzed in SDS-PAGE
in non-reducing conditions and those containing most of the catalase
activity were pooled. Buffer was exchanged with 10mM HEPES by
using an Amicon ultrafiltration unit with a 30 kDa cut-off membrane
(Millipore). Finally, the protein was concentrated to 6mg/mL in order
to set crystallization trials. The concentration of the purified protein
was determined by measuring A280. Based on the CAT-3 sequence, the
calculated extinction coefficient value was determined to be
ε280= 321,320M−1cm−1 for the tetrameric enzyme.

2.2. UV-visible spectrometry analysis in solution

CAT-3 was resuspended in 100mM sodium acetate-acetic acid
buffer pH 5.5 at a concentration of 0.2mg/mL. The UV-visible spectrum
ranging from 250 to 850 nm was measured using an Evolution 300
spectrometer (Thermo Scientific). To form Cpd I, 50 μL of the CAT-3
solution was treated with 1mM peracetic acid (PAA) previously treated
with commercial bovine liver catalase (BLC, Sigma Aldrich) to elim-
inate H2O2. After a colour shift from brown to green, the UV- visible
spectra was measured.

2.3. Protein crystallization and Cpd I obtaining

Crystals were obtained in space group P212121 as in Zárate-Romero
et al. 2013 [35]. Briefly CAT-3 at 3.5 mg/mL in 10mM HEPES pH 7.0
was used to set droplets of 1 μL enzyme plus 1 μL of 200mM ammonium
dibasic tartrate and 20% w/v PEG 3350 (condition 38 of PEG/Ion
screen, Hampton Research) in the microbatch method [36] and covered
with 10 μL of paraffin oil. Crystals appeared 5 days after trial setting
and were grown for 3 weeks.

Ferric CAT-3 crystals with an average dimension of
0.5 mm×0.05mm x 0.05mm were soaked in a cryoprotectant solution
containing 100mM MES pH 6.6 and 40% w/v PEG 400. To obtain Cpd
I, 100mM PAA was added to the cryoprotectant solution and after
1min, the crystal showed a colour shift from brown to green. After
soaking in the cryoprotectant solution, the crystals were flash-cooled
and stored in liquid nitrogen.

2.4. Data collection and structure determination

Data collection of all of the CAT-3 crystals was performed at X6A
beamline of the NSLS. The X-ray deposited dose determination was
performed by using RADDOSE [18], considering a Gaussian profile for
the beam. To determine the CAT-3 soaked with PAA structure, a dataset
of 360 frames was collected from one crystal with Δɸ=0.25°, t= 30
seg, λ=0.9796 Å, d=250mm. Frames were indexed, integrated and
scaled using the XDS suite [37]. Files were converted to mtz format
using F2mtz in the CCP4i suite. Phases were solved by molecular re-
placement in Phaser [38], the search model had the coordinates for the
peptide chains of the CAT-3 tetramer (PDB entry 3ZJ5 [35]). The model
obtained was refined as a rigid body in REFMAC5 [39]. Further re-
finement of coordinates, B-values and occupancies was performed in
the PHENIX suite [40] and the subsequent construction of the model
was performed in Coot [41]. CAT-3-PAA structure was deposited at PDB
with code 4AJ9.

In order to produce composite datasets, 366 frames were collected
from each crystal, with the following conditions, Δɸ=0.3°, t= 30 seg,
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λ=0.9764 Å, d= 210mm. Each crystal was oriented with the longer
axis perpendicular to the X-ray beam and with one of the faces in a
plane normal to the beam. The next crystal was oriented in the same
position and the initial angle ɸ was rotated 10° from the initial plane.
For each new crystal, 10° were added to the initial angle ɸ. A total of 9
crystals were collected in order to cover the ɸ rotation needed (90°) to
fulfil a 100% integrity for the composite datasets.

Every single crystal dataset was split in partial datasets, each one
covering 10° of the collected data. The frames corresponding to each
10° section were indexed and integrated using XDS suite. The integrated
partial datasets corresponding to the first 10° from each single crystal
were scaled together and a composite dataset was obtained. This pro-
cedure was repeated for 10-20°, 20-30° and so on, until the 100-110°
partial dataset. Furthermore, a composite dataset for the first 5° of data
collection was obtained. All composite datasets were scaled in XSCALE;
the phases for each composite structure were obtained by molecular
substitution in PHASER [38] using PDB entry 4AJ9 as a search model.
The resultant model was refined as a rigid body in REFMAC5 [39] and
subsequent refinement of coordinates, B-values and occupancies was
performed in PHENIX suite [40]. The construction of the model was
continued with Coot.

In order to analyze the presence of ligands near the heme prosthetic
group, polder omit difference maps were calculated using phenix.polder
[42] in the PHENIX suite by eliminating the heme prosthetic group and
the neighbouring water molecules. All the structure figures were gen-
erated using CCP4MG [43]. Coordinates of the determined structures
were deposited at PDB with codes 6NSW, 6NSY, 6NSZ, 6NT0 and 6NT1
for 5°, 10°, 20°, 50° and 110° respectively.

2.5. UV-visible spectroscopy coupled to data collection

Collection of UV-visible absorbance spectra from CAT-3 crystals in
native state or soaked in PAA was done in beamline BL11-1 at SSRL.
Crystals were rotated 360° and a UV-visible spectrum was collected
each 10° after an area with strong signal was identified. Rotation was
changed to 2° in that area until the orientation with the highest signal
was located. The angular position of the crystal was fixed, and then X-
ray exposure was done collecting a spectrum every two seconds. The
conditions for X-ray irradiation were: slits 0.05 mm×0.05mm,
λ=0.9795 Å. The flux conditions were adjusted in order to deposit a
dose of 7.7× 10−4 MGy/s.

3. Results

3.1. CAT-3 compound I in solution

The UV-visible spectra of a solution of CAT-3 in the resting state or
incubated with 1mM PAA were measured. A colour change from brown
to green was observed in the sample with PAA added. The resultant
spectra of both samples (Fig. 1a) showed the characteristic Soret's band
at 406 nm. The 280/406 nm ratio for the resting state is 1, while in the
sample treated with PAA this ratio is 2. There were also two peaks
observed at 500 nm and 535 nm which slightly decrease in the Cpd I
spectrum. The charge-transfer band appears at 619 nm in the resting
state, but in the sample that reacted with PAA, this band was displaced
to 670 nm. These changes correlate with the presence of Cpd I as has
been described for several catalases, e.g. the PVC [33] which is an or-
tholog of CAT-3 [12], as well as for the SSCs of Aspergillus niger (ANC)
[15] Proteus mirabilis [44], Helicobacter pylori [33] and BLC [45].

3.2. Cpd I structure is reduced under data collection of a single dataset

One crystal of CAT-3 (Fig. 1b) was soaked in a cryoprotectant
supplied with 100mM PAA. As in solution, a colour shift was observed
(Fig. 1c) and the crystal was immediately flash-cooled in liquid ni-
trogen. After X-ray diffraction, the exposed area changed to a brown

colour (Fig. 1d). A structure was determined and deposited in the PDB
with the entry 4AJ9 at 1.85 Å resolution, and a calculated dose of
1.18MGy.

The electron density map 2Fo-Fc of the structure and a polder omit
map lacking the heme moiety were analyzed looking for continual
electron density at 1.8 Å from the iron atom. The expected peak,
characteristic for the Fe=O bond in Cpd I, was not present in any of the
maps. In comparison to the structure collected from a crystal in ferric
state [35] (Fig. 2a), an acetate ion was found in the access tunnel of
each monomer, interacting with the carboxyl group of Asp 155 and the
isopropyl group of Val 195. Both the colour shift and presence of
acetate suggest that Cpd I was obtained, however, as shown by the lack
of continual electron density, it was reduced during data collection.

The PVC is the only LSC with a crystal structure determined for Cpd
I (PDB entry 2IUF at 1.71 Å resolution) [33]. The intermediate was
obtained by the same method described here and the acetate ions were
also observed in the tunnel, additionally showing the oxidation of two
methionine residues in the middle of the tunnel (Fig. 2a). The me-
thionine in position 153 is the only of these which is conserved in CAT-
3 (Met 231). PVC is also in the G2C group of LSC and among the en-
zymes with a three-dimensional crystal structure has the highest se-
quence identity to CAT-3 [13]. The active site of PVC is highly con-
served with CAT-3, however instead of heme b, the prosthetic group of
this catalase is a heme d. It is assumed that heme d increases the sta-
bility of Cpd I in LSC [46]. A serine residue located near the heme site at
position 388 has an alternate conformation (Fig. 2b) that was only
observed in one crystal structure of CAT-3 crystallized under the same
conditions (PDB entry 3ZJ5 at 2.1 Å resolution), but not in any other
LSC or SSC structure determined so far. Among the LSC with a known
structure, the residue Ser 388 is conserved; in those with heme d, the
hydroxyl group interacts with the C6 hydroxyl of the heme d at ring III.

Fig. 1. UV-visible spectra of CAT-3 in solution. a) Spectra of CAT-3 in so-
lution with the Soret's band at 402 nm and the characteristic peaks of the ferric
state at 502 nm, 535 nm and the charge-transfer band at 615 nm (line). The
CAT-3 treated with PAA (dashed) has decreased in the Soret's band and a shift
of the charge-transfer band to 665 nm, the 450–750 nm region is rescaled ac-
cording to the scale shown in the right for absorbance. b) Crystal of CAT-3 in
the ferric state. c) Crystal of CAT-3 treated with PAA, colour shift to green. d)
Crystal of CAT-3-PAA after diffraction, the arrow points toward the path of X-
ray beam, the green colour shift back to brown after X-ray exposure. The scale
bar in b-d) represents 100 μm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The alternate conformation of Ser 388 is not found in any of those
structures probably due a steric hindrance with the sidechain of a
conserved leucine from the monomer related in P found in all other LSC
and substituted by the Val 88 in CAT-3. It has also been proposed that in
the catalase HPII from E. coli, this residue participates in the oxidation
of heme b to heme d in the first cycles of catalysis of hydrogen peroxide
[46]. Both conformations of Ser 388 are hydrogen bonded to Asp 92 of
the P-related subunit. These residues together with Asp 391 and His 91
from P-related subunit form a hydrogen bond network that connects to
the central channel present in every tetrameric catalase described to
date.

3.3. Composite datasets and UV-visible spectroscopy of Cpd I and its
reduction by X-rays

Through the Multi-Crystal Data collection Strategy [24] and pro-
cessing of composite datasets, a series of crystal structures with in-
creasing absorbed dose were determined. Data collection and refine-
ment statistics are presented in Table 1. Additionally, in an independent
experiment the UV-visible spectra of a CAT-3 crystal soaked in PAA
were recorded before the X-ray exposure and at different cumulative
dose of X-rays. The first spectrum at 0MGy (Fig. 3) shows the char-
acteristic peaks for the ferric state, but also for the Cpd I, as was de-
scribed in the previous section for solutions. Peaks at 498, 532, 565,
615 and 665 nm were observed; the Soret's band is found at 402 nm but
the ratio 280/402 nm is ∼1 instead of ∼2 as occurred in solution. A
small shoulder at 344 nm is also present, as was described for ANC.
Except for the peak at 565 nm, all other observed peaks correlate with
those previously reported in ferric or Cpd I intermediates of heme b
catalases [15,45]. This absorbance spectrum suggests that there is a
mixture of the Cpd I and the ferric resting state in the heme moiety at
the beginning of the experiment; the mixed state could be explained by
partial reaction of the active sites with PAA during soaking experi-
ments.

The structure with the lowest dose (0.135MGy) was solved using
the frames comprising the first 5° of each collected crystal. A polder

omit map of the heme moiety and the neighbouring region was ob-
tained. The polder omit map shows continual electron density sur-
rounding the heme prosthetic group and the bonded oxygen modeled in
the final structure for each one of the four monomers (Fig. 4). The
Fe=O bond lengths are 1.74 Å, 1.77Å, 1.76 Å and 1.77 Å for monomer
A, B, C and D respectively, correlating with those observed for Cpd I of
LSC and SSC (reviewed in Alfonso-Prieto et al. [33]). Occupancies for
the oxygen atoms are 0.66, 0.71, 0.60 and 0.57 for monomers A, B, C
and D respectively. The water molecule W1 is present in all monomers
at a distance between 1.9 Å and 2.7 Å from the bonded oxygen and
forms hydrogen bonds with the atom N2 of His 102 and the nitrogen
atom from the heme pyrrolic ring III.

The changes in spectra from 0MGy to 0.127MGy are shown in
Fig. 3; both peaks at 615 nm and 665 nm decrease in a dose dependent
manner, however there is also an increment in the absorbance of the
small peak at 565 nm and the appearance of a new peak at 594 nm. The
Soret's band stretches with increasing dose and its maximum is dis-
placed from 402 nm to 407 nm. All spectra at this dose range describe
mixtures of oxidation states which could explain why the Soret's band is
wider than in the spectra recorded in solution for the Cpd I or the ferric
state. The decrease in the charge-transfer band at 615 nm (from 0.550
AU to 0.480 AU) and at 665 nm (from 0.242 AU to 0.155 AU) was
unexpected and unexplained because the reduction of Cpd I at (665 nm)
should cause a gradual increase in the absorbance of the ferric resting
state (615 nm) after the reduction by two electrons of Cpd I.

The second composite structure was determined by processing the
first 10° of each data collection, accumulating a total dose of
0.263MGy. The polder omit difference maps shows that the continual
electron density corresponding to the Fe=O bond of Cpd I of the
monomers A and B have disappeared. For both C and D monomers, the
continual electron density that belong to the Fe=O bond of Cpd I is still
present. The occupancies of the oxygen atoms are 0.61 and 0.62 re-
spectively and the bond lengths are 1.85 Å and 1.82 Å. The increase in
the length of bonds can be correlated to the formation of a Fe-OH in-
termediate as has been shown for catalases through different X-ray
crystal structures [16,34] and QM/MM calculations [33,47]. The
measured distances and the continual electron density of the 5° and 10°
structures confirm the presence of the iron-oxygen bond, but are not
enough to distinguish between the Fe=O and the Fe-OH intermediates.
The spectrum with the dose closest to that of the 10° structure was
acquired at 0.176MGy. In this spectrum the peak at 665 nm has de-
creased from 0.242 AU to 0.137 AU which accounts to 50% of its initial
absorbance. The peak at 615 nm decreased from 0.550 AU to 0.465 AU,
84.5% from the initial absorbance. At 0.36MGy, which is the next
spectrum with an absorbed dose closer to that of the three-dimensional
structure of 10°, the ferric charge-transfer band at 615 nm decreased to
0.43 UA and the Cpd I charge-transfer band at 665 nm decreased to
0.095 UA.

The structure obtained with the data of the 20° section of the col-
lected data has 0.526MGy of accumulated dose. The Fo-Fc polder omit
maps of the active sites show, instead of the continuity in the electron
density for the Fe=O bond, a second peak separated from the heme
position for all the monomers in the enzyme (Fig. 4), those maps con-
firmed the reduction of Cpd I in the whole structure. The position of the
separated peak supports the presence of both molecules W0 and W1
that correlates with the resting ferric state in catalases [48], peroxidases
[24] and myoglobin [26,48].

The structures for 50° and 110° (1.31MGy and 2.89MGy respec-
tively) did not show changes in the active sites of the four monomers. In
all structures the Fo-Fc polder omit map show two separated peaks as
was observed in the 20° structure and in the structures deposited in PDB
for the resting enzyme (entries 3EJ6 and 3ZJ5). The UV-visible spectra
of the Cpd I crystal at doses of 0.71, 1.07 and 1.27MGy did not fol-
lowed the same trend that previous spectra, the absorbance of the
charge-transfer band at 615 nm and at 665 nm stopped decreasing in
the spectrum at 0.71 MGy at values of 0.413 UA and 0.077 UA

Fig. 2. CAT-3 soaked with PAA in comparison with other LSC. a)
Superposition of CAT-3 soaked in PAA (PDB entry 4AJ9) with PVC Cpd I (PDB
entry 2IUF) b) Ser 388 and residues forming a hydrogen bond network until the
central channel. Conformation “a” is observed in other structures of LSC and in
those with heme d is hydrogen bonded to the hydroxyl group of heme, alter-
native conformation “b” is present only in CAT-3 which has Leu 88 instead of
isoleucine. Leu 88, D92 and H93 belong to the P-related subunit. In both panels
oxygen atoms are presented in red, nitrogen in blue and the carbon atoms are
shown in gray for CAT-3 and green for PVC. In panel b), the carbon atoms are
shown in cyan for Scytalidum thermophilum CATPO, orange for N. crassa CAT-1
and magenta for E. coli HPII. The water molecules in panel a) are represented as
red spheres for CAT-3. Figures were drawn using CCP4MG [43]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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respectively. The last collected spectra had accumulated a dose of
1.27MGy which is approximately the dose of the 50° crystal structure.
Additionally, while the peak at 565 nm still increased in the last three
spectra, the peak at 594 nm reached its maximum with a value of 0.692
AU at 0.36MGy, after this dose, the peak decrease gradually in the last
three spectra. In summary, from 0MGy to 1.27MGy the peaks at
615 nm and 665 nm decrease its height as the absorbed dose increase,
and those at 565 nm and 594 nm increased. The spectra reported for the
Cpd II in ANC [15], has two peaks at 539 nm and 570 nm respectively.
In our spectra, the peak at 565 nm is in a zone near to 570 nm but the
absence of the 539 nm peak cannot allow confirming the formation of
Cpd II. The peak at 594 nm is not present in the UV-visible spectra of
the catalytic intermediates of any catalase; this peak does not correlate

with Cpd I, Cpd II or ferric states. In LSC there are no evidences for the
production of the ferrous state in the heme moiety, however in SSC the
ferrous state has been obtained by chemical reduction in the BLC, the
UV-visible spectra of the intermediate presented peaks at 567 nm and
600 nm [49] or 561 nm and 595 nm [50]. At the beginning of X-ray
data collection there were mixed states for the CAT-3 crystal and there
are not enough evidences that correlate the increase in the peak at
594 nm to the formation of Cpd II, nevertheless the reduction of the
pure ferric state could contribute to clarify the identity of both peaks at
565 nm and 594 nm.

Table 1
Data Collection and refinement statistics of crystal structures.

CAT-3-PAA 5° (0.135MGy) 10° (0.263MGy) 20° (0.526MGy) 50° (1.31MGy) 110° (2.89MGy)

PDB entry 4AJ9 6NSW 6NSY 6NSZ 6NT0 6NT1
Resolution range 29.70–1.85

(1.91–1.85)
29.60–2.10
(2.15–2.10)

29.60–2.20
(2.26–2.20)

29.60–2.20
(2.26–2.20)

29.65–2.20
(2.26–2.20)

29.65–2.20
(2.26–2.20)

Space group P 21 21 21 P 21 21 21 P 21 21 21 P 21 21 21 P 21 21 21 P 21 21 21
a, b, c (Å)

α, β, γ (°)
130.7, 154.1, 160.3
90, 90, 90

131.1, 154.4, 160.9
90, 90, 90

131.1, 154.5, 160.9
90, 90, 90

131.1, 154.5, 160.9
90, 90, 90

131.1, 154.5, 160.9
90, 90, 90

131.1, 154.5, 160.9
90, 90, 90,

Unique reflections 268553 (24084) 153203 (11159) 158332 (11654) 160372 (11717) 149236 (14510) 159994 (11710))
Multiplicity 3.6(2.6) 2.02 (1.92) 3.35 (3.31) 3.27 (3.29) 3.07 (3.14) 3.15 (3.19)
Completeness (%) 97.77 (84.80) 80.52 (79.94) 95.61 (95.88) 96.83 (96.36) 90.11 (88.34) 96.60 (96.24)
Mean I/sigma(I) 15.9 (4.3) 4.39 (2.03) 6.77 (3.41) 7.12 (3.46) 7.36 (3.79) 6.80 (3.21)
Wilson B-factor 10.10 16.55 14.21 15.08 13.42 14.92
R-merge (%) 8.90 (34.10) 15.70 (37.30) 14.50 (35.20) 14.00 (37.10) 13.00 (32.20) 14.90 (37.20)
R-meas (%) 11.30 (44.50) 19.80 (48.00) 17.10 (41.50) 16.60 (47.10) 15.40 (37.90) 17.70 (44.10)
CC1/2 (%) 99.30 (81.20) 96.4 (73.90) 97.90 (81.20) 98.00 (79.70) 98.30 (85.90) 97.90 (80.60)
R-work (%) 17.75 (24.94) 17.00 (22.14) 15.40 (19.38) 15.67 (20.93) 15.14 (19.35) 15.01 (19.39)
R-free (%) 21.76 (29.49) 21.95 (28.45) 20.22 (25.64) 20.41 (27.19) 19.99 (25.37) 19.84 (26.32)
Number of atoms 24066 23892 23879 23972 23902 23938
protein 21614 21575 21552 21599 21576 21564
Heme 172 172 172 172 172 172
Oxigen 0 4 2 0 0 0
Acetate 32 32 32 32 32 32
PEG 144 142 155 155 160 161
solvent 2116 1967 1966 2014 1962 2009
Protein residues 2720 2719 2720 2720 2720 2720
RMSD bond lengths (Å) 0.007 0.003 0.004 0.003 0.004 0.007
RMSD bond angles (°) 1.07 0.64 0.74 0.57 0.68 0.86
Ramachandran favored (%) 96.94 96.82 96.90 96.90 96.94 97.05
Ramachandran allowed (%) 3.06 3.18 3.10 3.10 3.06 2.95
Average B-values (Å2) 11.00 18.39 15.93 16.68 14.86 16.87
protein 12.00 17.59 17.64 18.22 16.29 16.97
Heme 3.90 10.70 8.05 8.40 7.13 8.35
Oxigen – 11.96 9.02 – – –
Acetate 11.60 18.34 16.5 18.93 15.29 17.1
PEG 27.80 25.94 28.63 28.99 26.72 26.00
solvent 15.53 21.07 18.57 20.2 18.14 21.18

The values for the highest resolution shell are given within parenthesis.

Fig. 3. UV visible spectra of the X-ray reduction
of Cpd I CAT-3. a) Spectra of a single crystal treated
with PAA. Soret's band and peaks related to Cpd I
(665 nm) and ferric state (502 nm, 535 nm and
615 nm) are present before X-ray exposure (0MGy)
at increasing dose peaks at 565 and 594 nm are
present. b) Zoom at the 500 nm-700 nm visible
spectra.
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3.4. X-ray driven reduction of the CAT-3 in the resting ferric state

One crystal of CAT-3 was exposed to X-rays in similar conditions to
the used for structural determination. UV-visible spectra of the un-
exposed and of the irradiated crystal at different absorbed doses were
acquired. The initial spectrum, at 0MGy shows the same peaks that
were observed in the CAT-3 solution for the ferric state (Fig. 5), the
Soret's band appeared at 400 nm instead of 406 nm, the 280/400 ratio
is 1. The peak at 500 nm is present, but the peak expected at 535 nm is
displaced at 537 nm in the crystal. The charge-transfer band of the
ferric state is observed at 620 nm as in solution. After X-ray exposure at
a final dose 1.63MGy, the peak at 620 nm decreased from 0.368 AU, at
0MGy, to 0.214 AU, but there was a proportional increase in a peak at
565 nm from 0.220 AU to 0.475 AU, similar to the behaviour in the
crystal of Cpd I when was reduced. There was also a small shoulder at
599 nm. In the course of X-ray exposure, the Soret's band was displaced
from 400 nm to 406 nm; and a shoulder in 446 nm appeared and in-
creased in a dose dependent manner. At the end of the exposure, the
absorbance intensity in the peak at 500 nm decreased from 0.394 AU to
0.342 UA and the peak at 537 nm can be observed as a small shoulder of

the peak at 565 nm. The presence of both peaks at 565 nm and
594–599 nm in the X-ray driven reduction of the Cpd I and the resting
enzyme confirms the reduction to the ferrous state.

4. Discussion

4.1. Differential reduction in CAT-3 monomers

In both monomers of the crystallographic structure of PVC in the
Cpd I state (PDB entry 2IUF at 1.71 Å resolution) [33] the Fe=O bond is
clearly defined by the electron density map and the occupancies of the
bonded oxygen have a value of 1. In this structure the dose accumulated
during data collection was not reported, but in the PDB report for the
entry is annotated that it was collected at a rotating anode X-ray source,
so it is highly probable that the deposited dose radiation was lower in
comparison to crystals collected at a synchrotron beamline, where the
flux is generally∼103 times higher. The presence of the unreduced Cpd
I in both monomers of the dimer present in the asymmetric unit of the
PVC structure is probably due to the lower dose. The sensitivity of metal
atoms to X-ray driven reduction in the active sites have been discussed

Fig. 4. Structural changes in the reduced intermediates. a) to d); Polder omit maps of CAT-3 of the active sites of monomers A to D respectively, for crystal
structures determined at the given dose. O (oxygen atom), W0 (water molecule in the sixth coordination site), W1 (water molecule hydrogen bonded to His 102 and
Asn 175). Polder omit map contoured at 4σ, figure drawn with CCP4MG [43].

Fig. 5. UV visible spectra of the X-ray reduction
of ferric CAT-3. a) Spectra of a single crystal of CAT-
3 in the ferric state. Soret's band and peaks related to
ferric state (502 nm, 535 nm and 620 nm) are present
before X-ray exposure (0MGy) at increasing dose, a
shoulder in the Soret's band at 446 nm, one peak at
565 nm and a shoulder at 599 nm are present. b)
Zoom at the 500 nm-700 nm visible spectra.
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in several research works [23,51,52]. The oxidation state, coordination
or even atom occupancy are the parameters affected. Nevertheless, it is
not a requirement to report the dose deposited in a crystal when a
structure is determined and deposited in the PDB.

There are only a few reports for crystallographic experiments in
which the structure of an intermediate of a metalloenzyme is associated
to an absorbed dose [23,24,26]. In those, the changes occurred at dif-
ferent rates, but in the most sensitives it is impossible to collect the
complete data without affecting the original information, e.g. in horse
myoglobin after a crystal accumulated 0.010MGy the protein is re-
duced in 10% in comparison to the original oxidation state of the
crystal. Furthermore, the use of radioprotectants as ascorbate has
minimal effects in protecting the reduced intermediates [26].

In this work, the oxygen bonded to the iron heme in the Cpd I of
CAT-3 presents partial occupancies for all monomers in the structure at
0.135MGy, although at 0.263MGy the oxygen is bonded to the iron
only in monomers C and D with very similar occupancies to that ob-
served in the previous structure, these monomers are related in R and
apparently there are not structural relationships that makes the oxi-
dation state to be dependent from each other. The results for UV-visible
microspectrometry in the crystal at 0MGy suggest that there is a partial
occupancy since the beginning of the data collection. At this point, the
resistance to reduction that has been observed for both C and D
monomers, in comparison with the two other monomers cannot be at-
tributed to a higher transformation of them during soaking in PAA,
because the occupancy values in the 5° structure were very similar to
those at 10°, however only monomers A and B were reduced.

Differential reduction states have been observed in some other en-
zymes, e.g. the ribonucleotide reductase (R2F) from Corynebacterium
ammoniagenes [27]. This enzyme is also a homotetramer with two iron
atoms in each of the active sites. Authors showed that the sites which
were more sensitive to X-ray driven reduction correlated to those with
more accessibility to iron during soaking of the apoenzyme in a solution
with Fe2+ ions, proposing the dependence of a diffusion component
during the X-ray reduction process. At temperatures below 110 K sol-
vated electrons are the only species which can diffuse [53,54], the
electron are able to migrate through the solvent to the metallic center,
as in this case the iron heme. In the CAT-3 structures analyzed in this
work (which were crystallized in the space group P212121) each one of
the four monomers has a different surface of contact with the copies of
the molecules that forms the crystal. In monomer D the surface contact
is 493Å2, for A is 406.5Å2, for B is 741 Å2, and for C is 898 Å2. The
access to active sites from the surface through the main tunnel is not
blocked in any monomer, and the intermolecular contacts do not affect
the flux through it, also there is a continual water network which
confirms that the tunnels to active site are accessible. If CAT-3 would
have the same behaviour that R2F, it would be expected that the
oxygen atom in Cpd I of monomers A and D would have a similar oc-
cupancy values or the same reduction rate at a given dose. However, as
is shown in the structures presented in this work, the reduction of Cpd I
occurred before in the A and B monomers. There is not a correlation, at
least in our experiments, between the initial occupancy of the Cpd I or
the sensitivity to reduction, and the solvent accessibility.

The migration of solvated electrons depends on the accessibility of a
water network to the neighbouring of the metallic centers or to residues
involved in coordination that allow electron transference through the
backbone. As there are only subtle differences between the monomers
in the access tunnel (Fig. S1), it is not possible to identify specific
structural determinants that control the reactivity of the each
monomer. It is possible that this differential sensitivity is tuned by some
other specific feature of LSC. LSCs from N. crassa (CAT-1 and CAT-3)
show cooperativity in kinetic studies, their saturation kinetics fit to a
double Hill equation [13]. Molecular dynamic studies of CAT-1 has
shown that an “interconnecting channel”, also present in CAT-3, can
communicates the P-related subunits in the CAT-3 tetramer, allowing
the transportation of substrate molecules between subunits [55]. The

interconnecting channel could explain the cooperativity observed in the
LSCs kinetic, this hypothesis has not been proven experimentally.

The two subunits that remain oxidized as Cpd I in the 5° structure (C
and D) are the R-related subunits; there is no tunnel for solvent com-
munication between the active sites of those subunits but, as previously
mentioned, Ser 388 (Fig. 2b) is part of a hydrogen bond network that is
connected to the water molecules of the main central channel. This
network is communicated to the R-related subunit through the Asp 391,
forming a hydrogen bond with a water molecule; this molecule has the
same interaction with Asp 391 of the R-related subunit (Fig. S2), being
the R-related dimers A-B or C-D. We hypothesize that after the reduc-
tion of Cpd I, by means of a proton coupled-electron transfer process,
the electrons from one active site can be transferred to Ser 388 and
travel through the hydrogen bond network to the R-related metal
center. It has been well characterized that proteins are able to transport
charge in a controlled way using the protein matrix (backbone, side-
chains or hydrogen bonds with solvent) thus defining electron transfer
pathways that connect along different protein regions. The role of those
pathways has been demonstrated for several proteins by computational
and experimental approaches [56,57].

The monomer A is the subunit with lower crystal contacts and may
possibly be the more prone to be reduced, and then transfer the ex-
ceeding electrons to the heme moiety of B through this electron transfer
pathway. This hypothesis could be tested by obtaining of mutants that
disrupt the hydrogen bond network. Also it would be interesting to
perform an experiment of X-ray driven reduction of CAT-3 in any of the
other space groups in which the enzyme has been crystallized [35], in
order to analyze if the crystal contacts determine the first R-related
dimer which is reduced by X-rays.

4.2. Differences in ferrous state structures

In the structure of CAT-3 in ferric state at 1.95 Å resolution (PDB
entry 3ZJ5) [35], there are differences in the position of water mole-
cules of the active site. The monomer B is the only one with 2 water
molecules in positions W0 and W1. Every one of the other monomers
possesses only one water molecule in position W1 but lack the water in
position W0. In the HRP the absence of the water in position W0 has
been correlated with the ferrous state [24], on the other hand, for horse
Mb has been described an aquo ferrous state, in which there is a water
molecule in the sixth coordination site (W0 position) obtained also by
X-ray reduction [26].

The identification of the ferrous state in this work establish that
CAT-3, and likely all LSC can be found in 4 different oxidation states (Fe
II to Fe IV+). The catalysis mediated by CAT-3 occurs in the Fe III and the
Fe IV+, an active site of CAT-3 can receive 3 electrons when is in the Fe
IV+ state. The ferrous state occurs naturally in cytochrome p450, and
Mb, but in SSC catalases has been only obtained artificially, chemically
with NO [58] or CO [59] as a ligand, or by photoreduction of BLC in a
deoxyferrous state [49,50], this photoreduced intermediate was not
stable. The mechanisms that allow the catalase to recover the ferric
state have not been established. As our experiments were performed at
100 K, it is not possible to make assumptions about its stability at room
temperature. It has been reported that in X-ray driven reduction of
horse Mb after annealing of reduced crystals, most of the properties in
UV-visible and Raman spectra of Mb in the ferric state (MetMb) were
recovered [26]. When the CAT-3 crystals of this work were annealed
after X-ray exposure, those break immediately after gas release, making
impossible the further UV-visible analysis of the crystal (Data not
shown). It has been demonstrated that molecular hydrogen (H2) is the
main produced gas in irradiated ethylene glycol samples [60], is im-
portant to consider that the precipitant agent in CAT-3 crystals and also
the cryoprotectant are PEGs molecules with different lengths (PEG 3350
from the mother liquor and PEG 400 from the cryoprotectant), glycerol
was also assayed as cryoprotectant but the crystals lost resolution. On
the other hand, water radiolysis produces H2O2 [21]. When the crystal
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was annealed, if there was H2O2 present, the enzyme could catalyze the
production of O2 immediately. As annealing procedures for the crystal
presented here are destructive, the stability of the ferrous state could be
evaluated by performing the UV-visible spectrometric analysis on ir-
radiated samples of CAT-3 in solution.

The UV-visible spectra obtained in the X-ray reduced CAT-3 pre-
sented in this work are very similar to that of the deoxyferrous BLC. In
the structure of BLC in the ferric state (PDB entry 4BLC at 2.3 Å) the
iron heme is pentacoordinated and there are no water molecules in the
vicinity of heme moiety, for the ferrous state there is not an associated
structure. In the structures of CAT-3 presented here, for those of the
reduced Cpd I there is a water W0 at 2.9 Å from the iron heme in the
partially reduced structure (monomers A and B of 10° structure) or at
3.3 Å when is fully reduced (110° structure). The structure 3ZJ5 can be
associated to the ferrous spectra of X-ray reduced enzyme obtained
from the ferric crystals, in this structure, the W0 water molecule is at
3.05 Å of the iron heme in one monomer, while in the three other
monomers only the water molecule W1 is present at 4.5 Å.

The behaviour of the peak at 565 nm in both Cpd I and ferric
crystals spectra suggest that the reduced intermediates have common
features. The reduction of Cpd I to the ferrous state apparently occurs
very fast, then both Cpd II and ferric are immediately reduced. As
shown in Fig. 4, there are not spectroscopic evidences of presence of
Cpd II in the visible spectra. The differences in the absorbance of the
peak at 594 nm or 599 nm could be interpreted as differences between
the ferrous states obtained from the reduced Cpd-I and the obtained
from the ferric, the structural evidence presented here point towards a
role for the position of W0 for the high absorbance of the peak at
594–599 nm when is at 3.3 Å from the iron heme, this peak is observed
as a shoulder when occupancy of W0 is low (as in the ferric reduced
structure), also the presence of a shoulder at 446 nm that is observed in
the reduced ferric crystal could be related to the lack of W0 in three of
the four monomers. The breakage of heme bonds could also affect the
UV-visible spectra of the enzyme, e.g. the peak at 594 nm, however in
the analysis of the polder maps of the structures (Fig. 4), there are no
changes in the electron density that can be related to alterations of
heme structure. Nevertheless, in order to shed light on the role of water
W0 in the UV-visible spectra of the ferrous state, the use of techniques
which are non-dependant from crystal resolution as EXAFS or Raman
spectroscopy would be of great utility.

5. Conclusions

The Cpd I of CAT-3 was totally reduced at a dose lower than
0.263MGy, this is the dose needed to collect 2/9 of a complete or-
thorhombic crystallographic dataset, as was supported by X-ray crys-
tallography and UV-visible spectrometry. Reduction of this tetrameric
enzyme did not occur simultaneously in the four monomers, but in-
dependently. Half of the sites seem to be more sensitive to chemical
reduction, which we hypothesized could be due to electron transference
between R-related subunits. The ferrous state in heme b LSC can be
obtained by X-ray reduction, and considering the doses measured here
for reduction of ferric catalase, it is probable that several deposited
crystal structures, in the PDB, describing a ferric state belong actually to
the ferrous state of the enzyme.
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Abstract

An experimental Taenia crassiceps mouse model was used to assess the role of Taenia solium
metacestode factor (Fac) in human neurocysticercosis. Intraperitoneal infection with T. cras-
siceps metacestodes or subcutaneous inoculation with a T. crassiceps metacestode factor (Fac)
produced significant impairment of performance (learning) in the Barnes maze and induced
bilateral hippocampal sclerosis in mice. Several staining techniques revealed important cell
dispersion, extensive apoptosis and cell loss in the dentate gyrus, hilus and CA1-CA3 regions
of both hippocampi, as well as intense deterioration of the adjacent cortex. An outstanding
disruption of its histoarchitecture in the surrounding tissue of all these regions and apoptosis
of the endothelial cells were also observed.

Introduction

Human beings acquire neurocysticercosis (NCC) by ingesting foods contaminated with Taenia
solium eggs. The acidic gastric juice breaks up the inter-embryophore cement of the eggs.
Then, the sheath-covered embryos are carried to the duodenum, where the pancreatic juice
and bile dissolve the external lipid layer of the sheath, allowing the entrance of water and nutri-
ents, which activate the previously dormant embryos. The activated embryos rip their envel-
opes with the help of their six sharp hooks, and they promptly leave these broken structures, as
described in an in vitro study (Molinari et al., 1993). Released from their envelopes, activated
embryos invade the intestine, as with Hymenolepis nana (Miyasato et al., 1977), migrate
through the bloodstream and implant in several tissues, such as the striated muscles and cen-
tral nervous system, where they develop into the metacestode stage.

Neurocysticercosis is considered to be the most common parasitic infestation of the central
nervous system and the single most common cause of epilepsy. Seizures, headaches and neuro-
logical deficits are described in human neurocysticercosis. Signs of psychiatric disease (65.8%),
cognitive decline (87%), altered memory (25%) and attention deficits (100%) among others
were reported in a heterogeneous sample of 38 patients (Forlenza et al., 1997). Other features
are hydrocephalous, chronic meningitis, and impairment in executive functions, verbal and
non-verbal memory, praxis and verbal fluency (Varghese et al., 2016).

Hippocampal atrophy without seizures in patients with calcified neurocysticercosis (cNCC)
has been observed, suggesting inflammatory-mediated mechanisms provoked by cysticercosis,
which may contribute or even lead to refractory mesial temporal lobe epilepsy with hippocam-
pal sclerosis (MTLE-HS) by mechanisms that need to be clarified (Bianchin et al., 2015; Griper
and Welburn, 2017). To address the role that T. solium metacestode factor (Fac) (Molinari
et al., 1990) could play in the production of hippocampal sclerosis, whose cause in human
neurocysticercosis is poorly understood, we developed an experimental Taenia crassiceps-
mouse model to study and understand the effects of an infection of mice with T. crassiceps
metacestodes and the subcutaneous inoculation of mice with a T. crassiceps factor on hippo-
campal cells; results showed an extensive and significant apoptosis of dentate gyrus, CA1, CA2,
CA3 and hilus cells compared with intact control cells (Zepeda et al., 2017).

In the current research, we extended the time of infection and the inoculation with Fac for
110 days to try to induce a more severe hippocampal injury than that reported recently
(Zepeda et al., 2017). Histopathologically, temporal lobe epilepsy (TLE) associated with HS
has been characterized by cell death and neuronal cell loss, which is most severe in the
CA1 and CA3 regions and in the hilus of the dentate gyrus (DG), volume loss, reactive gliosis,
and dispersion of the dentate gyrus granule cells (Sloviter, 1994; Lurton et al., 1998).
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Materials and methods

Treatment of mice

BALB/c mice (28 days old, 20–22 g) were maintained under
standard animal housing conditions with access to Purina chow
and water ad libitum. Taenia crassiceps metacestodes (WFU
strain) were maintained in our laboratory via peritoneal passage
in female mice, as described (Everhard et al., 2004). Peritoneal
fluid from healthy female controls (CPF) and T. crassiceps
metacestode-infected mice, as well as T. crassiceps metacestode
factor (Fac), were obtained according to Zepeda et al. (2011).
To determine the effects of infection with T. crassiceps metaces-
todes and Fac treatment on hippocampal cells and the surround-
ing tissue, 18 female mice were divided into three groups. The
control (Con) group (n = 6) and Factor (Fac) group (n = 6) were
inoculated subcutaneously with 0.1 ml CPF, or Fac containing
50 μg of carbohydrates, as determined by the anthrone method
(Ashwell, 1957) every 4 days for 100 days. The infected (Inf)
group (n = 6) was infected intraperitoneally with up to 40 T. cras-
siceps metacestodes, measuring 2–3 mm in diameter and sus-
pended in 0.2 ml phosphate buffered saline (PBS).

Barnes maze

At 110 days post infection with intraperitoneal T. crassiceps meta-
cestodes or subcutaneous inoculation with T. crassiceps Fac, the
Barnes maze procedure for small rodents was followed to estimate
cognitive impairment in learning and memory (Rosenfeld and
Ferguson, 2014), with minor modifications. Briefly, a bright illu-
mination overhead was used. The maze was centred below the
lights. Mice were tested without the use of a wall or cues. The
maze was 90 cm in diameter and 90 cm in height, with 20 escape
holes that each had a diameter of 5 cm, and there was only one
hole with an escape cage. No hole was plugged in this test.
After 30 minutes of habituation, each mouse was gently removed
from his home cage and placed onto the maze centre. Then, the
overhead lights were turned on. Every mouse’s performance was
recorded using a Canon VIXIA HF R70 camera (Canon,
Melville, NY, USA). If the mouse failed to enter the escape cage
within 5 minutes, it was guided gently to the correct location
and into the escape cage, where it remained for 2 minutes.
Each mouse was tested for two trials/day with an inter-trial inter-
val of approximately 30 minutes. All mice were tested for five con-
secutive days. Videos were analysed carefully. The Barnes maze
test was used to study the behaviour of the control, experimental
cysticercotic and Fac treated-mice.

Histology and cellular apoptosis

At 115 days post treatment and infection, all mice were anaesthe-
tized with pentobarbital and perfused transcardially with saline
followed by phosphate-buffered 10% formalin. Then, the brains
were carefully removed, and intraperitoneal metacestodes were
obtained and counted. Two coronal cuts were made in each
brain: an anterior cut was made at Bregma −1.43 mm and the
other at Bregma −5.19 mm (Paxinos and Franklin, 2013). The
intermediate fragments of each brain were fixed with 2.5% paraf-
ormaldehyde in PBS for 12 h at room temperature. Next, the frag-
ments of each brain were embedded in paraffin. Coronal sections
that were 5 μm thick were prepared on a rotary microtome, placed
on poly-L-lysine-coated microscopic slide, and subjected to
haematoxylin/eosin (H/E) and DAPI staining to analyse the

cellular morphology and histoarchitecture of the dentate gyrus
and CA1-CA3 regions. Sections stained with H/E were analysed
with an Olympus IX71 microscope and IMAGE PRO-PCUS 60
software. Sections stained with DAPI were analysed with a Zeiss
LSM 800 confocal microscope and ZEN version 2.1 software.
The presence of DNA strand breaks was evaluated using an in
situ cell death detection kit (Roche). TUNEL assays were analysed
with a confocal microscope Leica TCS-SPS (Carl Zeiss de
México-División Microscopía, Ciudad de México).

Data analysis

The numbers of haematoxylin/eosin-stained and TUNEL-positive
cells were measured by manual counting (area in μm2) with the
aid of Image J software (National Institutes of Health, Bethesda,
MD, USA). For statistical data, one-way analyses of variance
and Tukey’s test were performed using GraphPad software

Fig. 1. Mean escape latency in seconds as a measure of performance of mice in the
Barnes maze. Values of the second trials for 5 days. Control group (⋄); Infected group
(□); Factor group (▲). ** P < 0.01 Control vs Infected. * P < 0.05 Control vs Factor.

Fig. 2. Haematoxylin/eosin-stained brain section that contains part of the dentate
gyrus and hilus from a control mouse (a & b), a mouse infected with T. crassiceps
metacestodes (c & d), and a mouse inoculated with T. crassiceps Fac (e & f). Cell
loss (*); bleached nuclei (arrows); tears (arrowheads); gyrus branches angle (vertical
bar). Scale bar = 25 μm. 40×.
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(GraphPad Instat, San Diego, CA, USA). Data are presented as the
mean ± SD. P < 0.05 was considered significant.

Results

Barnes maze

Both intraperitoneal infection with Taenia crassicepsmetacestodes
and subcutaneous inoculation with a T. crassiceps metacestode
factor (Fac) produced significant impairment on performance in
the Barnes maze and induced bilateral hippocampal sclerosis in
mice. The performance in the Barnes maze was mainly assessed
by the escape latency parameter (mean ± SD), measured in the

number of seconds it took to reach and completely hide in the
escape hole.

During all time (second trial) to learn this task, both infected
and factor mice were significantly slower in reaching and hiding
in the escape hole, in comparison with control mice. On the
fifth day, all control mice (n = 6) were able to hide in the escape
hole in 28 ± 44 s after reaching it. Latency values of control mice
were significantly less than those of experimental mice (P < 0.05
Con vs Fac, and P < 0.01 Con vs Inf.; fig. 1). Infected mice (n =
4) showed difficulty in moving in the maze; on the fourth day
only one (25%) was able to hide at 151 s after reaching the escape
hole. On the fifth day only one reached the escape hole in 73 s,
and stayed there the rest of time without hiding in the hole. On

Fig. 3. Haematoxylin/eosin-stained brain sections that contain portions of CA1, CA2 and CA3 regions from a control mouse (a–c), a mouse infected with T. crassiceps
metacestodes (d–f) and a mouse inoculated with T. crassiceps Fac (g–i). Scale bar = 25 μm. 40×. ( j) Number of apoptotic cells/100 μm2. Bars represent the mean ±
SD. * P < 0.001 Infected vs Control. ** P < 0.001 Factor vs Control.

692 N. Zepeda et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0022149X18000755
Downloaded from https://www.cambridge.org/core. CDC de la AtmosferaAv: Universidad No. 3000, on 20 Oct 2020 at 08:09:37, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0022149X18000755
https://www.cambridge.org/core


Fig. 4. DAPI-stained brain sections that contain portions of CA1, CA2 and CA3 from a control mouse (a–c), a mouse infected with T. crassiceps metacestodes (d–f )
and a mouse inoculated with T. crassiceps Fac (g–i). Scale bar = 25 μm. 40×.

Fig. 5. TUNEL-stained brain sections that contain a portion of the dentate gyrus from a control mouse (a), and a portion of the dentate gyrus, hilus, CD1, CD2 and
CD3 from a mouse infected with T. crassiceps metacestodes (b–f). Scale bar = 50 μm. 60×.
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the fifth day Factor mice (n = 6) showed hyperactivity, reaching
the escape hole at 67 ± 38 s. Only five mice had hidden at 73 ±
85 s after reaching the escape hole. The sixth mouse did reach
the escape hole at 99 s, then left the hole four times to explore sev-
eral holes and came back, but it never hid (fig. 1).

Histopathological studies

A heavy parasite load was found in the peritoneal cavity of mice
infected with T. crassiceps metacestodes (485 ± 78 metacestodes
per mouse). Haematoxylin/eosin staining showed that all sub-
regions of hippocampi from experimental animals were affected
in their tissue architecture either in the cellular morphology or in
the surrounding tissue. The dentate gyri, as well as the hilus, CA1,
CA2 and CA3 cells displayed dispersion, bleached nuclei, cell loss
and many tears in the surrounding white matter, compared with
the integrity of the cells and the white matter of the control hippo-
campi. Dentate gyrus branches from experimental mice (fig. 2c, e)
formed a smaller angle compared to those of the control hippo-
campi (fig. 2a). The number of cells that had altered morphology
and staining were statistically (P < 0.001) more than those of the
control mice (fig. 3). DAPI staining displayed generalized pyknosis
or hypercondensation of the chromatin of the CA1, CA2 and CA3
nuclei from T. crassiceps infected and Fac-treatedmice. Apparently,
all nuclei in these sub-regions were collapsed, and their number was

less than those of the control mice. Additionally, numerous empty
spaces among the reduced number of pyknotic nuclei of these sub-
regions were observed, which suggested cell loss (fig. 4). Pyknosis is
the accepted sign of programmed cell death (Burgoyne, 1999). To
evaluate DNA fragmentation, DNA strand breaks were labelled
using fluorescein-dUTP. This staining showed generalized and sig-
nificant TUNEL-positive cells in the three layers of the dentate
gyrus, hilus and in cells from the CA1, CA2 and CA3 regions,
including the adjacent cortex (P < 0.01 Inf and Fac vs. Con). In
all these places, many fragmented nuclei were observed, compared
to TUNEL-negative nuclei of the control hippocampi. The intensity
of the fluorescence of the nuclei in the above-mentioned regionswas
not homogeneous, suggesting that apoptosis was induced at differ-
ent times. Nuclei with a lower fluorescence intensity and of reduced
size could be among the first in developing apoptosis. Dispersion
and cell loss were also observed (figs 5 and 6). Numerous
TUNEL-positive cells were also found in the neighbouring cortex.
A remarkable finding was the observation of apoptosis of endothe-
lial cells in several places in all the studied regions (figs 6 and 7).

Discussion

In the current research, the experimental T. crassiceps mouse
model (Zepeda et al., 2017) was used to investigate parasite
mechanisms involved in the production of hippocampal sclerosis

Fig. 6. TUNEL-stained brain sections that contain a portion of dentate gyrus from a control mouse (a), a portion of dentate gyrus and hilus from a mouse infected
with T. crassiceps Fac (b and c), a portion of CD1, CD2 and CD3 from a mouse inoculated with T. crassiceps Fac (d–f ), a portion of the adjacent cortex from a mouse
inoculated with Fac (g), and the border of the adjacent cortex showing apoptotic endothelial cells within sections of the capillary (arrow) (h). Scale bar = 50 μm.
60×. (i) is an amplification of (h). Scale bar = 10 μm. 200×.
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(HS), in which some patients suffer from neurocysticercosis. A
deficit in learning and memory functions was observed using
the Barnes maze. This deficit was more pronounced in mice
infected with T. crassiceps metacestodes, perhaps due to a heavy
parasitic load and an intense intraperitoneal inflammatory reac-
tion as described (Zepeda et al., 2010), as well as structural dam-
age of the histoarchitecture of the hippocampi from experimental
mice. This damage was characterized by significant cell death
(apoptosis), cell dispersion and cell loss, in all sub-regions of
the hippocampus either in the infected group or the Fac-treated
animals, such as dentate gyrus, hilus, CA1, CA2, CA3, and the
adjacent cortex, compared with the integrity of the cells in control
mice. Structural damage was also observed in the neighbouring
white matter.

The Barnes maze has been used to relate memory loss and
long-term potentation (LTP) dysfunction in the hippocampus,
which are involved in Alzheimer’s disease. Using the Barnes
maze, Hadipour et al. (2018) found that administration of crocin
in rats significantly improves spatial memory indicators such as
latency time. The learning deficit in Aβ (beta-amyloid)-treated
animals correlated with a reduction of LTP in hippocampal
synapses. Crocin significantly reduced the number of TUNEL-
positive cells in the CA1 sub-region compared to the Aβ-group.
Barbe et al. (2016) utilized the Barnes maze to test for long-term
memory deficits, with good success. Their results showed in the
CA1-3 regions of the hippocampus of mice significantly reduced

numbers of neuronal cell bodies overall, and reduced numbers of
Pur-alpha+ neuronal cell bodies and dendrites in heterozygous
Pur-alpha (+/-) mice, compared to wild-type (+/+) littermates.

Here, in every sub-region studied, a very interesting finding
was the observation of apoptotic endothelial cells dispersed in
the white matter near the neuronal packages and in the border
of the adjacent cortex. This finding suggests that the Fac apopto-
genic activity on endothelial cells could impair the blood–brain
barrier, allowing the entry of the Fac (that migrated via the blood-
stream when the peritoneal cavity of the mouse was infected with
T. crassicepsmetacestodes or the abdominal skin of the mouse was
inoculated with Fac) into the brain, so that it can reach the hip-
pocampal cells and other regions of the brain, such as thalamic
nuclei (Zepeda et al., 2017). The apoptogenic activity of Fac
seems to have been cumulative, as was observed with the
TUNEL staining.

The pathological characteristic produced by T. crassiceps meta-
cestode infection or by T. crassiceps Fac in all sub-regions of the
hippocampus resembles human hippocampal sclerosis, such as
volume loss, which indicates atrophy (Jeniffer et al., 2015). The
learning deficit and hyperactivity are neurological manifestations
of structural damage in the hippocampus, which rely on other
functions, such as attention, language and spatial memory.
Another feature of hippocampal sclerosis described in the litera-
ture is the increase of astrocytes during the scarring process in
places where there has been cell loss due to some injury
(Sloviter, 1994). We looked for this feature using a rabbit antibody
anti-GFAP fluorescein mouse, but we could not obtain positive
results in this way. So, in the next study, we intend to test this
hypothesis.

In humans, NCC damage to the hippocampus caused by the T.
solium Fac must be a very chronic process, proportional to the
number of living parasites; thus, when the neurological deficits
are apparent, including epilepsy, the parasites are probably already
calcified. Molinari et al. (1987) reported that in porcine cysticer-
cosis, the suppression of T-cells was proportional to the number
of cysticerci per 1 kg of parasitized meat. Human neurocysticerco-
sis has been associated with hippocampal atrophy, and the results
of a study by Del Brutto et al. (2017) suggested that NCC-related
hippocampal atrophy takes a long time to develop.

Taenia crassiceps Fac are chromatographic Sephadex G-50
fractions containing substances of low molecular weight
(< 1250 Da) obtained by ultrafiltration of the peritoneal fluid
from female mice infected intraperitoneally with T. crassiceps
metacestodes (Zepeda et al., 2011). The complete chemical char-
acterization of these substances has not been possible. By prelim-
inary NMR and infrared studies, these Sephadex G-50 fractions
contain at least three aromatic components, carbohydrates such
as glucose, and can induce a specific antibody response in rabbits
and mice, which indicate that this factor is produced by the para-
site (data not published). The non-specific way this Fac induces
apoptosis in different types of cells, such as testis cells (Zepeda
et al., 2011), ovary cells (Solano et al., 2015), spleen cells
(Zepeda et al., 2016), and hippocampal cells (Zepeda et al.,
2017) is unknown. The learning deficit and the extensive apop-
tosis of hippocampal cells of experimental mice indicate a close
relationship between both structure and function. Thus, it may
be reasonable to assume T. solium metacestode factor is the causa-
tive agent of brain injuries such as hippocampal sclerosis in
human neurocysticercosis. It will be important to contrast these
results with relevant studies in human neurocysticercosis, as has
been noted by Del Brutto et al. (2016).

Fig. 7. Statistical data from the sections stained with TUNEL. Bars represent the
mean ± SD of the dentate gyrus from control mice (a & b), dentate gyrus (DG),
hilus (H), CA1, CA2 and CA3 from infected mice (a), and DG, H, CA1, CA2, CA3 and
Cortex (Cx) from factor mice (b). * P < 0.01 DG, H, CA1, CA2, CA3 and Cx vs Con.
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Using the Barnes maze, experimental mice showed a learning
deficit closely related to hippocampal injury and very similar to
that observed in patients with neurocysticercosis. Apoptosis of
hippocampal endothelial cells suggested that T. crassiceps meta-
cestode factor was able to break the BBB, enter the brain and pro-
duce hippocampal sclerosis.
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Porcine Circovirus Type 2 (PCV2) is one of the most important pathogens in pigs around the world. PCV2
is a non-enveloped virus and its capsid is formed by a single protein known as open reading frame 2
(ORF2). The aim of this study was to evaluate the antigenicity and immunogenicity of genetically-
encoded protein nanoparticles (NPs) containing ORF2 from PCV2 fused to the first 110 amino acids of
the N-terminus of polyhedrin from the insect virus Autographa californica nucleopolyhedrovirus (PH
(1 �1 1 0)). Our group has previously described that some polyhedrin fragments self-aggregate forming
polyhedra-like particles. We identified a self-aggregating signal within the first 110 amino acids from
polyhedrin (PH(1 �1 1 0)). Fusing the ORF2 from PCV2 to the carboxyl terminus from PH(1 �1 1 0) results
in the formation of NPs which incorporate the antigen of interest. Using this system we synthesized NPs
containing PH(1 �1 1 0) fused to ORF2 (PH(1 �1 1 0)PCV2) and purify them to immunize pigs and eval-
uate the humoral immune response generated by these NPs comparing them to a commercially available
vaccine. Pigs immunized with PH(1 �1 1 0)PCV2 NPs produced antibodies against ORF2 from PCV2 as
indicated by western blot and ELISA analysis. Antibodies obtained with PH(1 �1 1 0)PCV2 NPs were com-
parable to those obtained using a commercial PCV2 vaccine. These antibodies neutralized the infection of
a recombinant PCV2 expressing the green fluorescent protein (GFP). These results together suggest that
the self-aggregating peptide PH(1 �1 1 0) can be used for the synthesis of subunit vaccines against PCV2.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Porcine circoviruses (PCV) are small DNA viruses showing
worldwide distribution. Nowadays, at least 3 types of PCV have
been identified. PCV1 was reported as a non-cytopathic virus
contaminant of porcine kidney cells [1]. PCV2 was described for
the first time in pigs affected by post-weaning multisystemic
wasting syndrome (PMWS) in 1991 in Canada [2–4]. PCV2 is
associated to porcine dermatitis and nephropathy syndrome
(PDNS), reproductive disorders [3,5–7], respiratory diseases,
hepatitis, enteropathy and neurologic syndrome [8]. PCV2 infects
monocytes/macrophages and enters to host cells via clathrin-
mediated endocitosis [9]. PCV2 also induces lymphocyte depletion,
and therefore, facilitates many infectious diseases by bacteria and
other viruses [10]. PCV2 contains 2 main genes: open reading
frame 1 (ORF1) implicated in viral DNA replication and ORF2
responsible for the formation of the capsid. The ORF2 protein has
a molecular weight of 30 kDa [11] and binds to heparan sulfate
from the target cells [12]. Antibodies against ORF2 are sufficient
to neutralize the infection [4,13]. PCV3 is a novel circovirus species
associated to PDNS, reproductive failure and systemic inflamma-
tion, which has been isolated recently in the United States, Italy
[14], China [15], and Poland [16].

PCV2 is one of the most important pathogens in the pig industry
around the world because it causes important economic losses
[3,4,17,18]. There are several commercially available vaccines
against PCV2 and all of them are based on the ORF2 [4,19]. The first
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vaccine against PCV2 was Circovac� (Merial) which is based on an
inactivated PCV2 [4]. Recent advances in vaccine development
allowed the production of virus-like particles (VLPs) [20]. VLPs
are self-assembling nanoparticles (NPs) formed by capsid proteins
but without nucleic acids [21,22]. The baculovirus system is pre-
ferred to produce VLPs because it allows produce high protein yield
with posttranslational changes [23,24]. Currently, there are three
VLPs-based vaccines against PCV2, which induce a strong humoral
immune response against PCV2: Circoflex� (Boehringer Ingelheim),
Circumvent� (Intervet/Merck) and Porcilis PCV� (Shering Plough/
Merk). Another PCV2 vaccine is Fostera� PCV which is based on
chimeric PCV1/2 containing the genomic backbone of PCV1 with
the ORF2 from PCV2 (Zoetis) [4].

Although PCV2 vaccines have been shown to induce antibodies
that can neutralize the PCV2 infection [25] and increase the daily
weight gain in growing pigs [25,26], the drawbacks of some of
them are of special concern. For instance, the purification process
of VLPs is time-consuming and specialized laboratory instruments
are needed which may increase the cost of vaccination [20,27]. Pre-
viously, we reported that a peptide of 110 amino acids derived of
the N-terminus of polyhedrin protein (PH(1 1 0)) from Autographa
californica nucleopolyhedrovirus (AcNPV) self-aggregates forming
nanoparticles (NPs) [28]. These NPs can be easily produced and
purified by simple centrifugation. Furthermore, producing a fusion
protein of PH(1 1 0) with an antigen of interest facilitates the
purification of such antigen by centrifugation [29]. These PH
(1 1 0)-antigen NPs can be produced with the baculovirus expres-
sion system, resulting in very high yields [29].

In this work, we generated NPs containing ORF2 fused to PH
(1 1 0) (PH(1 1 0)PCV2 NPs) by the infection of Sf9 cells using a
recombinant baculovirus and we characterized these NPs. We
immunized pigs with these NPs and evaluated the antibody pro-
duction against ORF2 by western blot and ELISA. Finally, we eval-
uated if these antibodies could neutralize the PCV2 infection in
PK-15 cells using a recombinant PCV2 expressing the green fluo-
rescence protein (GFP) as reporter of infection.
2. Materials and methods

2.1. Regents

Grace medium (catalog no. 11300-043 or 11605102),
Antibiotic-antimycotic 100X containing 10,000 UI of penicilin/ml,
10,000 mg of streptomicin/ml and 25 mg of amphotericin B/ml (cat-
alog no. 15240-062), Dulbecco’s Modified Eagle Medium (DMEM)
(catalog no. 12800082), OptimemTM (catalog no. 22600134), yeast-
olate (catalog no. 292805), Platinum� Pfx polymerase (catalog no.
11708039), X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyrano
side) (catalog no. 15520018), IPTG (Isopropyl ß-D-1-thiogalactopyr
anoside) (catalog no. 15529019), the PierceTM BCA Protein Assay
(catalog no. 10741395), TMB (3,30,5,50-Tetramethylbenzidine)
(catalog no. N301), Proteinase K (catalog no. 25530015), DAPI(40,
6-diamino-2-phenylindole) (catalog no. D3571), sodium dodecyl
sulfate (SDS) (catalog no. 18220), the Cyanine3 (Cy3)-conjugated
goat anti-mouse IgG (catalog no. A10521), the SuperSignal� West
Femto Maximum Sensitivity Substrate (catalog no. 34095), and
the baculovirus Bac-to-BacTM system (catalog no. 10359-016) which
contains: pFastBacTM vector, DH10BacTM E. coli competent cells, and
Cellfectin� II reagent, an additional pFastBacTM Dual Expression vec-
tor (catalog no. 10712-024), and the Lipofectamine� 2000 (catalog
no. 11668019) were from Thermo Fisher Scientific (Waltham, MA,
USA). Lactalbumin (catalog no. L9010), pluronic acid F-68 (catalog
no. P1300), the anti-mouse HRP-conjugated antibody (catalog no.
A9044), the anti-pig HRP-conjugated antibody (catalog no.
A5670), the bovine serum albumin (BSA) (catalog no. A5611),
D-glucosamine hydrocloride (catalog no. G4875), and LB broth,
Miller medium (catalog no. L3152) were from Sigma-Aldrich (St.
Louis, MO, USA). The fetal bovine serum (FBS) (catalog no.
081105) was from Biowest (Rue du Vieux Bourg, Nuaillé, France).
Nitrocellulose membrane (catalog no. HATF00010), pET-28a-c(+)
(69864), BL21 cells (69386-3) were from Merck Millipore, Ltd.
(Tullagreen, Carrigtwohill. Co. Cork, Ireland). The Qiagen plasmid
Midi Kit (catalog no. 12143) was from QIAGEN (Hilden, Germany).
The pGEM� T Easy vector (A1360) were from promega (Madison,
WI, USA). The Precision Plus ProteinTM Dual Color Standards (cata-
log no. 1610374) was from Bio-Rad (Hercules, CA, USA). The Dako
Fluorescent Mounting Medium (catalog no. S3023) was from Agi-
lent (Santa Clara, CA, USA). The following vaccines were used: Fos-
tera� PCV (lote no. 14075700). Circoflex� (lote no. 1601035B) and
Circovac� (lote no. L433873). Syringes were 1 and 3 ml and needles
were 26G � 1/200 (0.45 � 12 mm) (brown needles) and 22G � 1
1/400 (0.7 � 30 mm) (black needles) (for their use in mice and pigs,
respectively).

2.2. Cells and virus

Sf9 cells (Spodoptera frugiperda) (catalog no. B82501) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA) and
were maintained in Grace medium supplemented with 10% heat-
inactivated FBS (56 �C 30 min), containing 3.33 g/l yeastolate,
3.33 g/l lactalbumin hydrolysate, antibiotic-antimycotic containing
100 UI of penicilin/ml, 100 mg of streptomicin/ml and 0.25 mg of
amphotericin B/ml and pluronic acid F-68 to a final concentration
of 0.1%. The baculovirus Bac-to-BacTM system was used for the con-
struction of three recombinant baculoviruses: PH(1 1 0)PCV2, PH
(1 1 0)GFP (which induce the expression of GFP or ORF2 from
PCV2 fused to PH(1 1 0), respectively), and PH(2 4 5) (which con-
tains the full-length polyhedrin protein). All the recombinant bac-
uloviruses were propagated in Sf9 cells. For the neutralization
assay against PCV2, PK15-C1 cells (American Type Culture Collec-
tion, ATCC� number PTA-8244TM; University Boulevard Manassas,
VA 20110-2209 USA) and a recombinant PCV2 expressing GFP were
used.

2.3. Recombinant PCV2 viruses

All the recombinantbaculoviruseswereproduced similarlyusing
the Bac-to-BacTM system following the manufacturer’s instructions.
Briefly, the recombinant baculovirus PH(1 1 0)PCV2 was produced
by a PCR flanking ORF2 from PCV2 isolated from an PCV2-infected
Mexican pig. The primers 50-CCATGGCTATGACGTATCCAAG
GAGGCG-30 and 50-GTCGACTTAGGGTTTAAGTGGGGGG-30 and the
Platinum� Pfx polymerase were used for the PCR reaction. Bac-
ulovirus PH(1 1 0)PCV2 was designed similarly to baculovirus PH
(1 1 0)GFP with slight modifications. The stromal interaction mole-
cule 1 (STIM1, a protein localized to the endoplasmic reticulum)was
fused to the yellow fluorescent protein (YFP) gene and was inserted
under p10 promoter (Pp10) to easily visualize the infected cells. The
baculovirus PH(2 4 5) was designed by inserting the full-length
polyhedrin gene under polyhedrin promoter (PpH).

A recombinant PCV2 was designed by using the plasmid pGEM�

T easy vector and the GFP. GFP was inserted into pGEM� T easy
vector under the cytomegalovirus earlier promoter (CMV). The
complete genome from PCV2 was linearized and inserted into
the modified pGEM� T easy vector. PK-15 cells were transfected
with the recombinant plasmid with Lipofectamine� 2000.

2.4. Production of specific sera against polyhedrin and ORF2 from PCV2

Sf9 cells were infected with a multiplicity of infection (MOI) of
20 from baculovirus PH(2 4 5). At 72 h postinfection (hpi), infected
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Sf9 cells were sonicated and polyhedra were recovered and washed
3 times with PBS containing 0.1% of SDS to eliminate residual deb-
ris [30]. Finally, polyhedra were washed with PBS to eliminate
residual SDS and protein concentration was measured. Five 6-
week-old BALB/c female mice were immunized with 50 mg of
polyhedra with complete Freund adjuvant coadministration intra-
muscularly into the leg muscle, 2 and 4 weeks later mice received
two booster doses of 50 mg of polyhedra with incomplete Freund
adjuvant coadministration subcutaneously at the base of a fold of
loose skin (area at the neck). Similarly, five 6-week-old BALB/c
female mice were immunized with 50 ml of vaccine Fostera� PCV
and two booster doses were given 2 and 4 weeks later, intramuscu-
larly into the leg muscle. Injections had a final volume of 50 ml for
both groups of mice and sera were collected for both groups
8 weeks after prime doses.

2.5. Production of PH(1 1 0)PCV2 NPs

In order to produce the PH(1 1 0)PCV2 NPs, the first step was to
determine the MOI of the baculovirus PH(1 1 0)PCV2. To do this,
Sf9 cells were infected with the recombinant baculovirus PH
(1 1 0)PCV2 with a MOI of 0.2, 2 and 20. At 72 hpi, infected Sf9 cells
were centrifugated at 3000g for 10 min and the pellet was resus-
pended in PBS. The infected Sf9 cells were lysed by sonication
(Qsonica 700, USA) at 500 J/min for 1 min in ice bath (20% of ampli-
tude using a microprobe). PH(1 1 0)PCV2 NPs were purified using
three cycles of sonication, and centrifugation at 11,300g for
2 min and a wash after each cycle. The PH(1 1 0)PCV2 NPs were
resuspended in PBS and were analyzed by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) using a 12% acrylamide gel. After
electrophoresis, the gel was stained with Coomassie blue for 2 h
and then was destained overnight. The MOI of 20 was selected to
produce PH(1 1 0)PCV2 NPs. The second step was to determine
the time for recovering PH(1 1 0)PCV2 NPs. Briefly, Sf9 cells were
infected with a MOI of 20. Aliquots of infected Sf9 cells were taken
at 48 and 72 hpi and the infected cells were sonicated for recover-
ing PH(1 1 0)PCV2 NPs as we previously mentioned. PH(1 1 0)PCV2
NPs were resuspended in a volume of 100 ml of PBS and 50 ml of a
1:1000 dilution of these NPs were added to each well of a polystyr-
ene ELISA microplate. The presence of PH(1 1 0)PCV2 NPs was eval-
uated using hyperimmune sera against PCV2 obtained from mice
immunized with Fostera� PCV. The complete ELISA protocol is
showed below. The time for recovering PH(1 1 0)PCV2 NPs was
72 hpi. Finally, 100 ml of Sf9 cells were infected with a MOI of
20 of the recombinant baculovirus PH(1 1 0)PCV2 in Erlenmeyer
250-ml flasks and recovered at 72 hpi, sonicated and purified as
we mentioned above. All the Sf9 cell cultures contained 2 � 106

cells/ml and were incubated at 27 �C at 100 rpm. PH(1 1 0)GFP
NPs were synthesized similarly and protein concentration was
determined by the BCA method. NPs were stored at �70 �C.

2.6. Western blot analysis

The recombinant ORF2 from PCV2 was produced by inducing
BL21 bacteria transformed with the modified plasmid pET-28a.
The recombinant ORF2 from PCV2 was used in western blot for
detecting anti-PCV2 antibodies in the vaccinated pigs (see below).
30 mg of PH(1 1 0)PCV2NPs, PH(1 1 0)GFP NPs, lysed Sf9 cells or
20 mg of recombinant ORF2 from PCV2 were boiled for 5 min in
Laemmli buffer and run by SDS-PAGE using 10 and 12% acrylamide
gels. Antigens were electrophoresed at 50 V for 40 min and then
2 h at 100 V. Proteins were transferred to nitrocellulose mem-
branes at 80 V for 1 h 20 min. The nitrocellulose membranes were
blocked in tris-buffered saline (TBS) with 5% of low fat milk over-
night. A dilution of 2:4000 of a serum from a PCV2-infected pig was
used to detect ORF2 from PCV2 in the denatured PH(1 1 0)PCV2
protein. Similarly, a dilution of 2:4000 of a serum from a mouse
immunized with polyhedra was used to detect PH(1 1 0) in the
denatured PH(1 1 0)PCV2 and PH(1 1 0)GFP proteins. The sera from
pigs immunized with Circoflex� or PH(1 1 0)PCV2 NPs were used
to detect specific antibodies against ORF2 from PCV2. Anti-pig or
anti-mouse antibodies, both HRP-conjugated, were used at a dilu-
tion of 1:5000. The membranes were scanned with C-Digit blot
scanner (LI-COR) after the substrate was added.

2.7. Immunofluorescence assay

Sf9 cells were grown in 6-well microplates with sterilized cover-
slips. The Sf9 cells were infected with the recombinant baculovirus
PH(1 1 0)PCV2 or PH(1 1 0)GFP with a MOI of 20. An indirect
immunofluorescence assay was realized to visualize the PH(1 1 0)
PCV2 NPs. Sf9 cells infected with the recombinant baculovirus PH
(1 1 0)GFP also were treated for immunofluorescence against
PCV2 and were used as a negative control. At 72 hpi, the Sf9 cells
infected by the recombinant baculoviruses PH(1 1 0)PCV2 or PH
(1 1 0)GFP were washed 2 times with PBS, fixed with 4%
paraformaldehyde for 20 min and permeabilized with PBS contain-
ing 0.3% Triton X-100 for 15 min. After each procedure, the cover-
slips were washed three times. PBS containing 50 mM glycine
was added for 10 min. Cells were blocked with 5% BSA in PBS at
room temperature for 1 h and hyperimmune sera against ORF2
from PCV2 from mice immunized with Fostera� PCV were used at
a dilution of 1:500 and incubated for 1 h at room temperature with
2% BSA in PBS. The secondary antibody anti-mouse Cy3-conjugated
was added at a dilution of 1:1000. The cells were incubated with
DAPI at a dilution of 1:1000 for 5 min. Finally, the coverslips were
mounted with DAKO on microscope slides. The infected Sf9 cells
were observed with the Fluoview FV10i microscope (Olympus�)
and the images were analyzed with the ImageJ program.

2.8. Transmission electron microscopy (TEM) in infected Sf9 cells

Sf9 cells were infected with the recombinant baculovirus PH
(1 1 0)PCV2 using a MOI of 20. At 72 hpi, the infected Sf9 cells were
centrifuged, and the pellet was resuspended in PBS. Then, particles
were included into an epoxic resin and slices of 90 nm were
obtained. Infected Sf9 cells were contrasted with uranil acetate
1% and lead citrate. Samples were observed with the JEOL JEM
12,000 EXII at 80 kv. Three different stocks of Sf9 cells infected
with the recombinant baculovirus PH(1 1 0)PCV2 were analyzed.

2.9. Nanoparticle tracking analysis (NTA)

PH(1 1 0)PCV2 NPs were produced as mentioned above. After
purification, 0.3 mg of PH(1 1 0)PCV2 NPs were resuspended in
1 ml of sterile water and analyzed with the NanoSight instrument
(Malvern Panalytical, Malvern, United Kingdom). Three indepen-
dent measurements for each condition were conducted and the
NP size was obtained from these recordings using the NanoSight
software.

2.10. Pig immunization

9 PCV2-free 8-week-old Pietrain/York males and females pigs
were obtained from a Mexican farm (the absence of PCV2 was cor-
roborated by PCR, and the absence of antibodies against PCV2 was
corroborated by ELISA). Three groups of 3 pigs each were used to
evaluate the antibody production against ORF2 from PCV2. All
the groups of pigs used in this experiment were isolated in filtered
air rooms and maintained with water and food at libitum during all
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the experiment. All the pigs were intramuscularly injected in the
muscle of neck as following: the first group was immunized with
Circoflex� according to manufacurer’s instructions; the second
was immunized with 200 mg of PH(1 1 0)PCV2 NPs with emulsion
coadministration; and the third was immunized with 2000 mg of
PH(1 1 0)PCV2 NPs with emulsion coadministration. This emulsion
is based on light paraffin oil (1:1 vol/vol). Blood samples were
taken in all the groups of pigs each week and sera were collected
by means of centrifugation at 3000g for 15 min. Two booster doses
were given to all the groups of pigs at 14 and 28 days after the
prime dose in all the groups. The sera were stored at �70 �C until
their use.
2.11. Indirect ELISA assay for antibodies against PCV2

96-well polystyrene microplates were coated with 50 ml of a
dilution of 0.33 mg/ml of the recombinant protein ORF2 from
PCV2. Microplates were incubated at 37 �C for 1 h, washed with
350 ml of PBS containing 0.2% Triton X-100 and blocked with
PBS-BSA(2% BSA) at 37 �C for 1 h. 50 ml of a 1:200 dilution of sera
from pigs diluted to in PBS-BSA were added each well and micro-
plates were incubated at 37 �C for 1 h. After 5 washes, 50 ml of
anti-pig antibody (HRP-conjugated) diluted 1:5000 in PBS-BSA
were added to each well and microplates were incubated at
37 �C for 1 h. After washes, 50 ml of TMB were added to each well.
Microplates were incubated at room temperature for 20 min and
the reaction was stopped with 50 ml of a 0.16 M sulfuric acid solu-
tion. The microplates were read with an ELISA reader (SkanIt for
Multiskan FC 3.1) using a filter of 450 nm. An ELISA positive value
was the two-fold mean of the preimmune sera and the antibody
titers were determined with the highest sera dilution that gave a
positive value in ELISA as reported previously [31].
2.12. Virus seroneutralization assay and flow cytometry

PK-15 cells were maintained in DMEM supplemented with 10%
of FBS in 35 mm tissue culture dishes until 90% of confluence and
were washed with PBS and incubated with 500 ml OptimemTM. PK-
15 cells were transfected with 2 mg of the plasmid pGEM� T easy
vector containing PCV2 expressing GFP. The supernatant was
recovered 72 h post-transfection. 50,000 PK-15 cells were added
to each well in 96-well microplates and were incubated for 24 h.
50 ml of the supernatant containing PCV2 expressing GFP (a MOI
of 1 of the recombinant PCV2) were mixed with 50 ml of preim-
mune sera, or a serum from a PCV2-infected pig, or sera from pigs
immunized with Circoflex� or PH(1 1 0)PCV2 NPs diluted 1:500 in
OptimemTM (after complement inactivation 30 min at 56 �C). The
mixtures were incubated for 1 h at 37 �C and were added to each
well to allow to PCV2 attach to target cells. 1 h later, the PK-15 cells
were washed twice with 200 ml of PBS. Then, 200 ml of OptimemTM

supplemented with 1% FBS were added to each well. PK-15 cells
were incubated at 37 �C with 5% CO2 and were recovered at 72
hpi and analyzed by flow cytometry (AttuneTM). For the flow cytom-
etry, PK-15 cells were recovered in 1.5-ml microtubes and ana-
lyzed individually by triplicate. 10,000 events were analyzed, and
each event represents a PK-15 cell infected with the recombinant
PCV2. Data were obtained with the Attune� Cytometer Software
v2.1 (life technologies) and were graphed as histograms. The per-
centage of inhibition of infection by the recombinant PCV2 was cal-
culated according to the difference between the average intensity
of fluorescence of the PK-15 cells infected with the recombinant
PCV2 and the average intensity of fluorescence of the PK-15 cells
incubated with the mixture of the recombinant PCV2 and sera from
different groups of pigs. Cells infected with the recombinant PCV2
were used as a reference for 100% of infection whereas non-
infected cells were used to adjust the histograms before analysis.

2.13. Ethics statement and animal welfare

Mice used in this study were housed on a 12 h light/dark cycle
with food and purified water ad libitum, following the protocol
LVD74-5 approved by the Internal Committee for the Care and
Use of Laboratory Animals (CICUAL) from Instituto de Fisiología
Celular-UNAM. Pigs were fed with an age-based diet and purified
water ad libitum at the National Center for Diagnostic Services in
Animal Health (CENASA) from the National Health Service, Food
Safety and Food Quality from Mexico (SENASICA) following the
statements of the official Mexican standard NOM-062-ZOO-1999
for the ethical use of animals.

2.14. Statistic analysis

The absorbance of sera from pigs immunized with Circoflex� or
PH(1 1 0)PCV2 NPs were compared with the absorbance of preim-
mune sera from pigs obtained by ELISA. An ELISA positive value
was the two-fold mean of the preimmune sera. Data were recorded
as mean and standard error. Statistic analysis of the virus seroneu-
tralization assay was carried out by comparing the fluorescence of
PK-15 cells incubated with PCV2 expressing GFP mixed with sera
from pigs immunized with Circoflex� or PH(1 1 0)PCV2 NPs with
the fluorescence of PK-15 cells incubated with PCV2 expressing
GFP mixed with preimmune sera. For data with normality, a one-
way ANOVA test following by a Tukey’s test were used to deter-
mine differences with preimmune sera. If not, a Kruskal-Wallis test
followed by a Dunn’s Multimple Comparison test were used. The
statistical significance was p < 0.05.

3. Results

3.1. Simple purification of PH(1 1 0)PCV2 NPs

Most of the PCV2 commercial vaccines are based on VLPs [4],
and they have been important tools to control diseases associated
to PCV2 [32], but their purification process is time-consuming and
expensive [20,27]. In this work, we developed a system based on
the self-aggregating peptide PH(1 1 0), which forms NPs that are
easily purified by centrifugation. This system uses recombinant
baculovirus as expression vectors [28,29]. We produced two main
recombinant baculoviruses: a baculovirus containing GFP fused to
PH(1 1 0) to be used as control and a second baculovirus carrying
ORF2 from PCV2 fused to PH(1 1 0) (for generating PH(1 1 0)GFP
and PH(1 1 0)PCV2 NPs, respectively) (Fig. 1A). For the production
of recombinant proteins using baculoviruses we explored different
multiplicities of infection (MOI). A MOI of 20 produced the largest
amount of recombinant protein at 72 h postinfection, and a single
band of 42-kDa was detected in SDS-PAGE analysis (Fig. 1B). This
band corresponds to the expected molecular weight for PH(1 1 0)
PCV2.

3.2. PH(1 1 0)PCV2 NPs are recognized by specific sera against PCV2

The next step was to determine if specific sera anti-polyhedrin
or anti-PCV2 could identify the antigens PH(1 1 0) and ORF2 from
PCV2 present in the PH(1 1 0)PCV2 NPs. Briefly, PH(1 1 0)GFP and
PH(1 1 0)PCV2 NPs were run by SDS-PAGE and transferred to nitro-
cellulose membranes. Then, we evaluated whether the denatured
PH(1 1 0)PCV2 protein was recognized by a specific sera against
polyhedrin. The serum from a mouse immunized with polyhedra
recognized both PH(1 1 0)GFP and PH(1 1 0)PCV2 proteins as
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Fig. 1. Design of recombinant baculoviruses carrying the gene for the production of PH(1 1 0)PCV2 nanoparticles (NPs). (A) Cartoon illustrating the distribution of the genes
carried by the recombinant baculoviruses genome with PH(1 1 0)GFP (upper panel) and PH(1 1 0)PCV2 (lower panel). (B) Multiplicity of infection (MOI) optimization was
carried out by infecting Sf9 cells with 0.2 (lane 1), 2 (lane 2) and 20 (lane 3) MOI of the recombinant baculovirus PH(1 1 0)PCV2. PH(1 1 0)PCV2 and PH(1 1 0)GFP NPs were
purified by simple sonication of infected Sf9 cells at 72 h postinfection (hpi), centrifugation and washes with phosphate saline buffered (PBS). Electrophoresis on a 12%
polyacrylamide gel under denaturing conditions, gel was stained with Coomassie blue. A 42-kDa protein was observed in Sf9 cells infected with 20 MOI of the recombinant
baculovirus PH(1 1 0)PCV2. (C) Evaluation of antigenicity of PH(1 1 0). Non-infected Sf9 cell lysates, PH(1 1 0)GFP NPs and PH(1 1 0)PCV2 NPs (lanes1, 2, and 3, respectively)
were run on a 10% polyacrylamide gel under denaturing conditions. Gel was stained with Coomassie blue (SDS-PAGE, left side) and transferred to a nitrocellulose membrane
for western blot analysis (right side). A hyperimmune serum of a mouse immunized with polyhedra was used to detect PH(1 1 0) in PH(1 1 0)GFP and PH(1 1 0)PCV2 proteins
in the western blot. A 42-kDa protein was observed in both PH(1 1 0)GFP and PH(1 1 0)PCV2 denatured proteins, but it was not observed in non-infected Sf9 cell lysates. (D)
Evaluation of antigenicity of ORF2 contained into the PH(1 1 0)PCV2 fusion protein. PH(1 1 0)GFP (lane 1) and PH(1 1 0)PCV2 (lane 2) NPs were run on a 10% polyacrylamide
gel under denaturing conditions. Gel stained with Coomassie blue (SDS-PAGE, left side) sows all the proteins loaded, while western blot analysis (right side) illustrates the
selective recognition of PH(1 1 0) by the hiperimmune serum. The western blot analysis was conducted by using a PCV2-free pig serum (WB (�)) and a PCV2-infected pig
serum (WB (+)). Serum of the PCV2-infected pig recognized a 42-kDa protein only in PH(1 1 0)PCV2 which was not observed in PH(1 1 0)GFP. The molecular weight marker
(M) is the same for all the gels and indicates the molecular weight (10–250 kDa). (See the full-length blots in the supplementary Fig. S1). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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expected (Fig. 1C, right side). Both PH(1 1 0)GFP and PH(1 1 0)PCV2
proteins had the expected molecular weight of 42 kDa as indicated
by SDS-PAGE (Fig. 1C, left side). A lysate of non-infected Sf9 cells
showed several protein bands with different molecular weights
by SDS-PAGE, but none of these were recognized by the anti-
polyhedrin serum, indicating high specificity. Most importantly,
PH(1 1 0)PCV2 protein was recognized by a serum obtained from
a PCV2-infected pig. PH(1 1 0)GFP protein was not recognized by
this serum (Fig. 1D). A serum from a PCV2-free pig was used as
negative control, which did not recognize PH(1 1 0)GFP nor PH
(1 1 0)PCV2 proteins. These results demonstrate that antibodies
from PCV2-infected pigs recognize the ORF2 antigen present in
the PH(1 1 0)PCV2 NPs.
3.3. The ORF2 from PCV2 fused to PH(1 1 0) self-aggregates and forms
particles located in the nucleus of infected Sf9 insect cells

Previously, we reported that the peptide PH(1 1 0) derived from
the N-terminus of the polyhedrin protein from the baculovirus
AcNPV self-aggregates forming NPs into the nuclei of infected cells
[28]. This event occurs even when the full-length GFP is fused to
the C-terminus of PH(1 1 0) [28]. The PH(1 1 0)GFP particles have
a size of 500 nm to 3 mm when observed by confocal microscopy
inside the nuclei of infected Sf9 cells [28]. In order to evaluate if
PH(1 1 0) retains the capacity of self-aggregation when fused to
ORF2 from PCV2, we conducted indirect immunofluorescence
assays. Immunofluorescence also allowed us to evaluate the local-
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ization and morphology of the PH(1 1 0)PCV2 NPs in the infected
Sf9 cells.

The PH(1 1 0)PCV2NPswere amorphous andwere located inside
the nuclei of the infected Sf9 cells as indicated by the colocalization
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Fig. 2. Characterization of PH(1 1 0)PCV2 NPs: morphology, localization and size. (A) C
recombinant baculoviruses PH(1 1 0)PCV2 or PH(1 1 0)GFP. At 72 hpi, cells were proces
hyperimmune sera from a mouse and a Cy3-conjugated antibody (Section 2). PH(1 1 0)GF
The nuclei of cells are stained with 40 , 6-diamino-2-phenylindole (DAPI) dye. Protein PH(1
by the recombinant baculovirus PH(1 1 0)PCV2. PH(1 1 0)PCV2 NPs were recognized by a
images have the same scale. The bar indicates 6 mm. (B) Transmission electron microscop
arrows indicate the particles produced by the recombinant baculovirus PH(1 1 0)PCV2
NM = nuclear membrane. Barr indicates 1 mm. (C) Nanoparticle tracking analysis (NTA)
instrument (Section 2) in triplicate. The dotted line is the mean value of the particle con
nanometers (nm). (For interpretation of the references to color in this figure legend, the
with the fluorescent DNA marker DAPI (Fig. 2A, upper part). The
immunofluorescence was specific for the PH(1 1 0)PCV2 particles,
since the serum from mice immunized with Fostera� PCV recog-
nized only these NPs, but not PH(1 1 0)GFP NPs (Fig. 2A, lower part).
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3.4. The PH(1 1 0)PCV2 NPs do not contain occluded baculoviruses

The natural role of polyhedron is to form the polyhedra, a
crystal structure in which thousands of baculoviruses are
occluded, forming what is known as the occluded bodies [33].
Polyhedra is formed in the nuclei of infected cells, and provides
stability to occluded baculovirus [30]. We have previously
shown by TEM that PH(1 1 0)GFP particles do not occlude bac-
uloviruses [28] unlike wild type polyhedra [33]. Similarly to
PH(1 1 0)GFP NPs, PH(1 1 0)PCV2 NPs do no occlude baculovirus
inside them, as demonstrated by TEM analysis (Fig. 2B). This
observation is particularly relevant for vaccines, since the
Fig. 3. Immunization of pigs with PH(1 1 0)PCV2 NPs. (A) Diagram illustrating the i
commercial vaccine Circoflex� or PH(1 1 0)PCV2 NPs with emulsion co-administration ba
2 weeks. Sera samples were taken every week until 7th week. (B) Western blot analysi
purified to use as antigen for western blot. The recombinant ORF2 was run by PAGE at 10%
different serum from pigs: infected (lane 1), pre-immune (lane 2 and 3), vaccinated wi
M = molecular weight marker representing from top to bottom: 50, 37, 25 and 20 kDa pro
PCV2 NPs recognized a protein of approximately 30 kDa corresponding to the molecular w
Evaluation of specific antibodies against ORF2 from PCV2 by an indirect ELISA. Sera from
experiment belong at 7 weeks after immunization and were used at a dilution of 1:200.
from PCV2 from pigs vaccinated with Circoflex� or PH(1 1 0)PCV2 NPs determined by a
squares and circles) are the mean of the absorbance obtained from the sera and the error
mean of the pre-immune sera and represents the cutoff value for positive pigs. The antibo
ELISA.
immunization with contaminating baculoviruses is not desirable
for vaccination.

3.5. The PH(1 1 0)PCV2 NPs are polydisperse

Particle size may play an important role in the vaccine develop-
ment, since NPs between 20 and 200 nm appear to be more
immunogenic than larger particles [34]. To further evaluate the
dimensions of PH(1 1 0)PCV2 NPs we conducted nanoparticle
tracking analysis (NTA) [35]. NTA of PH(1 1 0)PCV2 indicated that
these NPs are polydisperse. PH(1 1 0)PCV2 NPs showed three main
components: 150, 210 and 300 nm (Fig. 2C).
mmunization and bleeding schedules. PCV2-free pigs were immunized with the
sed on light paraffin oil. Two booster doses were given to each pig with an interval of
s of sera from vaccinated pigs. A recombinant ORF2 was produced in bacteria and
and transferred to nitrocellulose membrane strips. Each strip was incubated with a

th Circoflex (lane 4 and 5) and vaccinated with PH(1 1 0)PCV2 NPs (lane 6 and 7).
teins. A sera from a PCV2-infected pig and sera from pigs vaccinated with PH(1 1 0)
eight of ORF2 from PCV2 (See the full-length blots in the supplementary Fig. S2). (C)
3 pigs for each condition were evaluated for duplicate. All the sera evaluated in this
Bars show the mean and standard error. (D) Specific antibody titters against ORF2
n indirect ELISA. Dilutions of sera were from 1:400 to 1:12,800. Symbols (rhombs,
bars are the standard error. The dotted line indicates the breaking point of twice the
dy titers were determined with the highest sera dilution that gave a positive value in
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3.6. Pigs immunized with PH(1 1 0)PCV2 NPs induced neutralizing
antibodies against PCV2

To evaluate the efficiency of PH(1 1 0)PCV2 NPs as vaccines we
immunized pigs with these NPs and compared them with the com-
mercially available vaccine Circoflex� (Fig. 3A). Pigs immunized
with 200 mg of PH(1 1 0)PCV2 NPs generated antibodies based on
IgG against ORF2 from PCV2 detected by western blot and ELISA,
whereas pigs immunized with Circoflex� induced antibodies
against ORF2 from PCV2 detected only by ELISA. These results
strongly suggested that PH(1 1 0)PCV2 NPs induced antibodies that
recognize both conformational and non-conformational epitopes
whereas Circoflex predominantly produced antibodies recognizing
conformational epitopes (Fig. 3B and C). Antibody titers generated
with PH(1 1 0)PCV2 NPs and Circoflex� were indistinguishable,
with titers of 1:1600 (Fig. 3D). PCV2 antibody titers were indistin-
guishable in pigs immunized with 200 or 2000 mg of PH(1 1 0)PCV2
NPs (Supplementary Fig. S3-D).

In order to determine if the antibodies produced by our vaccine
PH(1 1 0)PCV2 contained neutralizing antibodies, we conducted an
in vitro neutralization assay using the pig kidney cell line PK-15.

To evaluate the infection of PK-15 cells with PCV2, we produced
a recombinant virus carrying the gene for the green fluorescent
protein (GFP) under the strong CMV promoter (Section 2). In this
way we could quantify infection by PCV2 following the fluores-
cence from GFP by cell cytometry (Section 2).

With this in vitro neutralization assay we compared the sera
from pigs vaccinate with our PH(1 1 0)PCV2 NPs, pigs vaccinated
Fig. 4. Neutralization assay against a recombinant PCV2 expressing GFP. (A) Representat
condition. Fluorescence shows the expression of GFP by a recombinant PCV2 expressing s
PCV2 and supernatant was recovered 72 h later and used for the neutralization assay. Pre-
well as a serum from a positive pig (naturally infected by PCV2) were diluted 1:500 and
added to microplates and incubated 24 h. Each mix was added to each well and incubated
triplicate and 10,000 events were recorded. Data are the counts of PK-15 cells with
recombinant PCV2. (B) Percentage of inhibition of the fluorescent intensity of GFP in PK
GFP was calculated considering the baseline from non-infected PK-15 cells (indicated
recombinant PCV2 without sera (indicated as infected in the red histogram). The titers o
Data are presented in percentage and based on the number of cells positive to GFP. Bars
the group injected with PBS (*p < 0.05 and **p < 0.01). A one-way ANOVA test following b
interpretation of the references to color in this figure legend, the reader is referred to th
with Circoflex� and control pigs (pigs vaccinate with saline solu-
tion). We also used the serum from a naturally infected pig with
PCV2 as positive control.

Preimmune sera did not inhibit PCV2 infection in PK-15 cells.
Most interestingly, the sera from pigs immunized with Circoflex�

and the sera from the pigs immunized with PH(1 1 0)PCV2 NPs
showed neutralizing antibody titers of 1:500 as indicated by the
reduction in fluorescence intensity from GFP (Fig. 4A and B). Addi-
tionally, the fluorescence intensity of PK-15 cells induced by the
infection of the recombinant PCV2 decreased 25–35% when the
recombinant PCV2 was mixed with sera from pigs immunized with
Circoflex� (Fig. 4A and B). Fluorescence intensity of PK-15 cells
decreased 50–60% when the recombinant PCV2 was mixed with
sera from pigs immunized with our PH(1 1 0)PCV2 NPs. These
results show that the sera from pigs vaccinated with Circoflex�

or PH(1 1 0)PCV2 NPs contained neutralizing antibodies against
PCV2. These antibodies were as efficient as those found in pigs nat-
urally infected with PCV2 (Fig. 4B).
4. Discussion

PCV2 is one of the most important pathogens in the pig industry
around the world causing serious economic losses [3,4,17,18]. Even
trough there are several vaccines available in the market today, the
need for simpler, easier to produce and less expensive vaccines is
always required.
ive histograms obtained form the cell cytometer after counting 10,000 cells for each
oluble GFP (Section 2). PK-15 cells were transfected with DNA from the recombinant
immune sera and sera from vaccinated pigs with PH(1 1 0)PCV2 NPs or Circoflex� as
mixed individually with the recombinant PCV2 using a MOI of 1. PK-15 cells were
for 72 h. PK-15 cells were analyzed by flow cytometry. Each sample was analyzed in
different fluorescence intensities of GFP, indicating PK-15 cells infected with the
-15 cells in the neutralization assay. The percentage of inhibition of fluorescence of
in black as uninfected) and the infected PK-15 cells with a standard quantity of
f neutralizing antibodies were 1:500 (since the sera were previously diluted 1:500).
show the mean and standard error. The asterisk indicates conditions different from
y a Tukey’s test were used to determine differences with the pre-immune sera. (For
e web version of this article.)
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In an attempt to explore novel pathways for vaccine production,
we produced nanoparticles by fusing the ORF2 from PCV2 to the
fragment PH(1 1 0) from polyhedron obtained from the bac-
ulovirus Autographa californica. Polyhedrin is the main constituent
from the polyhedral, a crystal structure that occludes bac-
uloviruses and protects them from the environment for years [33].

The use of polyhedra as carriers for vaccines has been recently
proposed [36,37]. Nevertheless, polyhedra can withstand acidic
pH of the endolysosome of antigen presenting cells such as den-
dritic cells (DCs), avoiding the maturation process for presenting
antigens [36]. However, the peptide PH(1 1 0) derived from the
first 110 amino acids from polyhedrin protein retains the self-
aggregate property of polyhedra and forms NPs [28], and is pro-
cessed by antigen presenting, generating antibodies [29]. In the
present study we evaluated the use of PH(1 1 0)PCV2 NPs as a
PCV2 vaccine candidate.

The main advantages of our system are the downstream pro-
cesses such as recovery and purification of the PH(1 1 0)PCV2
NPs, because these nanoparticles can be purified using a single
centrifugation step, while yielding large amounts of pure protein
(Fig. 1D). In addition, our vaccine does not require refrigeration
for storage; since these NPs are stable a room temperature for sev-
eral months. These properties are not met by other vaccines such
as VLPs, because they need to be purified by different methods
from ultracentrifugation using sucrose or cesium chloride gradi-
ents to chromatography [27,38–40]. Thus, the recovery and purifi-
cation of VLPs-based vaccines are time-consuming and often yields
are not very good [20,27]. Therefore, our system based on PH(1 1 0)
PCV2 NPs is not only easy to produce and faster than other meth-
ods, but also less expensive because requires a simple centrifuga-
tion step and yields large amounts of protein.

However, our method is not without some limitations. The
main limitations of our system based on PH(1 1 0)PCV2 NPs are
the lack of experience in molecular biology for the design of the
recombinant baculovirus and the lack of knowledge in genetics
and proteomics of some pathogens to adequately identify the anti-
gen (or segment of the antigen) to be used in the fusion protein.

On the other hand, the use of NPs has gained attention for the
production of novel antigen delivery systems. NPs have been
designed based on proteins [21,22], peptides [41–45] or lipopep-
tides [46–48] which self-assemble generating NPs with different
dimensions. The particle formation is a process that involves the
self-interaction among molecules of the same type to form
supramolecular assemblies, which may improve the immuno-
genicity of fused/conjugated antigens [29]. The size of antigens is
also important because it plays an important role in the antibody
production. Current research has indicated that NPs between 20
and 200 nm are more immunogenic than larger particles because
are easily endocyted by DCs and/or enter directly through the lym-
phatic vessels whereas larger particles cannot [34]. The PH(1 1 0)
PCV2 protein generated NPs range from 90 to 450 nm (Fig. 2C).
Additionally, these NPs do not contain occluded baculovirus and
generate high antibody titers against ORF2 from PCV2.

We also evaluated the in vitro protection of the PH(1 1 0)PCV2
NPs through an seroneutralization assay, because a challenge
experiment is difficult due to the well known fact that PCV2 infec-
tion in pigs is often asymptomatic [49]. In addition, Porcine cir-
covirus disease (PCVD) is not lethal and coinfection by other
viruses are required to trigger symptoms in infected animals [3].
The use of immunostimulants has also been suggested before the
PCV2 challenge to trigger the development of PCVD, but this has
given controversial results, since with this methodology, up to
70% of pigs develop PCVD [50], whereas other similar methodolo-
gies do not trigger the PCVD [49]. On the other hand, it has been
shown that neutralizing antibodies against PCV2 correlate well
with in vivo protection [51,52]. For this reason, we decided to
develop an in vitro neutralization assay using a recombinant
PCV2 carrying the gen for GFP. Our results indicated that the pigs
immunized with PH(1 1 0)PCV2 NPs or Circoflex� generated anti-
bodies against PCV2 that can neutralize the PCV2 infection in PK-
15 cells.
5. Conclusions

Here we show the development of a novel technology to pro-
duce vaccines by encapsulating antigens into genetically encoded
NPs. Because the antigen and the self-aggregating peptide used
for encapsulation are a fusion protein, the incorporation efficiency
is 100%. Given the fact that particles can be precipitated by cen-
trifugation, purification of the NPs carrying the antigen of interest
is easy, fast and inexpensive. Furthermore, we have shown that the
NPs produced with this technology are stable for years at room
temperature, preventing the use of a cold chain and extending
the life shelf of the vaccine.
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